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Abstract 

The current paper recycling processes are surveyed pointing out the major stages and the 

variety of chemical/mechanical treatments the fibres undergo. The reduction or 

replacement of chemical/mechanical treatments presents possible advantages in prolonging 

fibre life. 

The results from recycled office waste which has been treated with ultrasound show a 

change in the particle size distribution of toner particles - making these particles easier to 

remove using established flotation techniques. Particle size distributions were measured 

using image analysis on thin (20gsm) paper handsheets. To establish the affect of 

sonication on fibres, a variety of virgin fibres were obtained from UK Paper, Sittingbourne. 

Results from virgin fibres which have been treated using ultrasound indicate an absence of 

cutting compared to conventional techniques. Fibres were found to have the same average 

length (0.6mm) after ultrasound treatment as the control sample, refined fibres were 

reduced to approximately 0.3 mm in length. Freeness decreased in both virgin sonicated 

and refined sonicated samples. The decrease in freeness was accompanied by an increase 

in the strength properties of both categories of fibres. 

Experiments with a prepared office waste furnish showed that ultrasonic treatment could 

decrease the size distribution of fused toner particles. The control sample had an average 

size of 80.9 ).lm, after 1 minute sonication this was decreased to 54.9).lm, decreasing further 

to 46.8).lm after 2 minutes sonication. 

After demonstrating that ultrasound could decrease the particle distribution of the prepared 

office waste a more realistic and variable furnish was used. The experiments were 

conducted at room temperature, 50°C and 75°C. These temperatures were chosen to study 

the behaviour of fused toners as it approaches and exceeds its glass transition point, 

essentially the melting point of an amorphous polymer. It was found that the toner is easier 

to remove as the glass transition temperature is approached. Ultrasound is effective in 

breaking up large toner particles and detaching particles smaller than 25 microns in 

diameter. 
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Aims 

The aim of this study is to investigate the interaction of high power ultrasound with toner 

particles and chemically treated paper fibres in a mixed office waste furnish to study the 

removal of toner particles by ultrasound action. In order to conduct a detailed study. a 

literature survey of the recycling of paper and previous applications of ultrasound to 

deinking was undertaken. 

• To investigate the deinking of toner printed office waste in the absence of chemicals by 

the application of ultrasound. 

• To investigate the effect of ultrasound on virgin fibre characteristics. 
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1.0 Introduction 

A result of the demand for fast, high quality office printing has been an increase in the 

amount of mixed office waste paper. 

Mixed office waste is a source of high quality waste paper. 1 It consists of coated or 

uncoated wood free paper that has been printed using non-impact printing method. 

The inks used in the printing process contain thermoplastic resins. These resins produce 

tough, rub-proof films when fixed to the paper by a combination of heat and pressure.2 

The ink forms large (>40 microns) particles during pulping which are difficult to 

remove by conventional ink removal techniques .. 

Within the last 5-10 years the need for quality waste paper has meant the pressure to 

reuse and recycle quality grades such as mixed office waste has increased. Research 

into different techniques of removing the toners from the fibres has produced 

agglomeration chemicals, magnetic deinking, and enzyme deinking.4
,5 Ultrasound 

offers a method of breaking down the large plate-like particles and detaching them from 

the fibres. 

The first use of ultrasound in paper de inking was in 1979.111
,112 These experiments 

demonstrated that using ultrasound produced using a whistle generator could detach 

toner particles without the addition of chemicals. Unfortunately the action of the 

whistle generator cut the fibres resulting in unacceptable loss of fibres during de inking. 

In this investigation high power ultrasound has been used without addition of chemicals 

to break down and detach fused toner particles into sizes that can be readily removed in 

the commercial deinking systems. 

In the introductory chapters the pressures to recycle mixed office waste are debated. In 
',< 

chapter 2 commercial deinking systems are examined and the particular problems that 

non-impact printed waste presents to the deinking process are discussed. A review of 

the nature of ultrasound and where ultrasonics are commercially employed has been 

presented. 

1 



2.0 Background to Recycled Paper Production 

In this chapter the background to the recycling of paper will be examined. Recycling and 

reuse of resources within the paper industry is not a new development but has been 

practised since the beginning of modern papermaking. The reasons behind the recent 

increase in paper recycling and some statistics to demonstrate the increase in paper use and 

re-use will be explained. 

2.1 Legislation and the Pressure to Recycle Paper. 

In the eighteenth century paper was made from linen rags collected from refuse and 

pounded to separate the fibres, then formed into sheets of paper. A popular but anonymous 

rhyme survives to this day.6 

Rags make paper 
Paper makes money 
Money make banks 
Banks make loans 

Loans make beggars 
Beggars make rags 

Woodfibre was used to make paper for the first time in the nineteenth century, mainly 

because the supply of cotton rags could not keep pace with rising demand. Recycling of 

woodfibre rapidly became important to countries without large forest reserves but with a 

high demand for paper, such as in the UK. Initially, the recycling of paper was primarily 

due to economic reasons rather than environmental issues. 

The main source of fibre in the UK is now in fact waste paper, and not virgin fibre. 7
.
s 

During the second World War severe restrictions were imposed on the use of paper, waste 

paper was collected and recycled. This recycling involved simply the repulping of paper 

and reformIng it into new sheets. As no ink removal was attempted, the result was a very 

dark sheet of paper. During World War II approximately 50% of all paper was recycled.9 

The recycling of paper and board has continued since the war, with the added impetus of 

public concern over environmental issues. The shortage of landfill and use of fossil fuels 

forced many industries to become more "environmentally aware." The paper industry was 

more established than other industries in its recycling activities but did not publicise them. 



As a result the public image of paper with regard to environmental issues suffered. 

Environmental concern grew amongst consumers, partly because paper recycling was seen 

as something that everyone could become involved in. 14 This concern transformed itself 

into a political response, with many different legislative initiatives. I47 There are mandatory 

recycling limits set in many USA states, the German packaging ordinance,148 Belgian eco

tax,148 and recently the UK landfill tax. Politicians managed to appear both 

environmentally conscious, and raise money for their treasuries. The UK landfill tax is 

expected to raise around £450 million each year.lO 

Other taxes were ostensibly environmental in their aim, but were in fact, directed at the 

protection of local interests, the Belgian eco-tax being the most obvious of these. I I In 

America, the Federal Government has directed that all federal purchases of paper should 

have a significant recycled fibre content. 12 This executive order, which came into force in 

October 1993, specifies that printing and writing grades that are purchased by federal 

agencies must contain at least 20% post consumer waste from December 31st 1994, with an 

increase to 30% on December 31st 1998.13 The printing and writing grades specified 

include high speed copier paper, offset paper, computer printout paper, file folders, 

carbonless and white envelopes. The executive order gives the American Environmental 

Protection Agency (EPA) power to set guidelines. The EPA defined three types of recycled 

materials. The first type is 'recovered materials', which includes mill broke, in-plant scrap 

as well as all post consumer materials. 14 The second type is 'post consumer recovered 

waste', which includes paper products that have served their purpose and would otherwise 

be destined for landfill. The final type defined by the EPA is 'wastepaper', which includes 

a combination of mill broke products, finished paper products from obsolete inventories 

and post consumer recovered material. 

2.2 Paper Recycling Statistics 

Statistics on secondary fibre are only available after a time lag of around 3 to 6 months. 
:\ 

The terms recycled paper, recovered paper, waste paper, are all used to describe the 

collection and re-use of paper. In this thesis the term secondary fibre will be used to 

distinguish between virgin (fibre which has never been reused) and recovered (recycled 

within the manufacturing process) or recycled (fibre that has been printed and reused). 

3 



The global consumption of paper and board products was 210 million tons in 1995, and is 

forecast to grow to 418 million tons by the year 2010. Globally the market for paper and 

board can be divided into three major regions, North America, Western Europe and Asia. 

These three areas consume around 90% of all paper and paperboard. Asia can be further 

broken down into Japan and other Asia. North America and Western Europe consume 

57% of the global production of all paper. 

Printing and writing (P&W) grade consumption closely follows economIC growth. 

Correspondingly most of these papers are consumed in the First World. Table 2.1 below 

gives some indication of the changes that can be expected in the future of P&W grades. IS 

Demand 1995 Projected Demand 2000 
Country % % 

North America 32 32 
W Europe 29 28 
Japan 13 13 
Asia 18 19 
Other Europe 3 3 
Latin America 4 4 
Africa 1 1 

Table 2.1 Printing and Writing Grades Forecast 

Emge & Co. have revised their forecast figures for the world consumption of printing and 

writing grades in the light of the SE Asia economic problems. P&W consumption was 

forecast to increase globally by 4%, with Asia increasing its share of these grades by 7.5%. 

Forecasts now predict P&W will grow by 1.3% during 1998, and 1.6% in 1999. A 

dramatic slowdown on previous figures but the world demand for P&W grades is still 

forecast to increase from 88 million tonnes to 90.4 million tonnes during the period 1998-

2000. .. 

When discussing secondary fibre production and associated statistics, the terms recovery 
.:( 

rate and utilisation rate are frequently used. Recovery rate defines the amount of paper that 

is collected and reused. It is usually given as a percentage for a particular country and 

represents the amount of paper collected against the amount of paper consumed in that 

country. Utilisation rate is the amount of recovered paper that is used to produce paper 

against the amount of paper consumed. It is possible to have a higher utilisation rate than 



recovery rate, that is to use more secondary fibre than is collected in the country. If this 

occurs then the country is a net importer of wastepaper. 

The recovered paper business has suffered in the past from wild fluctuations in the price of 

wastepaper.
16 

Wastepaper prices are affected by its supply and demand. The availability 

of secondary fibre differs from virgin fibre production. Trees can be left standing during 

periods of low demand but secondary fibre cannot be stored indefinitely and if not 

collected it is usually sent to landfill or incineration. Waste paper which is not collected 

today is unlikely to be available for collection tomorrow. 17 

Grading of wastepaper will be discussed later in this chapter. The different grades of 

wastepaper have different recovery and utilisation rates. Table 2.2 below gives the 

information for the global paper industry in 1994. 

Paper Production Recovery 
106tons 106tons Utilisation rate % 

Newsprint 33.9 12.5 36.7 
Printing and Writing 82.6 7.3 8.9 
Tissue 16.3 6.6 59.0 
Corrugated 76.1 48.5 63.8 
Cartonboards 28.1 17.6 62.5 
Other paper and boards 34.5 13.0 37.8 
Table 2.2 Utilisation Rates for Grades of Paper 1994 

The average global recovery of all paper grades was 117 million tons, with a recovery rate 

of 42% in 1995. Newsprint and corrugated grades are well recovered globally. These 

figures show how effectively these sectors of the paper industry reuses its waste. 

Newsprint is collected from printers and consists of over-issues. Corrugated grades 

provide bulk. As the main strength of corrugated grades comes from other components the 
.. 

corrugation can be of poor quality fibre. Tissue collection rates are the amount recovered 

from converters and producers, this material is not post consumer, but would otherwise be 

lost to laRdfill or incineration. Printing and writing grades currently have a low recovery 

rate. 26 Most of this paper is recovered from printing houses and paper converters. This 

paper would be in the form of shavings and cut-offs of control strips. To increase the 

amount of paper recycled in the printing and writing grades more collections would have to 

be made from offices. Unfortunately this recovered paper could include non-impact 

5 



printed waste, as well as contraries, such as food, toner cartridges, and plastics. 

Paper mills in America increased their use of recovered paper by more than nine percent in 

1996, helping raise the U.S. paper recovery rate to an estimated 44.8 percent in that year. 

U.S. mills increased their utilisation of recovered paper from 31.4 to 34.3 million tons from 

1995 to 1996 (according to preliminary estimates by American Forest And Paper 

Association (AF&PA)). The AF&PA has set a target of 50% recovery rate by the year 

2000. 18 Achieving this goal will depend on several factors, including expanding office 

paper recovery programs as well as tapping into new sources. 

It is important to note that not all paper is able to be recycled or is worth recycling, for 

example wallpapers. Some paper is always lost to the recycling process for a variety of 

reasons, e.g. cigarette papers, hygiene papers, papers used as electrical insulators. 

In conclusion the amount of paper that is produced seems set to increase into the year 2000 

and beyond. The amount of paper that will be recycled also seems set to increase as paper 

mills seek to safeguard a valuable raw material, and as more governments set mandatory 

recycling targets. The increases in the amount of paper recycled will not be evenly spread 

across all types of paper. Newsprint is a sector that already collects and recycles a 

significant quantity of paper. Forecasts express the opinion that printing and writing grades 

will increase their use of recycled fibre. The printing and writing sector of the paper 

industry currently uses less than 10% of recycled fibre. This percentage will increase and 

the extra paper for this increase will be mixed office waste - currently a poorly collected 

resource. 

2.3 .. Introduction to Recycling ·Categorisation of Waste Paper 

W . d d . d' . d 19 '0 ., 1 Th t' b d aste paper IS sorte an categonse mto vanous gra es. .-.- e sor mg can e one at 

source or,by a wastepaper merchant. Sorting of paper increases its value by removing any 

unwanted papers, plastic and other non-cellulosic materials. The drawback is that sorting 

is expensive. Sorting of paper at source is cheaper than sorting at the merchants. 

However, sorting paper at source cannot guarantee that it will not include unwanted 

material, as sorting is not supervised by trained personnel. Most mills. irrespective of the 
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type of paper produced obtain their waste paper from a merchant. Merchants obtain the 

paper from four sources, industrial, commercial waste, office waste, and household waste. 

Grading of wastepaper assists mills in identifying their raw materials. Wastepaper cannot 

be sorted into differently printed types, for example, lithographic or xerographic printed, 

but is sorted into grades. Wastepaper cannot be sorted into printed types because the post 

press stages add material that is difficult to classify. For example, a glossy magazine will 

have a coated art paper as the cover, printed with quality four colour lithographic printing, 

the rest of the magazine will consist of a part mechanical grade which can be coated also 

printed by the lithographic process. Inserts in the magazine will include adhesives to stick 

gifts, samples, etc. Other inserts may include plastic coverings, laminates, and papers 

printed using other processes. 

Wastepaper grades tend to be country specific. The UK structure is given in table 2.3. 

Group 1 

Group 2 

Group 3 
Group 4 

Group 5 

Group 6 

Group 7 
Group 8 
Group 9 
Group 10 
Group 11 

Best white shavings, fine shavings, white and cream shavings, and white 
coated shavings 
White unprinted, white duplex and other mechanical wood pulp cuttings, 
slightly printed white card cuttings, best one-cuts, printed woody one-cuts, 
white and light tone shavings, white and coloured shavings 
White and lightly printed scanboard 
Ledgers, white and coloured heavy letter, white and coloured continuous 
stationary waste, white and coloured carbonless copy paper, quire, best white 
pams 
Over-issue news, once read news, over-issue white and coloured woody 
pams, news and pams, telephone directories. and soft covers, once read 
woody pams. 
Buff envelope cuttings buff tabulating card, coloured tabulating cards, light 
brown and buffs 
Double lined Kraft and new KLS cuttings 
Container waste (old KLS) 
Mixed papers 

.. Coloured card 
Contaminated grades 

pams = Pfimphlets and Magazines 
KLS = Kraft LinerS 

Table 2.3 UK Wastepaper Grade Structure 

The higher quality grades are at the top of the table and the poorer quality, cheaper grades 

at the lower end. Groups 1 to 4 would be used in printing and writing grades. Groups 7 to 

7 



11 would be used in packaging as corrugating materials. As can be seen the structure of 

the grades is fairly disorganised, demonstrating the difficulty in separating different types 

of printing. Grades 1 to 4 are generally unprinted or printers waste, this segment of the 

market is well collected and recycled. 

Group A - Ordinary qualities Group C - High qualities 
AO Unsorted mixed wastepaper CI Mixed light coloured printers 
Al Mixed papers and boards(unsorted) C2 Light coloured woodfree shavings 
A2 Mixed papers and boards(sorted) C3 Coloured tabulating cards 
A3 Board cuttings C5 Buff tabulating cards 
A4 Supermarket waste C6 Mixed white letters 
AS Corrugated container waste C7 White woodfree letters 
A6 New shavings of corrugated board C8 White woodfree continuous letters 
A7 Over issue pamphlets and magazines C9 As above free from colouring 
A8 As above (free from adhesive) CIO Printed white multiply board 
A9 Mixed news and pamphlets Cll Unprinted white multiply board 
AlO As above, free from adhesive C12 White newsprint 
All Mixed pams and magazines C13 White magazine paper 

C14 White woody coated paper 
C15 White woodfree coated paper 
C16 White woody shavings 
C17 Mixed white shavings 
C18 White woodfree shavings 
C19 White woodfree shavings uncoated 

Group B - Medium qualities Group D - Kraft qualities 
Bl Once read news DO Brown corrugated 
B2 Over issue news Dl Corrugated Kraft I 
B3 White lined board cuttings D2 Corrugated Kraft II 
B4 Mixed coloured shavings D3 Used Kraft sacks 
B5 Bookbinding shavings D4 Clean used Kraft sacks 
B6 As above without adhesive D5 Used Kraft 
B7 Coloured letters D6 New Kraft 
B8 White wood free books 
B9 Bookquire 
BlO Best coloured pams 
B11 White carbonless copy papers 
B12 Coloured carbonless copy papers 
B13 Coated board 

Table 2A European Wastepaper Grading Structure 

The European grading system, shown in table 2.4, divides the waste into four distinct 

categories, with chemical pulps in Group C (high qualities) and mechanical pulps in group 

B (medium qualities). Kraft and liner board is found in Group D. Each of the groupings is , 

graded. This structure is more organised than the UK gradings, but still does not a11m\' 

mills to buy just post consumer photocopier paper, for example. 

A mixed office waste mill would work with the grades found in group C, these grades are 

capable of being deinked. and are wood free. 



2.4.0 Secondary Fibre Preparation 

Virgin fibre is not intended to be reused because the raw materials that go into the 

construction of paper and board products are not chosen for their ability to be 

recycled.22,23,24 The recycling of paper brings problems because chemicals and other 

additives used in its manufacture can interfere with any subsequent reuse. Products made 

from recycled fibre must compete with those made from virgin fibre, and must meet 

technical specifications, such as those defined by burst, tear, and smoothness tests. 

Papermakers do not normally make recycled paper just to be environmentally friendly, but 

rather because there is a significant difference in the cost of the raw materials. Recycled 

paper will not sell just because it is recycled but must compete with other products on 

quality and price. Mixed office waste is in demand as a raw material for paper making as 

the fibres have already been bleached, and so have high brightness. 

Paper recycling is basically a laundering process.25,29 The adhesion of ink to paper is due 

to chemical, mechanical, electrostatic and Van der Waals forces. Deinking is a two stage 

process, where the ink is first detached from the fibres and then removed from the pulp. 

To produce high quality deinked pulp, mills must use specialist equipment.27
,28 There are 

four ink removal processes involved in the recycling of fibres. These processes are 

washing,30 flotation,31.32,33 cleaning/4
.35 and screening.36,37 

Paper and board are a complex amalgam of cellulose fibres, inorganic components such as 

fillers, and .organic chemical additives. Secondary fibre treatment involves the selective 

removal of contaminants.28 The removal of objects such as wire bindings, stones, plastic 

bags and inks is obvious. These contaminants are detrimental to the quality. However 

some of these "contaminants" are beneficial, such as the mineral clays used in loading, and 
,\ 

would ideally be retained for reuse in the finished sheet. 
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Figure 2.1 Ink Particle Size Removal Chart 

Due to the variable size, shape and density of the contaminants each process removes 

different components.38 It should be noted that particles of approximately 50).lm size are 

visible to the average person's unaided eye: below this size magnification is required to 

observe their presence. Optical microscopy allows objects to be identified to 

approximatciy 1 ).lm. Below this limit light waves are longer than the objects under 

observation, and special techniques such as electron microscopy must be used. 

Washing removes the smallest contaminants, well below the yisual level. Flotation 

removes panicles that are larger, just entering the visual level. Particles below the size of 

optical recognition do not contribute to the "speckiness" of a sheet but do contribute 

detrimentally to its overall brightness. Speckiness is quantifiable as the number of visible 
,\ 

particles: these particles detract from the overall brightness and make the sheet of paper 

look soiled. The speckiness of the paper can also contribute to the poor printability. 

Certain particles. particularly toner particles can soften on heating and attach to rolls and 

press blankets. If the particle is large enough or sticky enough it can cause the paper web 
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to break. Rethreading a paper machine after a paper web break is time consuming and 

costly. Screening and cleaning remove particles larger than the visual limit. Screening is 

incorporated in all mills to remove large contaminants that would cause abrasive wear to 

machinery. 

2.4.1 Pulper1 

Before the recycling of paper can begin the sheets of collected paper must be broken down 

into individual fibres. The first step in the recycling of paper involves a pulper, (see figure 

2.2). There are many different types of pulper design, including circular tanks, D style, and 

vertical pulpers. The pulper, of whatever design, is a large vessel where the secondary 

fibre to be recycled is added to water. At the base of the vessel are large rotors, these rotors 

circulate the water/paper mix and cause the fibre web to break down into discrete fibres; 

this is known as defibring. The water added to the pulper can contain chemicals, usually a 

pH control agent, a bleaching agent and a surfactant. The exact mix of chemicals will vary 

from mill to mill depending on the papers being recycled. Pulpers can be operated as a 

batch or continuous process. They are usually characterised as being either high or low 

consistency pulpers. Consistency is measured as the ratio of the mass of oven dry fibre to 

pulp expressed as a percentage of the volume of stock sampled. Low consistency is usually 

held up to 8%, high consistency above 10%. High consistency pulping holds some 

advantages which include more effective use of bleaching chemicals, savmg m energy 

costs and decreased fibre cutting. 

The mechanical forces in the pulper also promote the detachment of the ink from the fibre 

by fibre-fibre abrasion. The extent of pulping is important as it is the main factor in 

determining the particle size distribution of the pulp. On completion of the pulping the 

separated ink particles are then removed by a combination of size dependent removal 

processes. 
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Figure 2.2 Pulper 

2.4.2 Screening 

In the screening and cleaning processes contaminants are remoyed from the fibre 

suspension by purely mechanical means.36 Screens are gen~rally designed to remove 

contaminants greater than 150l-1m in diameter, see figure 2.3. Screening relies on passing 

the fibre suspension through meshes of varying sizes and shapes allowing the contaminants 

through while retaining the fibres. The perforated area is known as the basket. The 

coarsest screening removes the largest contaminants, in the siz~ range of millimetres, and 

may consist of a drilled plate positioned after the pulper. Bask~ts with holes are generally 

used in. coarse screening to remove flat contaminants such as un-defibred paper or ink 

flakes. Hole sizes are typically 1.0 to 2.0mm diameter. To remove smaller contaminants 

slotted baskets are used. 

T\vo forms of screening can be employed, high consistency and low consistency screening. 

Coarse scr~ening is performed at a consist~ncy of around 4 to 5 %. Intermediate size 

scr~ening is performed using slotted baskets with the stock at high consistency. 
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Figure 2.3 
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Fine screening is normally carried out after deinking by forcing the pulp through the 

screens under pressure. It is carried out at a lower consistency, normally between 1.0 to 

1.5%. The slots employed have widths of between 0.20 to 0.50mm. 

2.4.3 Cleaning 

Cleaning is more properly known as centrifugal cleaning. Cleaning separates contaminants 

whose densities are significantly different from those of fibre and water. 34 Two types of 

cleaning can be employed, high consistency cleaners or low consistency cleaners. 

Figure 2.4 
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Reject 

Diagram of HydrocycIone 
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Centrifugal cleaners rely on the flow of pulp into a chamber, (see figure 2,4). The 

hydrocyclone, patented in 1891, causes a vortex to develop within the chamber. This 

vortex results in the dense particles migrating to the outside of the vortex, while the lighter 

particles move to the inside of the vortex. At the bottom of the cleaner the flow of pulp is 

reversed and the stock flows up the centre of the cleaner towards the exit. The dense 

material that is thrown outwards is rejected. Particle settling velocity is proportional to 

particle size. Smaller particles with slower settling velocities are more difficult to remove. 

Rejects are controlled by altering the size of the orifice at the base of the cleaner and hence 

the pressure within the chamber. Cleaners are usually mounted in banks to maximise the 

flow of pulp through the cleaners. 

High consistency cleaners remove dense contaminants such as stones and metal objects that 

have a significantly higher density than that of water. High consistency cleaners are 

included even when the mill uses a virgin furnish, to remove particles that may cause 

abrasive wear to pumps etc. They are installed near to the pulping stage to minimise the 

damage to other machinery .. These cleaners operate using a low pressure drop, and 

typically reject material with a size of 2 mm or larger. 

Low consistency centrifugal cleaners are used to remove contaminants that are less dense 

than water such as ink and adhesive particles. Removal of these contaminants can only 

occur if the particles to be removed have a density of less than 800kgm-3
• 

Low consistency cleaners are arranged in banks so that the accepted stock cascades from 

one into another. The rejects from the first stage are fed to the second stage, acceptable 

fibre from the second stage is fed back to the primary stage. This system can involve three 

or four stages. This cascading allows fibre to be recovered and ensures that it is cleaned 

adequately ... Rejects from the final stage are usually discharged to effluent. 

Problems caused by stickies and pressure sensitive adhesives have prompted research into 
:< 

improved cleaner design to maximise their efficiency. One advance is the asymmetrical 

cleaner. which removes particles whose densities are very close to lOOOkgm-3
• and which 

have proved to be difficult to remove. 34 These particles are too small to be screened, too 

large to be washed, too heavy to be subject to flotation and too light to be reverse cleaned. 

They are known as 'swimmer stickies' and their removal represents a major problem for 
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the recycling industry. 

2.4.4 Flotation31,32,33 

Flotation is a technique that removes the separated ink particles from a suspension by 

attracting them to air bUbbles.39 This produces contaminants in a form that are highly 

concentrated with respect to the pulp suspension. Flotation relies on the surface chemistry 

of bubbles and ink to selectively remove particles. Effective flotation begins at the pulper 

where the degree of pulping determines the particle size distribution. The paper is pulped, 

usually under alkaline conditions, to release the ink from the fibre. The ink is released as a 

result of the fibre swelling in the alkali. Other chemicals can be added depending on fibre 

furnish, such as hydrogen peroxide to bleach the pulp, chelating agents to sequester any 

heavy metal ions present which would otherwise degrade the peroxide, and sodium silicate, 

which also helps stabilise the peroxide. Flotation is most efficient in removing ink 

particles in the range 10-100!lm with maximum effectiveness for particles in the range 30-

80!lffi. 

Flotation cells differ in design and construction, but all work on the same principles. Pulp, 

at a consistency of around 1 %, is mixed with air bubbles. The separated ink particles 

attach themselves to the surface of the bubbles. The bubbles rise to the surface of the 

flotation cell where they are removed as a froth. The froth can be removed by scraping, 

flowing over a weir or by air pressure. 

The efficiency of the flotation process is affected by the size of the bubbles, the volume of 

air passing through the system, and the foam removal system. To improve the efficiency 

the number. of collisions between bubbles and ink particles must be maximised. It is also 

important tlrat the bubbles are stable because if they collapse the ink particles would be 

returned to the pulp slurry. 

'( 

Chemicais used in the flotation cell are fatty acid soaps. These are blends of 16-18 carbon 

atom chains such as steric, oleic and linoleic acids.4o Fatty acid soaps are supplied as 

sodium salts, in solid or liquid form. The sodium salt is converted to a calcium salt by 

displacement of the sodium ion by calcium. The calcium ions present in the water may be 
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sufficient otherwise calcium salts must be added. The calcium salts of the fatty acid form 

microprecipitates in the flotation cell as they are insoluble in water. Synthetic surfactants 

are specialised non-ionic surfactants that eliminate the need for the addition of calcium 

salts.41 

The major losses of fibres in the recycling process occur at the flotation stage. The fibres 

are coated with fillers, such as calcium carbonate and these fillers present a hydrophobic 

area to the flotation bubble. Fibres attach to the hydrophobic bubble and are removed from 

the furnish.41 

2.4.5 Surfactant Action 

Surfactants or surface active agents are species that are active at the interface of two 

phases.42 A surfactant accumulates between the phases and modifies the surface tension. 

In the recycling process, surfactant is a general term used to describe dispersants, 

collectors, and anti-deposition agents. 

Surfactant molecules are composed of a hydrophilic component and a hydrophobic 

component. The hydrophilic portion of the molecule has an affinity for water, while the 

hydrophobic portion has an affinity for non polar materials. In deinking, the hydrophobic 

area will associate with the ink and dirt present whilst the hydrophilic portion will remain 

associated with the water. The classic theory of surfactant action is based on the formation 

of micelles, shown in figure 2.5. 

The four major classifications of surfactants are: amomc, cationic, non-lOmc, and 

amphoteric: Anionic surfactants are water soluble and develop negative ions. Cationic 

surfactants -yield positive ions and are considered to be poor cleaners. Non-ionic 

surfactants are the most widely used for surface cleaning and are uncharged. Amphoteric 

surfactants develop a negative or positive charge depending on whether the solution is 
:< 

alkaline or acidic. 

Anionic surfactants are good detergents, however, if they contain weak acid groups they 

can be made insoluble by hard water metal ions, such as calcium and magnesium. 
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Non-ionic surfactants, a separate class of synthetic surfactants, are prepared by attaching 

ethylene oxide molecules to a water-insoluble molecule. Depending on the number of 

ethylene oxides and the number of carbon atoms, the synthetic surfactants can be classified 

as a wetting agent, a detergent, or an emulsifier. 
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a Foam laden with ink particles 
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b Ink particles detaching from fibres 
c Dispersed Ink particles 
d Ink particles whose surface active agent (soap) has reacted with hardening 

constituents and can now deposit on air bubbles. 
e Foam particles laden with ink particles 
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The hydrophobic tail of a surfactant can be straight chained, branched, long or short, 

double or single bonded. Each of these surfactants will have different properties and will 

react differently to prevailing conditions in a paper mill. A commonly used method of 

characterising surfactants is the Hydrophilic-lipophilic balance or HLB test. This is the 

value or percentages of hydrophilic to hydrophobic groups in the structure.44 

2.4.6 Washing 

Washing removes only small particles of separated ink. The particles most efficiently 

removed by washing are less than 10 flm in size.45 To remove particles larger than this is 

possible but requires large amounts of water. Washing was traditionally used in the USA 

for deinking newsprint furnishes, where the ink consists of an easily dispersed oil-based 

vehicle. The technique was not adopted in Europe due to a difference in furnishes and 

more stringent restrictions on the use of water. Most mills operating today use a 

combination of washing and flotation, removing the larger particles by flotation and the 

smaller particles by washing. 

Washing relies more on mechanics rather than on chemistry to remove particles from the 

furnish. The aim of the process is to trap fibres against a mesh or wire while allowing the 

contaminants to pass through. Washing removes all particles below a certain size, 

regardless of their chemical nature. The size of the particles removed is dependent on the 

size of the mesh and the washing device used.46 The efficiency of washing is greatest for 

particles sized between 5 and 15flID, however removal of particles up to 25~ is possible. 

Particles smaller than 5flm are not removed as they tend to enter the lumen of the fibre, or 

adhere strongly to the fibre surface. 

The cheinislJY of washing is much simpler than that of flotation. A surfactant is used to 

lower the surface tension, this allows the ink and loading to be more easily suspended in 

water. The most common surfactants employed are nonylphenol ethoxylate and linear 

ethoxylat~d alcohols. 47 The requirement for wash deinking is to keep the ink particles 

small and hydrophilic. The hydrophilicity of the contaminants is important otherwise the 

particles can redeposit on the fibres. Other chemicals are added prevent the re-deposition 

and agglomeration of the ink. 
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2.4.7 Dispersion48
,49 

Some mills incorporate a dispersion stage midway through the deinking phase. This allows 

particle sizes to be reduced, to promote removal by flotation or washing. Other mills use 

dispersion as a final 'polishing' stage to decrease the size distribution of the largest 

particles. 

Dispersion subjects the pulp to high shear conditions at elevated temperatures. The shear 

is produced by forcing the pulp between interlocking teeth, that grind up the particles. A 

combination of high consistency, (20-40%), and high temperature (70-120°C) reduces the 

particle size distribution. Dispersion allows the presence of contaminants to be masked by 

reducing the ink particle size distribution to below the optical recognition limit. Dispersion 

decreases the particle size distribution by crushing the particles thus reducing the size but 

increasing the number of particles. Dispersion can also have a negative effect on the pulp 

quality, by shortening fibres, leading to greater fibre losses in any subsequent ink removal 

process. 

2.5 Recycled Paper Formation 

After deinking, the recycled pulp is reformed into paper. The formation of recycled pulp 

into paper is exactly the same as the formation of virgin fibre. A short description of the 

paper making process can be found in appendix 5. 
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2.6 Conclusions 

There will be an increase in the amount of fibre collected for recycling with many countries 

setting higher targets' for the recovery of paper. Established sources of waste paper are 

already well collected, and so waste paper merchants are looking to new sources. The 

much heralded 'paperless office' has failed to materialise and waste office paper looks set 

to be a main resource for increased collection. However, office papers do present some 

problems to recycling mills. Most office papers consist of xerox or laser printed waste 

known generically as non-impact printed (NIP) waste. The problems in recycling office 

waste are a result of the type of inks that are employed. These inks contain a strongly 

binding plastic that forms large flakes when recycled. These are discussed more fully in 

section 4.0. 
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3.0 Non-Impact Printing - An Introduction 

Impact printing incorporates traditional printing equipment from typewriter mechanisms, 

producing a few pages an hour, to large web fed newsprint presses that produce thousands 

of copies per hour. 65 All of these processes involve the contact of an ink bearing image 

area, typewriter hammer or lithographic roll,5o with the paper in order to transfer the ink to 

the paper. In non-impact printing as the name suggest there is no contact between the part 

of the press forming the image and the paper. Examples of non-impact printing include 

ink-jet, laser, photocopiers, digital presses, and dye sublimation printers. The term non

impact printing has become associated with the class of printers where the images and text 

are stored electronically, and this electronically stored data is used to direct the print 

engme. 

3.1 Printing Inks 

The conventional processes include lithography, letterpress, flexography and intaglio 

printing.51 Conventional printing relies on the transfer of ink to paper via an image roll. 

The image roll may impact on the paper, as in direct printing or transfer the image to an 

intermediate roll, and thence to the paper; this is known as offset printing. 

The pigments used in printing inks can be either organic or inorganic. The particle size 

distribution of the pigment is important. Pigments must be produced to a certain size 

distribution for each particular ink. Large particles should be avoided as they will appear 

as lumps on the final printed sheet thus reducing print quality.66 

Non-impact inks differ from conventional inks in that in the majority of cases they are solid 

and not liquid. Toner compositions vary with machine manufacturer, but they generally 

consist of pigment, base resin, and charge control agent.54 In non-impact xerographic 

printing the pigment is carbon black or iron oxide and the com"entional vehicle is replaced 

with a polymer. The vehicle in non-impact inks is a solid, usually a polystyrene or styrene

acrylate resin in which the pigment is dispersed.53 The resin is then formed into a powder 

with the correct properties for the toner. The toner must have ;1 small cnough particle size 

to be able to flow into the structure of the paper sheet, and ha\"e a suitable softening point 

for the printing process. The softening point of the toner is go\crned by the glass transition 

21 



point of the polymer resin. The glass transition temperature is an important factor in the 

recycling of these toners as the temperatures used in the recycling process can be close to 

it. Above the glass transition point the toner is more pliable and deformable. A more 

deformable toner can be removed from one fibre but can then re-adhere to others. The 

deinking efficiency is affected by the surface energy relationships between the toner, 

de inking surfactant and paper. 

Removal of toner from paper fibres is inefficient when using conventional de inking. The 

detached toner forms large flat plate-like particles that range in size from 40 to several 

hundred microns.52 In addition the detachment process is inefficient, leading to the 

production of toner-fibre aggregates. To remove the toner from the pulp two approaches 

have been taken:-

reduction of the particle size so that they can be removed by flotation or 

increase particle size to enable the particles to be removed by screening. 

Reduction of the particle size may be accomplished by using dispersion, as described in 

section 2.4.7. Increasing the particle size is more difficult but is usually achieved with a 

gentle pUlping process and agglomeration chemicals to make the toner particles stick 

together. 

Ink jet inks are liquid, often water or alcohol based.55 The ink is fixed to the paper by 

evaporation and absorption into the surface. As the inks are water or alcohol based they 

present no problem with regards to removal in deinking. However the pigments or dyes 

can colour the paper fibres. 

3.2 Recent Developments in Printing 

'Computer fo press' is used to describe the advances in digital printing.
55 

'Computer to 

press' signifies the production of an image plate or equivalent by digital means. The 

method i~ usually xerographic or its variant. Digital printing can produce high quality 

colour images where information can be changed at every impression. In addition there is 

virtually no 'make ready' time. 

Conventional printing processes are capable of transferring huge amounts of data from a 

sd of printing plates. The main problem in speeding up non-impact printing is in the 



processing of data to get it into a form appropriate for printing. A secondary problem is 

fixing the ink to the sheet of paper. This is in contrast to the conventional process where 

the rate determining step is the speed at which the paper can be fed into the press. As toner 

is fixed using a heated roller, heat must be transferred over a wide area and the temperature 

must be raised to around lOO°C - above the softening point of the polystyrene vehicle. 

Much of the applied heat is lost in heating the water present in the paper and not in fixing 

the toner to the paper. 

3.3 Ink Jet printing 

Ink jet printers are an important part of the non-impact printed market.56 The method is 

reliable, quiet and able to print colour. The disadvantage is that it is relatively slow with 

regard to conventional laser printing, which is in tum much slower than the conventional 

printing processes. Ink jet printers rely on a water or alcohol based liquid ink which is 

propelled as small droplets toward the sheet of paper to be printed. Control of the ink 

droplets is important in defining the resolution of the printer. The production of the 

droplets is controlled by either an acoustical or a thermal process; delivery of the droplets 

is controlled by electrostatic or droplet on-off methods. 

The three basic elements in an ink jet system are shown in Figure 3.1.57 The main elements 

are the nozzle, the charging system, and the deflector. Liquid ink from a reservoir, is 

forced into the rear of the nozzle under a controlled pressure. The ink is broken into 

droplets by the expansions and contractions of a piezoelectric element. The expansions 

and contractions occur at around one hundred thousand times each second. Exit of the 

droplets is controlled by electrostatic means. Each droplet is charged to the desired level. 

From the charging stage the droplet flies between two charged plates. The charged plates, 

which are kept at a constant voltage, influence the droplet according to the amount of 

charge placed on it. The result is a vertical displacement pattern. A droplet with no charge 

is unaffeqted by the charged plates and passes through to be intercepted by a gutter. The 

gutter recirculates the ink back to the reservoir. 

.., ... 
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Xerography is a well established printing method. The first copy by xerography was 

produced by Chester Carlson in 1938. Xerographi8 is more generally known as 

electrophotography. Dry or liquid ink, known as toner, forms an image directly onto the 

printed paper copy. In the original process paper used in the copier had to be coated with a 

photoconductive layer. This layer was given an electrical charge, exposed to the original 

document using optics, developed in the image areas and then fused using high 

temperatures. 

Current non-impact printing differs from earlier copIer systems m that the image is 

transferred to the paper via an intermediate carrier roll. This makes coating the paper 

unnecessary, allowing a greater range of substrates to be printed. The indirect 

electrophotographic printing IS known as xerography. 

diagrammatically in figure 3.2. 
" 

The process is shown 
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Xerography operates in two stages; transfer and cleaning. The use of an indirect image 

carrier requires that the image is transferred from the surface of the carrier to the printed 

substrate. Mechanical pressure is not used to transfer the image as in a conventional 

printing process but instead electrostatic forces are used. The image is not transferred 

completely, as is true with conventional printing, and the intermediate transfer roll must be 

cleaned of toner before the next printing cycle. 

The next step of the electrophotographic process, once the drum has been cleaned, is to 

charge it electrostatically. The material of the photo conductor accepts and retains an 

electric charge when brought into proximity to a corona discharge produced by a charge 

corotron. The corotron electrodes have different designs depending on the manufacturer. 

The charge that is placed on the surface of the photoconductor is either positive or 

negative, dependent on the type of photoconductor used. One property of the imaging 

drum that. is essential to xerography is photoconductivity. 59 The photoconductive 

substance is--an insulator in the dark and retains charge. The absorption of a photon excites 

an electron into the conduction band of the material and charge flows away to earth from 

these areas. Originally the photoconductor was selenium alloyed with various additives, 
:..: 

more recently cadmium sulphide and various organic materials have been used. 

Light reflected from the image strikes the charged photoconductor as it moves past the 

exposure station. In most non-impact printers the light used is a laser beam which is 

modulated as it moves across the image. The modulation of the beam is achie\'ed bv 
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interrupting the beam according to the digital information supplied by the computer. The 

modulator can be either an acousto-optic or an electro-optic device. The laser produces a 

constant light output but the beam is interrupted several million times a second. The 

modulator acts as a light valve, only permitting light to pass at certain times. Usually the 

ON condition of the light valve allows light to pass, represents the background areas of the 

image. The OFF condition relates to the image areas. The photoconductor belt now has a 

latent image on its surface, this latent image must be developed. 

In developing the image a stream of triboelectrically charged toner particles is placed on 

the surface of the photo conductor. Particles are attracted to the charged image areas but 

not to the discharged non-image areas. The photoconductor is never fully discharged and 

retains a small amount of charge. To avoid attracting toner to this small charge a bias 

voltage is applied to the toner delivery system. This reverse charge is sufficient to 

counteract the charge on the non image areas and so prevent the deposition of toner. 

Toners can be broadly divided into two types; dry and liquid.6o Dry toners are powders 

composed of a pigment and a polymer material. The pigment is usually carbon black or 

iron oxide. The pigment and polymer are combined in beads or carrier particles. These 

beads exist to transport the toner through the printer. The beads are between 8 and 100~m 

in diameter. Smaller toner beads have been in development by printer manufacturers, with 

Hewlett-Packard claiming a O.3~m diameter toner bead. 

Liquid toners comprise a charged particle carried in a bath of insulating liquid, usually a 

hydrocarbon vehicle. The size distribution of the toner particles suspended in the fluid is 

smaller than that found in the dry toner systems, with a typical diameter of around 0.1-

2~.60 Thi.s particle size distribution is comparable to those found in lithographic inks. 

After leaving the development zone the toned image is ready for transfer to the printing 

substrate. The printing substrate is usually presented above the development zone to 
.\ 

prevent stray toner particles dropping onto it. The toner is held to the photoconductor by 

electrostatic forces. The printing substrate is brought into close proximity to the 

photoconductor. Transfer to the printing substrate is achieved by electrostatically charging 

it. The charge is placed on the substrate by using a similar device to the one that charges 

the drum, this is known as the transfer corotron. The transfer corotron is located on the 
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opposite side of the substrate to the photoconductor. Its purpose is to produce a charge on 

the substrate so that the toners experience a greater attraction towards the printing substrate 

than to the photoconductor drum. This produces a migration of toner from the drum to the 

printing substrate. 

After transfer the photoconductor drum is cleaned to remove any residual toner. Cleaning 

would not, in theory, be needed if identical images were to be transferred on every cycle. 

However, the advantage of non-impact printing is that the image can be changed on every 

cycle. 

After transfer the printed image is fixed to the substrate, usually by a combination of heat 

and pressure. The fixing occurs at a temperature of around 90 to 150°C. At this 

temperature the polymer material in the toner bead melts and fuses to the substrate. Dry 

toners are fused by the application of heated rolls or infra-red heaters. Liquid toners are 

fused to the substrate by evaporating the liquid carrier, this occurs at higher temperatures 

than the fusion of dry toner systems typically ISO-200°C. 

Liquid toners have much more in common with conventional printing inks than do dry 

toners. The evaporation of the hydrocarbon carrier is comparable to the evaporation drying 

of a gravure ink. The size distribution of the particles contained in the hydrocarbon carrier 

is also comparable to the sizes found in conventional printing inks. 

3.5 Recent Developments in Non-Impact Printing 

In the last ten years non-impact printing has seen developments in the introduction of 

colour and increased speed. These increases in speed have lead to certain digital printing 

systems being almost as fast as the conventional processes. The Indigo E-print
61 

can print 

800 impressions per hour, and the latest machine manufactured by Xeikon,62 the DCP/32D 

produces ,4200 full colour A4 pages per hour. These systems have the advantage that each 

copy can be unique. Monochrome printers too have advanced and are capable of printing 

.+20 pages a minute, 25200 impressions an hour. Nipson recently announced a new version 

of their Nipson 7000, which has a resolution of 480 dots per inch (dpi) capable of .+20 

. 6" pages per mmute. -
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From its introduction in 1993 until mid 1995 Indigo had supplied 275 presses and more are 

being installed weekly. Xeicon announced in September 1997 that it had shipped its 

thousandth digital printing press. It is estimated that 1 billion sheets of A4 paper will be 

printed by Xeicon printers in 1998.62 

The inks used by the digital presses are with one exception no different from conventional 

toners, they have the same characteristics as the toners used in laser printers only the colour 

of the pigment varies. The one exception to these toners is the ink used in the Indigo 

digital press. This ink is liquid and is a polymerising ink, which cures over a period of 

hours to form a tough rub-proof coating.64 

3.6 Conclusions 

Non-impact printed waste is increasing in quantity. Digital printing as a whole is set to 

increase its market share. The inks used in digital printing cause problems when deinked 

in a conventional recycling process. They are not removed efficiently by screens or 

cleaners and lead to large unsightly specks in the finished recycled paper. The flotation 

process can also be inefficient as toner particles adsorb surfactant molecules and become 

hydrophilic. All these problems associated with the recycling of mixed office waste are 

more fully discussed in section 4 and 7. These problems will only increase as the sector of 

mixed office waste is exploited as a source of high quality white fibre. There is a need for 

research into new methods of de inking or removing toners from fibres. 
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4.0 Ultrasonics67,68,70 

Ultrasound is a series of high intensity vibrations. These vibrations cause changes within 

fluids through which they are radiated. This chapter presents the background to the theory 

of ultrasound and some of the physical and chemical effects it can produce. 

4.1 Introduction 

The only distinction between audible sound and ultrasound is that the latter cannot be 

detected by the human ear. Sound energy is transmitted as a longitudinal wave, as opposed 

to a transverse wave such as light and requires an elastic medium in which to travel. The 

theory of propagation of ultrasound is exactly the same as that for audible sound. 

Sound is generated in a material as a result of some mechanical disturbance taking place 

within that material. Sound waves travel through a series of compressions and expansions. 

These compressions and expansions can come about as a result of a shock, such as an 

explosion or sudden impact. Alternatively the sound may be generated as a result of a 

continuous vibration, for example speech, or the motion of a machine. 

Vibrations are characterised by their frequencies, that is the number of complete periodic 

cycles undergone in unit time. The unit of frequency is the Hertz (Hz). One Hertz is one 

cycle per second. Higher frequencies are expressed as kilohertz, megahertz or gigahertz. 

The range of human hearing is between 20 Hz and 18 KHz. Sounds below the range of 

human hearing are called infrasound. 71 The ultrasound used in this project had vibrations 

of around 20 KHz. 

This freque'ncy of 20 KHz is just beyond the range of human hearing, at the beginning of 
.. 

the ultrasonic range. The range at which cavitation occurs extends from the audible range 

to around 500 kHz. Above 1 Mhz, sound is used for imaging, for example in sonar or 

medical ultrasound scans. Figure 4.1 shows a representation of the sound spectrum. The 

upper range of hearing decreases with age as the skin of the typanic membrane becomes 

less flexible. 
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Production of Ultrasound 

Piezoelectric materials can be used to produce or detect sound.72 The piezoelectric effect is 

displayed by certain materials in response to an applied mechanical stress. Piezoelectric 

materials are usually crystalline in structure. When the crystal is subjected to stress the 

deformation of the crystal causes an electrical field to develop on its faces; positive and 

negative charges appear on opposite faces. If such a crystal is placed in an applied electric 

field the reverse process occurs and a stress is induced causing the material to undergo a 

deformation. The size of the deformation is dependent on the nature of the material, the 

symmetry of the crystal and the orientation of the crystal relative to the external field. 7
:.

73
,74 

Many crystalline materials exhibit piezoelectric behaviour to some degree. Few, however, 

have the mechanical and electrical properties that allow their use in the detection or 

generation of sound waves. Quartz is one such material. A single crystal of quartz is the 

most common commercially available transducer material. A transducer is a piezoelectric 

crystal with "'electrodes embedded within the crystal to enable the introduction of an electric 

field and so produce deformations in the crystal. The best use of a quartz transducer is at 

one of it~< resonance frequencies, non-resonant frequencies are less efficient. Most other 

piezoelectric materials are either ceramics or polymers, for example, polycrystalline 

ferroelectric materials such as lead zircon ate titanate and barium titanate.
74 
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4.3 Propagation of Ultrasound 72 

It was noted earlier that sound moves as a longitudinal wave. The vibrations of the 

particles take place in the direction of motion of the sound. Sound waves require a 

medium to allow transmission. For most applications the ultrasound is generated from a 

plane surface oscillating with a simple harmonic motion. Figure 4.2 shows the variation in 

displacement against time. 

Figure 4.2 

< 

yo=amplitude 
A=wavelength 

Displacement of Particles Against Time 

) 

The time taken to execute one complete vibration is period T. The reciprocal of the time 

period T measured in seconds is equal to the frequency in hertz. 

1 
T= f 

The shape of the curve is sinusoidal and is represented as equation 4.2. 

y=Yosm 
2nt 

T 

where y = displacement at any time t and 

= yo sin 2n f t = yo sin w t 

w = 2nf (known as the angular frequency) 

eqn 4.1 

eqn 4.2 

The vibrating source transmits energy to the particles, atoms or molecules, which are in 

immediate contact with it. The energy is transmitted progressively through the material. 

Figure 4.3 below illustrates two parallel plates separated by the material of propagation. 

The left hand plate is the source of the vibration, which is vibrating with a simple harmonic 

motion. the right hand plate acts as the receiver. The intervening material can be divided 
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into a number of very thin layers, each of equal thickness. If the left hand plate was to be 

displaced to the right by a given amount then the first layer closest to the plate, layer A, 

will be displaced . Layer B is also displaced in turn, and the displacement is progressive ly 

transmitted from one layer to the next until the final layer is reached and then the receiver 

is displaced by a similar amount. If a layer at a distance x is considered, the time for the 

sound to reach this layer is equal to x/c, where c is the speed of sound . The phase of the 

vibration in this layer at any time t is identical to that of the source t- ~ and the value y of 
c 

that displacement is obtained by substituting into the sinusoidal curve of equation 4.2. 

Figure 4.3 

Source 

. x 
y=Yo SIn W (t - - ) 

c 

A,B,C .. 

Displacement of Layers in a Medium 

eqn 4.3 

It takes a small but finite time for the energy to pass from one layer to the next and so 

sound waves take a certain time to pass from the source to the receiver. The velocity of the 

waves has a constant value for a given material under given physical conditions. The 

velocity constant is dependent on the elastic modulus and the density of the material. 

Some values for the speed of sound in common materials are given in table 4.1. Onl y 

sound waves that do not lose energy during propagation have been considered. Any loss of 

energy in the process is known as attenuation. 

Material .. m-3 eed of sound ms- 1 

Water 1435 (@25°C) 
Air 1.2 34-+ (@25°C) 
Steel 7800 6000 
Titanium \ 4500 51 60 
Quartz 2600 5700 
Beech(along fibre) * 33-+0 

38)-0 Oak(along fibre)* 
Ash alon fibre * 46 70 
(* From Handbook of Chemistry and Physics 1981 -2, GRC Press Inc) ) 

Table 4.1 Speed of Sound through some Common l'YIaterials 
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The longitudinal waves relevant in ultrasound are compression waves. At any given time 

the layers take on the appearance shown in Figure 4.4, below where the centres of 

neighbouring compressed or expanded regions are separated by distances of one 

wavelength, A. 

____ J..----
., , 

Compression Compression Compression 

Figure 4.4 Sound Waves Travelling through a Medium 

The three main characteristics of acoustic waves are particle displacement, particle velocity 

and acoustic pressure. 

The particle displacement is the displacement of a body at a distance x from the 

transmitter. If the propagating material is assumed not to absorb the sound then the 

displacement will be the same for all particles along the path of the sound wave. 

Particle velocity is defined as the velocity of a vibrating particle in the medium, not the 

velocity of the waves, at a given time and location. It is given by the equation 4.4: 

u = Uo sin CD (t -x/c) eqn 4.-+ 

where u = particle velocity 
Uo = the particle velocity amplitude 

The mat~rial carrying the sound waves is subjected to an alternating pressure called the 

acoustic pressure, p, which is given by the equation 4.5: 

p = Po sin CD (t-x, c) eqn 4.5 

Where po is the acoustic pressure (or stress) amplitude. 



All of the above effects are important for ultrasonic cleaning. Cleaning using ultrasound 

relies on the removal of dirt by acoustic pressure acting on the surface of articles to be 

cleaned. The dirt is simply pushed off the surface by the pressure waves. 

So far only the movement of sound waves through a medium has been considered. There 

is another effect that is caused by ultrasound that contributes, in some cases, significantly 

to the effects of ultrasound. This effect is known as cavitation. 

4.4 Cavitation 76,77,78 

Acoustic cavitation can be described as the creation of new surfaces within a liquid, this is 

a very broad definition which would include boiling. Acoustic cavitation can be applied to 

the case of a liquid subjected to a varying pressure, superimposed upon an ambient 

pressure. Sound energy of a certain intensity travelling through a liquid can cause bubbles 

to develop in that liquid. During the expansion phase of the wave the pressure can be 

sufficient to evaporate the liquid to form bubbles of vapour; the bubbles can then either 

collapse at the next compression cycle or grow and shrink over several compression and 

expansion cycles. These are known as cavitation bubbles. Acoustic cavitation can be 

defined as the case where expansion and contraction of bubbles occurs. There are two 

types of cavitation bubbles, transient and stable.81 

Stable cavitation bubbles oscillate about an equilibrium size. 78 They are relatively 

permanent and may exist for many cycles of compression and expansion. Transient 

cavitation bubbles are much less permanent and exist for only one pressure cycle. In their 

short lifetime they expand to at least double their original size and often more than this. 

They then collapse violently, sometimes disintegrating into a multitude of much smaller 

bubbles. 

0 79 C . . Cavitation was first observed as a phenomenon as long ago as 185 . avltatlOn was 
" 

observed when the Royal Navy's battleship 'Dreadnought' made only half of its planned 

speed and was plagued with vibration. It was discovered that the propeller blades were set 

at too harsh an angle and this was forming cavitation bubbles on the surface of the blades 

which created the vibration, and resulted in the lack of speed. Erosion of the propeller 
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blades was accelerated as a result of the cavitation. The pioneering work was performed by 

Lord Rayleigh who wrote of a spherical cavity collapsing.80 

This type of cavitation was caused by transient cavitation bubbles, and the study of this 

form of cavitation dominated the early research in this area. Transient cavitation bubbles 

cause effects such as erosion82, sono-Iuminescence,83,84,85,86 emulsification,87 molecular 

degradation,88,89 sonochemistry,68,90,91,92 and biological disruption.93 These effects are all 

related to the very high pressures and temperatures developed in the transient implosion. 

Stable cavitation is also important, being involved with initiating surface oscillation and 

microstreaming effects. In an observed cavitation field there will always be more stable 

cavitation bubbles than transient bubbles. Stable bubbles are far longer lived than 

transients and their overall effect is far greater. Stable bubbles can eventually degenerate 

into transient bubbles. 

Having described how transient and stable bubbles are produced it is important to 

understand what is happening inside the bubbles. There are two possibilities for a cavity 

existing within a liquid. The cavity can be created from either a liquid's vapour or from 

permanent gas, usually air. Thus four types of bubbles can be defined; gas or vapour-filled 

transient or stable cavitation bubble. 

In a transient bubble it is safe to assume that there is no time for any mass flow, by 

diffusion of gas into or out of the bubble. However, evaporation and condensation may 

occur from the walls of the bubble. It can be assumed that a collapsing gaseous transient 

cavitation bubble contains a constant amount of permanent gas and a collapsing vaporous 

bubble will.contain only vapour. The vapour will remain at or near the equilibrium vapour 

pressure. The collapse of a vaporous cavitation bubble will be much more violent as there 

will be less gas to cushion the implosion. 

:, 

If the liquid in which cavitation is occurring is entirely gas free then the cavitation bubbles 

must be all vaporous in nature. Intuition might dictate that stable cavitation events may not 

occur. This is true, but there is also a thermal mechanism whereby vaporous cavities can 

exist in a sound field. 
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Thus far single bubbles have been considered. In practice a very complex situation exists 

where bubble fields are the main form in which cavitation bubbles are found. In this 

situation there are many bubbles; each collapsing and undergoing transitions between 

stable and transient cavitation. The transition between stable and transient is not always 

obvious. The transition from stable to transient may occur with the simple passage of time 

or there may be changes in the acoustic or other environmental conditions which 

precipitate change. The demarcation area between stable and transient states, is known as 

the Transient Cavitation Threshold. There is another region lying below the transient 

region where stable cavities can increase in size to become transient bubbles. This is 

termed the Stable Cavitation Threshold. 

There are changes that occur in a fluid when the cavitation threshold is reached. As soon 

as the cavities are formed within the liquid the acoustic properties of the fluid change and 

the liquid becomes more compressible. The acoustic scattering potential of a bubble is 

greater than that of either a solid or liquid particle. Oscillating bubbles are very good at 

redistributing the acoustic energy. Once a liquid reaches the threshold of cavitation it 

changes its acoustic properties. The liquid also becomes acoustically lossier, this means 

part of the energy put into the system is re-radiated as sound energy by collapsing 

cavitation bubbles. With transient bubbles, energy is extracted from the sound beam and 

rapidly concentrated into small volumes. A great deal of energy is given up by the bubble 

as it finally collapses. Part of this energy goes into producing sound. 

The factors that affect the extent of cavitation are:-

a Ultrasound intensity; frequency, amplitude 

b Medium of liquid; viscosity, vapour pressure, surface tension 

c Dissolved gases, or suspended solids 

d Temperature 

a The intensity of the ultrasound is an important factor in the production of cavitation 
:~ 

because there is a limit below which cavitation will not occur. The intensity, I, is the 

power (W) transferred per unit area(A), and is given by equation 4.6. 9~ This is referred to 

as the cavitation threshold. Below this limit the sound passes through a liquid with the 

normal compressions and expansions. The amplitude of the sound is important to the 
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cavitation threshold. The larger the amplitude the more likely it is that cavitation bubbles 

will form. The amplitude of the sound wave is dependent on the acoustic pressure. 

Where P = acoustic pressure, 

1= W/A= p2 

2pc 

p = density of the material being sonicated, and 
c = speed of sound in the medium 

eqn 4.6 

Cavitation is most prevalent at the lower end of the ultrasound spectrum. As the frequency 

increases the size of the bubbles decreases. Cavitation activity declines as the 

compressions and expansions become closer together. At the higher end of the ultrasound 

spectrum there is very little cavitation activity. 

b The liquid in which ultrasound is travelling will affect whether cavitation occurs. 

The more viscous the fluid the less likely it is that cavitation will occur. It is difficult to get 

cavitation to occur in oils and waxes as these fluids are too viscous. 

The vapour pressure of the liquid being sonicated is important; if the liquid is saturated 

with a gas then the gas will affect the cavitation (see below). Liquids with a high vapour 

pressure tend to cavitate with a greater intensity. 

The surface tension of the liquid is an important factor. Surface tension is a force that 

tends to decrease the size of bubbles within a liquid.95
,96 Bubbles decay by surface tension 

effects if not driven by sound waves. 

c Diss9lved gases and suspended solids provide seeding points at which cavitation 

can occur. The presence of suspended solids causes a localised decrease in the surface 

tension of a liquid. This change in surface tension allows cavitation bubbles to be initiated 

more easily. Dissolved gases can lead to the development of stable cavitation bubbles by 

forming gas bubbles within the liquid. These bubbles grow when irradiated with sound 

and can form either transient or stable cavitation bubbles, depending upon the local 

condi tions. 
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d The extent of cavitation in water decreases as the temperature increases. In most 

other solvents the intensity is greater at higher temperatures. The reason for this is that the 

vapour pressure of the liquid inside the cavitation bubble decreases, leading to a less stable 

bubble. Above a certain temperature cavitation will not occur. In a study of cavitation 

intensities of different fluids, water was the fluid that was found to cavitate with the 

greatest intensity.97 Water and methylene chloride were found to be the only solvents in 

which cavitation intensity is greater when the liquids are cooled than when heated. 

4.5 Effects of Cavitation 

Cavitation can cause a number of different effects, some of which have been mentioned 

previously. Sonochemistry is a term given to chemistry that is affected by sound energy. A 

wide range of chemical reactions are affected by sound energy. Sono-Iuminescence is the 

production of light from the collapse of a cavitation bubble. High power ultrasound has 

also been used in water treatment,98,99 in food processing, and for particle size reduction. 100 

Cavitation bubbles generate other effects when they collapse. As well as the erosion of 

metal surfaces, cavitation bubbles can also create radicals and a jet stream as they collapse. 

Reactions that are influenced by cavitation bubbles began to be studied at about the same 

time as reactions initiated by ionising radiation. Cavitation bubbles create free radicals as 

the bubbles collapse. Each collapsing bubble can form 105-106 radical pairs,lOl (see 

equation 4.7). 

eqn 4.7 

The radicals formed are very reactive species. The OH· radical is responsible for all the 

oxidation in the lower atmosphere.102 The OH" radical can attack other species to form 

secondary radicals, or react with another OHo radical to form hydrogen peroxide, (see 

equation 4.8). 

OH" + OH" eqn 4.8 



Hydrogen peroxide is used in the bleaching of vi rgin paper fibre and during the recycling 

of mixed office waste.103
,108 However, the levels of hydrogen peroxide produced by 

ultrasound are too low for any significant bleaching effect to be observed. 

Another effect of cavitation bubbles is the micro jet stream. This is not to be confused with 

the streaming pressure of the sound waves, which is caused by the movement of the 

compressions and expansions across a solid surface . 

The micro jet stream is created by the implosion of a cavitation bubble close to a solid 

surface. A bubble that is initiated near to a surface can collapse directionally and project a 

jet of liquid onto it. Figure 4.5 below shows diagrammatically the collapse of two bubbles, 

one resting on a solid surface and the other half a bubble radius distance from the surface . 

Figure 4.5 Diagram of two collapsing cavitation bubbles 

Figure 4.6 Photomicrograph of a collapsing cavitation bubble 

The cavitation bubble collapses asymmetrically and projects a jet towards the surface, The 

bubble does not have to be in contact with the surface to jet st ream, These diagrams are 

104 Ph h' solutions of a theoretical problem calculated by Plesse t and Chapman. otograp IC 

studies of the asymmetric coll apse of cavitation bubbles ha\'e also been undertaken bv 

several groups, 
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Single bubble collapse has been studied by several research groups. An example of the 

collapse of a single is bubble is shown in figure 4.6. ]04,]] 8 Other groups have studied the 

collapse of bubbles using high speed movie cameras. lOS,]06,]07 An example of this work is 

shown in Figure 4.7. The bubble was initiated at a distance of 2.3mm from the surface. 

The collapse of the bubble was photographed at a speed of 305,000 frames per second. 

Speeds calculated for the collapse of the bubble range between 128 and 170 ms'l. 

9 9 9 

9 ·9" • , .' • ~ . , 
. , . 

~ • ' ~ ~ ~ 'If ,., ! ! Y ! 
y ! Y ~ • 

y 
! 

: I -, ~ 'iii 9 
-,' , d I d', I 

_.;%";0;...:. ~,,~, : 

~~~~;;:~: "d~i~~;v w ,~~ , ,. ; 
. , 

~~~' .' ,~:. ~" .., 
,,, .. .; 9 < 

" ", 

• ,",;i .. :~';~ 
... • • • 

Figure 4.7 Photomicrographs of Single Bubble Collapse 

Pressures created under the liquid jet are of the order of thousands of Nm'2. These can be 

calculated from equation 4.9 

P = (pckV 

Where P = pressure developed on impact 
p~ = acoustic impedance of liquid 
V = velocity of collapse 

eqn 4.9 

If the speed of sound is taken to be 1500 ms'l in wa ter, and V is 130 ms'], we obtain the 

pressure as 1930 Bar. However the time taken for the jet to propagate is very short , around 

10'7 sec, and so thi s pressure will act on the surface for on ly a ve ry shon time. 
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This pressure is enough to cause erosion in resistant metals, however their transitory nature 

makes it unlikely that erosion will occur over a short period of time, the effects of 

cavitation erosion would only be experienced over longer periods . Less resistant materials, 

of course, can be eroded in much shorter periods. 

4.6 Ultrasound and the Paper Making Process 

Ultrasound is widely used for monitoring and control in the paper making process; 119,120 for 

instance to determine the tensile strength of paper. Ultrasonics are also used as a non 

destructive testing (NDT) technique. Ultrasound was investigated with regard to its effects 

on wood fibres as far back as the 1930 'S.109 The effect of ultrasound on paper fibres was 

first investigated in 1950. 110 This early paper noted the effects of ultrasound on various 

fibres, unbleached sulphite pulp and bleach Kraft pulp. The experiments were carried out 

using a quartz oscillator at a frequency of 500 KHz. The authors found there was a beating 

effect indicated on the Canadian Standard Freeness index, but the fibres were not shortened 

by the effects of the treatment. Fibres from the experiments were subjected to microscopic 

examination. It was found that the fibres had fibrillated, or increased their surface area, 

and that the effect was not simply due to thermal interactions. 

Figure 4.8 Blade responsible for producing ultrasound 

The effects of ultrasound on the recycl ing of paper was first investigated at Syracu e 

Unive rsity by Turai and Teng lll using a whistl e jet device. The whistle jet or liquid jet i II 
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means of creating ultrasound by vibrations. The vibrations are produced by the oscillation 

of a blade inside a chamber. The blade oscillates due to a thin stream of pulp impinging on 

the surface. The blade and chamber are shown in figure 4.8. This work eventually reached 

pilot plant stage, reported in the following year. 112 The pilot plant stage was capable of 

sonicating 110 litres of pulp per minute at a maximum consistency of 8%. It was possible 

to deink the paper without the use of chemicals. The waste used in the trial was a heavily 

printed polymeric ink or paper coated with overprinted varnish. This was chosen as it was 

difficult to deink using conventional methods. The ultrasound whistle jet was compared 

with conventional hydrapulping. Hydrapulping produced a sheet of paper that had a large 

number of ink particles attached to paper fibres. Whistle jet treatment of the sample 

reduced the particle size of the ink. 

A probable reason for not continuing the work was that the blade was cutting fibres as 

efficiently as a refiner, leading to a loss in yield. However, the amount of power put into 

the system was lower per litre for the pilot plant than the laboratory set-up suggesting that 

there were possible economies of scale. 

A study of ultrasound and paper fibres in 1981,113 was reported as a 'Note on Ultrasonics 

for Deinking Waste Paper'. This work also used a whistle jet device. 

In 1990 evaluation work was started on a deinking surfactant by two workers at London 

College of Printing. 114 The surfactant was ineffective until the work was repeated in a low 

power ultrasound cleaning bath. The resulting papers showed an increase in brightness and 

a reduction in the ink particle sizes. 

No further :work on ultrasound and paper fibres was reported until 1993 when workers at 

the University of Wisconsin-Green Bay investigated the use of ultrasound in the deinking 

of laser printed waste. I IS The ultrasonics was delivered to the pulp slurry in an ultrasound 

cleaning bath, with power of 180 watts radiating into a container of 1.2 litres. To evaluate 
:< 

the effect of frequency, piezoelectric transducers were glued to the base of stainless steel 

beakers. This work used low power ultrasound at three different frequencies, 22, 3.+ and 5.+ 

KHz. Power in these experiments was limited to 25 watts. 



The pulp produced was washed, subjected to flotation and formed into handsheets before 

being examined using a camera based ink particle size analyser. It was found that 

ultrasound could reduce the size of the ink particles, particularly the particles above 400/-ffil 

in size. The group found that ultrasound with a frequency of 22 KHz was effective in 

breaking up large particles to a size where they could be removed by washing or flotation. 

It was suggested that ultrasonics could be used as a standalone treatment for laser printed 

waste or as a polishing step for mixed office waste grades. The low power used in these 

experiments (25 watts) was applied over 120 minutes. The higher frequency resulted in 

smaller particles. No mention of temperature rise was made in the experiments. However, 

this is an important parameter when dealing with the toners described in this paper. The 

glass transition temperature governs the point at which the toner softens and flows. If the 

heating effect of ultrasound increases the temperature to the glass transition temperature 

then the toner may undergo changes which facilitate removal. 

In these experiments the ink particles were removed by flotation but without USlllg 

chemicals. The particle distribution was reported as the ratio of particles below 260~m to 

those above 260/-ffil. According to this data the ultrasound increased the number of 

particles present. After sonication and washing there were still more particles present on 

the handsheets than in the original material, however, the size of these particles was 

decreased. No indication of the mechanism for the breakdown of toner particles was given. 

The report noted that ultrasound of 22 KHz was effective in reducing particles greater than 

260~ in diameter to a size where they could be removed by flotation and washing. The 

report considered that the inability of ultrasound to break down large particles after 10 

minutes treatment could be due to the relative probability of collision of a cavitation bubble 

and an ink particle. 

Further research116 compared the effect of an ultrasound whistle with the effect of a 

piezoelectric horn system. The horn system operated at a nominal 500 watts. After 

ultrasound treatment it was found that 100% of the particles were less than or equal to 0.0'+ 

mm2, before ultrasound 5.+% of the particles were in this size category. The ultrasound 

energy supplied to the pulp varied between 100 and 300 watts. It was found that 

ultrasound could reduce the particle size distribution of toner particles. These experiments 

did not state the time of sonication. The rationale behind the paper by Scott and Gerber 
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was a comparison of the efficiencies of ultrasound and a whistle jet system with regard to 

cost. These workers suggested that the piezoelectric transducer would be too costly to 

operate in a commercial environment. 

The final research paper that has utilised ultrasound to change the particle size distribution 

of toner has been by Offill and Vendetti, working at North Carolina State University.117 

This work used piezoelectric transducers, working at a maximum power of 1200 watts. 

The work was carried out in a cleaning bath, with the pulp slurry being stirred constantly. 

All the research papers indicated that application of ultrasonics could reduce the ink 

particle size distribution of toner but without giving precise details of the distribution as it 

related to the de inking processes. No workers attempted to present a theory of the action of 

ultrasound on the toner. The investigations carried out on paper fibres used low power or 

inefficient transducers. Such research would only yield information on the streaming 

effects of ultrasound, and not the more efficient effects induced by cavitation activity. 

The aims of this research were to assess the effects of high intensity ultrasound on toner 

printed papers with a view to exploring both the effect on paper fibres and the mechanisms 

whereby the toner detaches and breaks up under the influences of ultrasound fields. The 

lower end of the ultrasound spectrum was chosen for this project as the findings of 

Norman, Sell and Danelski showed that frequencies around 22 KHz were particularly 

effective in breaking up large toner particles. 

In conclusion it can be seen that ultrasound can reduce the ink particle size distribution of 

toner particles. Ultrasound can also affect paper fibres by decreasing their freeness and 

increasing ~trength properties. No theory exists for the interaction of fibres or toner 

particles with ultrasonic energy. To apply a low energy ultrasonic field to a pulp sample 

and expect results to translate to high energy, large throughput systems is unrealistic. Low 

power systems will only provide information on low power systems. 



4.7 Conclusions 

This chapter has been an introduction to the physics of ultrasound, the physical effects 

produced by cavitation bubbles, and the pressures and velocities of their collapse. The 

chemical effects of ultrasound are many and most applications of sonochemistry are aimed 

at accelerating reactions through the mixing of components, however, sonochemistry is not 

limited to this and can influence reactions through the production of radicals. 



5.0 Description of Apparatus Used 

The equipment and associated principles used to produce and analyse the samples are 

described below. 

5.1.0 Production of Paper Pulp 

Ideally the treatments that the fibres and inks receIve should not differ between the 

industrial and laboratory processes. A brief description of the papermaking process can be 

found in appendix 5. The stages in making paper, be it in a laboratory or an industrial 

setting, are the same. These are reducing the fibre mat to individual fibres, separating ink 

from fibres, removing ink from the slurry and finally forming the fibres into new sheets. 

The laboratory papermaking process is performed on a batch system and handsheets of 

paper are made. 

5.1.1 Laboratory Disintegrator 

Disintegration is a mechanical treatment to separate interlaced fibres with minimal change 

to their structural properties. The disintegrator used was a British Standard Disintegrator, 

shown in figure 5.1.1. This conformed to International Standard ISO 5263 and Tappi 

T205. 

Disintegration of pulp is controlled by the number of revolutions of the propeller blades in 

the disintegrator. The disintegration of pulp was carried out to Tappi standard T205, 

except with regard to the temperature control. The temperatures employed are recorded in 

the experimental notes. 

A mass of 60 grammes of dry paper (maximum load) was first soaked for 3 hours, at the 

desired temperature and then disintegrated. 
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Figure 5.1.1 Standard Disintegrator 

5.1.2 Laboratory Hand Sheet Former 

Hand sheet formation is an essential parameter for the measurement of pulp and paper 

physical properties. 12 1 The handsheet fonner used for this project was designed and built 

within the School of Printing Technology as part of this project. It can produce handsheets 

of consistent weight, and has the same drainage time (4±1 seconds) as a standard handsheet 

tOl"mer. 

Approved machines are constructed to high accuracy according to the to lerances laid out in 

T205 (1980). The original former designed for this project consisted of a length of 20cm 

diameter plastic pipe with a fIlter, and a drainage plug. This former went through several 

evolutions, to reduce the amount of water used, produce lower leakage from the seals , and 

Improve the discharge mechanism. 

A new version (Mark II) figure 5.1.2, was constructed from 15cm diameter commerciail 

available pipe. The same filter mechanism was used, but an improved extemal discharge 

mechanism was employed . The Mark II version also enabled easier acce s to the hand heet , 

thus reducing the number of damaged sheets . A ynthetic 'wire ' wa Llsed for the formation 

of the fi bre network as this permitted easier removal of the fibre web than a 
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conventional copper wire . The aperture size of the mesh lsed was 65 microns, compared lo 

the size of the mesh used in the standard laboratory handsheet former whi.ch is 80 micron 

This laboratory handsheet former was able to form accurately reproducible handsheets at 

20gsm. 

h)' 

Figure 5.1.2 Custom made Laboratory Handsheet former 



5.1.3 Ultrasonics Equipment 

The ultrasound equipment used was supplied by FFR Ultrasonics Ltd and is shown in 

figure 5.1.3. The transducer is a quartz piezoelectric element (A) which feeds an 

aluminium amplifier (B), which in turn drives a rectangular horn section (C). The horn is 

made from 2.5Al/3V titanium alloy. Two slots are cut into the horn and these allow the 

base of the horn to vibrate evenly across its section. Without them the horn would crack 

under the acoustic pressure developed. 

The transducer produces vibrations at around 20KHz, providing a peak amplitude of 30/lm 

which the amplifier increases to 45/lm at the tip of the horn. Power output is registered on 

the digital readout of the generator and is proportional to the depth of horn immersion. 

Maximum power output is 2000 watts, corresponding to complete submergence of the 

horn. The transducer is cooled by an external fan, forcing air over the outer parts of the 

horn and amplifier. An air pump cools the internal parts of the transducer 

The energy produced by the horn was radiated into a stainless steel reaction vessel (D). The 

temperature of the pulp in the reaction vessel is kept constant by circulating the stock 

during sonication. The reaction vessel itself was immersed in water to control the 

temperature of the stock contained within it. 

The horn produces sound energy beyond the range of human hearing. However, there are 

associated secondary harmonics and cavitation bubbles bursting which are audible as a 

high pitched noise; this necessitates ear protection. 128 To minimise the noise produced the 

ultrasound apparatus was enclosed in a sound proofed box. The box was constructed of 

particle board lined with polystyrene. The box incorporated a door to allow experiments to 

be monitored. The sound proofing extends to wrapping the box with thick cloth to ensure 

that any sound that escapes the box is muffled. 
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Figure 5.1.3 Ultrasonic generator and Horn 

5.1.4 Laboratory Froth Flotation Celr L~ 

The laboratory flotation cell employed was manufactured by Voith International. The cell 

consisted of a square tank of Plexiglas open at the to p with a motor driven propeller. 

Beneath the to p of the box was a lip that served as a collection point for the flotated stock. 

The stock to be flotated was drawn into a spiral case by the propeller, and air drawn 

through a separate pipe and mixed with the suspension. The turbulence produced in the 

pulp as it passed through the perforations of the case created a fine dispersio n of bubble in 

the suspension. The pulp (l 00 gramme oven dry at a consistency of 1 %) wa placed in to 

the cell and fur ther diluted to 0.5% con istency. The pH of the stock wa adjusted to 8. 5 

but the level of alkalinity was dependent on the urfactant sy tern used The urfactant 
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used in these experiments was Surfax MT90 and was supplied by the Stevenson Chemical 

Company. It is a fatty acid soap that requires heating to achieve complete dissolution in 

distilled water. It was added at a ratio of 0.1% on oven dry fibre. The stock was 

continuously agitated by a stirrer. The rate of air flow was adjusted to 10 litres per minute. 

The froth that formed on the surface of the pulp was scraped off and collected in an 

overflow tray. The rejects from the flotation were concentrated and retained for further 

examination. Losses from the flotation cell due to particle removal were replaced by the 

addition of water throughout the process. After 15 minutes of flotation the air flow was 

stopped and the pulp drained from the flotation cell. This pulp was then made into 

handsheets to permit analysis of the remaining ink particles. 

5.1.5 Hyperwashing Apparatus123
,124 

The hyperwashing apparatus consisted of a sieve mounted in a holder. The sieve had a size 

100 mesh, equivalent to 150 microns. 125 The pulp was poured into the sieve and water at a 

constant reproducible pressure was applied for two minutes, The jet of water was moved 

around the pulp in a fixed spiral pattern. This pattern was maintained for two minutes, to 

ensure that all the pulp has been subjected to the same treatment. 

The jet of water traps the fibres and particles against the mesh of the sieve, unattached 

particles are forced though the gaps in the mesh and are removed; larger and fibre attached 

particles are retained by the mesh. The gaps in the mesh were 150 x 150 flm, This 

aperture was too small to allow fibres to pass through, The largest disk like particle that 

would pass though would be approximately 220~un in diameter. 

-,' 

1150~m 
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Figure 5.1.4 Diagrammatic Representation of Hypenvashing Apparatus Aperture 
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5.2.0 Analysis of Paper and Ink Particle Size Distributions 

As stated previously the deinking processes remove particles of different sizes. Washing 

removes the smallest particles, up to 10~m in diameter, flotation removes particles of 10 to 

100~, screening and cleaning remove particles from 250 to 400~. To allow a 

comparison of the relative efficiencies of the removal process the numbers and sizes of 

particles must be quantified. 

Particle size analysis of irregularly shaped particles is only meaningful when closely 

defined; the length, area, diameter or volume may be measured. The only absolute method 

of measuring particles is by microscopy. Traditional methods of particle size distribution 

determination include sieving, gravitational and centrifugal sedimentation. 13o 

Sieving131
,132 has been used for dry samples for many years and can identify particles down 

to about 100~ but it is a slow technique. Gravitational sedimentation 133 is used for wet 

samples down to a diameter of 1~ but is also slow, often taking hours or days. 

Centrifugal sedimentation 134 was introduced to speed up the proCeSS, but it can be hours 

before a result is obtained. The Coulter method135 relies on the sample being suspended in 

an electrolyte. The resulting suspension flows through a small orifice in a glass tube. As 

each particle passes through the tube it displaces an equal volume of electrolyte, thus 

changing the electrical resistance across the orifice. The change in resistance is measured 

by electrodes. 

Newer techniques have become available to speed up particle SIze analvsis. Laser 

scattering is a technique that uses laser light to quantify the size of particles present in 

aerosols and liquids. Image analysis is a computer based recognition system, which can be 

applied to a wide range of systems. 

In this work image analysis will be employed to determine the toner particles present on 

handsheets. The laser diffraction technique was used to establish the particle size 

distributions of particles in suspension, that is particles which are detached from fibres. 



5.2.1 Image Analysis - Introduction 

Image analysis allows quantification of an image with great accuracy. The use of image 

analysis is widespread and includes applications in the pulp,136 paper,]37 printing,138 steel, 

packaging industries as well as the medical and research fields. It can quantify many 

different parameters such as size, circumference, area, shape, and position.139 The image 

analysis of handsheets produced from recycled pulp allows qualitative and quantitative 

assessment of ink particle distributions. 

Many of these applications of image analysis involve the identification of particles or 

inclusion bodies within a field of view. To ensure proper and full identification of the 

target bodies from the background it is helpful to have maximum possible contrast between 

the two opposing media. For example identifying black toner on white paper, or white 

stains on a dark piece of cloth. 

The image analyser detects toner particles that are present on thin paper handsheets. These 

particles are either attached to or detached from fibres. The image analyser cannot 

distinguish without information on the history of the pulp, for example, if the sample has 

undergone a hyperwashing or flotation treatment. 

S.2.1a Use of Image Analysis to Investigate Pulp and Paper 

Image analysis has been used in the pulp and paper industry for some time and has been 

applied to the identification of ink particles in recycled fibre. Toner particles in a pulp are 

easily identified using image analysis as they provide a good contrast to the paper fibres. 

However, {mage analysis on its own cannot identify whether a particle is attached to a .. 
fibre. 

Another hf the major uses of image analysis within the pulp and paper industry is the 

identification of stickies. 14o These are contraries, that is, unwanted materials that ha\-e 

become incorporated into the pulp during the recycling process. They derive from self 

adhesive labels and glues from other binders used in the printing process. These glues are 

not removed by flotation or cleaning_ They cause problems as the adhesives may stick to 
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parts of the paper machine or printing press. The number of stickies in a sample can be 

determined by performing image analysis under ultra violet light.l~5 The chemical 

structure of the adhesives enables them to fluoresce under UV, making them stand out 

against the fibres which do not fluoresce. Image analysis can also identify wire marks, 1~1 

mottle,142 sharpness, and fluffing. 143 

S.2.1b Principles of Image Analysis 

There are five mam steps involved in analysing samples usmg Image analvsis: Image 

capture, segmentation, object detection, measurement, and analysis. 

Image Capture Image capture entails the conversion of the image into an electronic 

signal suitable for processing. An image can be considered as a distribution of energy, this 

energy can be part of the electromagnetic spectrum, electrons, or acoustic waves. The 

image capture system quantises the image into spatial and tonal differences. Spatially the 

image is divided into an array of picture elements, or pixels. The pixels are usually 

arranged into a square or rectangular pattern, for example 512 by 512 pixels, giving a total 

of 262,144 pixels. The tone of an image is determined by the relative intensity of the 

energy. Tonally, the image is usually divided into either 64 or 256 intensity levels. These 

levels are often referred to as grey levels. 

Segmentation Segmentation is the separation of the regions of interest \vithin an 

image from the background. Thresholding is the simplest method of achie\'ing this end 

because it can be applied where the overall illumination of the sample can be carefully 

controlled. The selection of the threshold level is performed, by the user, to isolate objects 

of interest \vithin the sample. All intensities below the selected level are then treated as 
" 

black and all levels above as white. The result of this segmentation is that the image is 

transformed into a binary format, where the pixels are either of interest or background. 

according to their intensity level. 



Object Detection An object is a region of interest within the image. Data is reduced 

by not describing each pixel and its intensity level, but rather by a description of the size 

and position of the regions of interest within the image. Object detection is a data 

reduction step. 

Measurement Correct measurement of the regions of interest is dependent on the 

correct segmentation of the image. The boundary between a region of interest and the 

background is important, as the image analyser will only count between defined 

boundaries. 

Analysis Once the measurements have been made the results can be analysed 

to classify the sample. A list of thousands of numbers does not lend itself to easy 

classification. For this reason a graphical output of the results is usually used, though 

sometimes a statement such as "10 percent of the object in this sample are greater than x 

mm" may be used. The simpler the final data, the easier it is to make a judgement about 

the sample. 

S.2.I.c Requirements for Image Analysis TestinglH 

To accomplish the accurate image analysis of ink particles on handsheets suitable optics to 

identify the particles of interest must be available. A method of forming uniform and 

consistent handsheets is the second requirement. 

S.2.1d Optics 

The optics' must be able to identify the various particle size ranges of interest. In this 
-' 

project a Hitachi KP-141 monochrome camera was mounted on a GS stereo microscope. 

The magnification was x3. This level of magnification gave a field of view of around 

2.5mm by 2.5mm which was adequate to accommodate the largest particles without 

sacrificing the resolution of the smallest. It is recommended by PlRA
144 

that 

'magnifications capable of detecting a minimum particle of ..j. square microns for one pixel' 

should be used. The microscope used for the image analysis was fitted with reflected and 

transmitted light sources both capable of variable intensities. 



The image analysis system consists of a camera, a stab le platform from which to capture 

Images, followed by an image digiti sing faci lity and a way of displ ayi ng the captured 

Images. The image analysis system was dri ven by a Pentium 133 MHz microcomputer. 

The camera and microscope system is shown in figure 5.2.l. 

The camera used was mounted on a GS stereo microscope, figure 5.2.2. Calibration of the 

microscope and camera was achieved using a graticle. Calibration enabled a typ ical 

minimum particle size of 55~lm2 , (8.2 microns in diameter) to be detected by the system. 

However, the software uses a 2x2 matrix to identify a particle from the background signal. 

this means that whilst the smallest particle that the optics can detect is approximately 8 

microns in diameter, in order to be recognised by the software as a particle the smallest size 

object will be 16 microns by 16 microns. 

\, 

F· - J 1 Igure ~._. Camera and microscope 



Microscope stage 

5.3.0 Laser Diffraction - Introduction 

Laser diffraction is a recently developed technique 129 to establish the particle Size 

distributions of suspended particles. The popularity of laser diffraction is due to its 

accuracy and reproducibility. The technique can be used across a large particle size range. 

from 0.1 ~lm to greater than 8000~lm.129 

The laser scattering apparatus used in this project, the LS130, was supplied by Coulter 

International and is capable of resolving particles in suspension from 0.1 to 900~lm. 

5.3.1 Theory of Laser Diffraction 

When a parlicle is placed in the path of a light beam, the light is scattered. There are three 

elements to '-the scattering: reflection, refraction and diffraction. The light is scattered in all 

directions but the scattered light is not uniformly distributed. The greatest intensity is in 

the forward direction and is due most ly to diffraction, (see Figure 5.3.1.) The diffracted , 

light displays a series of concentric rings known as Fraunhofer patterns. They consi st of a 

bright central disk, known as an Aire y disk , surrounded by circles of decreas ing intensity. 

The pattern is symmetrical abo ut its central ax is, and decreases in intensity wit h increasing 

angle of sca tter. 
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Figure 5.3.1 Scattering of Light from a Particle 

a: : a 

Figure 5.3.2 Intensity of Light Scattered from a Particle 

Figure 5.3.2 is representative of the light intensity falling on the detectors. The darker the 

area the more intense the light falling on it, and the stronger the signal. The central area is 

the Airey disk. The secondary peaks are characteristic of the size of particle . The first 

minimum is lower for a large particle . 

'n!n !n! ,. .. 
" , . 
,. " 
" ., 

B A B Distance B ,..\ B Distance 
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Figure 5.3.3 Difference in light scattering from two particles 

Large particles diffract light at low angles whilst small particles diffract light at higher 

angles. (see Figure 5.3.1.) Large part icles diffract light more intensely. small particles with 
:< 

much less intensity. The diffraction patterns produced by a single large particle and a 

sinole small particle can therefore be differentiated , th is can be seen in Figure 5.3.3. A 
~ ~ 

single particl e is not introduced in to the lase r beam but rather a di stributi on of parti cles of 

di fferent sizes passes through . Each size of particle would have a slightly different angul ar 

spacing. It is po ible to analyse the dar ;} from such a graph and establish the di -tributi on 



of particle sizes required. Figure 5.3.4 shows the distribution obtained by measuring five 

classes of particles. The important points are the maximum intensity and the angle of first 

minimum of the light falling on the detectors, as these two pieces of information are used 

to calculate the particle size . 
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Figure S.3.4 Intensities of different size particles 

The large particles diffract high intensities at low angles and small particles diffract at 

lower intensities but over much larger range of angles. The true measurements taken by 

the laser scattering machine would be an 'ensemble' of particles. The information from 

each particle that passes through the analyser is presented in the graph. 

Data from the LS 130 is available in a wide range of formats. Most common is the 

cumulative volume distribution. This gives the equivalent size distribution of spherical 

particles from 0.1 to 900flm. Data can be obtained directly from the detectors and 

processed off-line. 

Data from the LS130 can be compared with that from other techniques, for example 

sieving, by 'approximating the size of particles which would fit though a set of sie\'es. It is 

important t~ remember that laser scattering measures equivalent spherical diameters of 

particles, and not those particles directly whereas other techniques measure the amounts of 

particles directly. 

The volume of sample required vanes with sample concentration. The instrum~nt 

determines the extent of attenuation to the laser beam to gi\'e an estimate of the amount of 

sample required. 



Reference materials of known spherical diameter are used to check that the readin o are 
.:::> 

within acceptable error limits. The standard reference material s provided are glass bead 

latex solution , and garnet particles in suspension. 

5.4 Nikon Reflection and Transmitted Light Microscope 

The Nikon Optiphot microscope is fitted with objectives of xl O. x20, x50, and xlOO. Thi s 

provides magnifications of xlOO, to xlOOO, allowing identifica tion of objects down to 

approximately 5flm. Transmitted and reflected light options are available on the 

instrument, both transmitted and reflected light can be polarised. Bright field and dark 

field illuminations are available. 

The microscope shown in figure 5.4.1 was used to identi fy fib res, to classify any damage 

done to them during sonication and to determine the status of any particles present; for 

example, whether they are attached or detached from fibres . 

Fibr.es can be identified from their general appearance. For example silk and cotton fib res 

are very long, 20-30 mm in length, while a groundwood pine fibre may be onl y 2-3 mm in 

length. Markings on the fibre are also important, for example \\'ood fibres have pits fo und 

on their sides. 

Figure 5.4.1 
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Nikon Optiphot l\ licroscope 
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Images were captured using a lVC 1270, colour CCD camera, mounted on a C mount, and 

printed via a Fargo colour dye sublimation printer. 

5.5 Kajaani Fibre Length Analyser 

The Kajaani fibre length analyser allows the quantitative and statistical evaluation of the 

lengths of paper fibres. A representative sample of fibres is taken from the pulp and 

diluted in water to a low consistency. The fibres are then added through a wide bodied 

pipette to the bowl of the analyser which is filled with water. The fibre suspension is 

agitated to prevent the fibres from flocculating. Flocculation of the fibres would prevent 

correct measurement of the sample, as the fibres would not enter the analyser one at a time. 

The very dilute fibre suspension is drawn through a capillary tube under vacuum. The 

fibres are drawn into the tube individually presenting their longitudinal axis. The fibres 

pass through a light beam and the time that the beam is occluded by the fibre is used to 

determine the length of the fibre. 

To obtain a representative sample of fibres a minimum 4000 fibres for each sample are 

analysed. Each pass through the machine was repeated three times. 

5.6 Burst Tester and Tear Testers 

Both the burst and the tear tester are standard pieces of equipment used in the testing of 

paper and board products. The burst tester works by inflating a rubber diaphragm onto 

which the sample is clamped. The expansion of the diaphragm stresses the paper and 

eventually causes it to rupture. The oil pressure required to break the sample is indicated 

on the dial of the machine. Details of the Standard method of burst testing can be found in 

BSI4459. 

The tear (ester works by swinging a calibrated weight through a partially cut known lengt~ 

of paper. The paper is clamped in the path of the swinging weight. Full details on the teJf 

testing of paper can be found in BSI 4-.+59. 
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5.7 Canadian Standard Freeness Tester 

The Canadian Standard Freeness (CSF) Tester is used to determine the rate of drainage of a 

dilute pulp suspension. The rate of drainage of a pulp is a measure of the amount of \\'ork 

done on the fibres during stock preparation. The work done on fibres changes their 

morphology. These changes are fibrillation of the secondarv walls of the fibre fibre - . 
shortening, and the formation of fines; the latter two occur mainly during beating or 

refining. 

Changes to individual fibres affect the properties of the pulp as a whole. Fibrillation and 

fibre shortening result in increased fibre flexibility. This results in the compacting of the 

pulp when formed into a pad, and an increase in the overall surface area of the fibres. The 

increase in the surface area leads to a larger amount of water being retained by the fibres. 

The inhibition of drainage from the fibres is measured to give a reading of freeness. This is 

therefore a physical measurement of a property that would otherwise best be observed 

under a microscope. 

The Canadian Standard Freeness test was originally designed for groundwood testing. It 

can be applied to chemical pulps, but does not give an absolute value. Comparison 

between chemical and groundwood pulps should not be attempted. however comparison 

between chemical pulps is acceptable. 

This apparatus consists of a drainage chamber and a rate measuring funnel. The drainage 

chamber is fitted with a calibrated screenplate through which the water drains at a fixed 

rate. A known amount of pulp, (1 litre), at a known consistency, (0.3%), is placed in the 

drainage chamber. The base of the drainage chamber is sealed, and a quick release lid is 

then lower~d onto the upper part of the chamber. The lower half of the drainage chamber 

is swung away. and a pet-cock on the lid released. This releases the vacuum inside the 

drainage chamber, and the water drains through the screenplate. \Vater that is discharged 

with laminar flow through the funnel is collected in a graduated container. The volume 
\ 

collected is measured, and corrections for temperature and pulp concentration are applied 

to obtain the measure of freeness. Any excess water is drained through an opening into a 

second container. 
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The apparatus of the CSF is shown in figure 5.7.1. The pulp is placed into the container G. 

and drains through the mesh at the base of G. The filtrate from the mesh is channelled by 

the funnel at H, where the fluid with laminar flow is split into the measuring cylinder from 

which the measurement is taken. 



G 

H 

Figure 5.7.1 Canadian Standard Freeness Tester 
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6.0 Investigations into Fibre Damage 

Chemically pulped fibres from wood presented themselves as the sector of the 

papermaking industry most likely to increase in the amounts recycled. Before 

concentrating on the problem of mixed office waste an investigation into the interaction of 

ultrasound and paper fibres was undertaken. A simple system \vas initially studied for the 

effects of fibre damage before moving on to more complex fibre and toner systems. 

Virgin fibres were obtained from UK Paper at Sittingbourne. A variety of fibres was used 

in the study, corresponding to the tree species used in UK Paper's printing and writing 

grades. Kotlas (a short fibred hardwood) and Arracruz (Eucalyptus) fibres were examined 

for their response to ultrasound treatment. Fibres were supplied in lap form, which had not 

undergone refining treatment, or addition of size or fillers. The lap was soaked in distilled 

water and disintegrated using a British Standard disintegrator for 2000 counts. 

Fibres were treated with ultrasound for different time intervals. Slides were made and 

examined under a microscope to determine the extent of damage to the fibres. The fibres 

were also investigated using a Kajaani fibre length analyser to evaluate the degree of 

cutting occurring. 

Untreated Arracruz fibres were also measured to establish the fibre length distribution of 

the sample. The Kajaani equipment requires a minimum of 4000 fibres in the sample to 

ensure statistical integrity. Shown in figure 6.0.1 is the distribution obtained from 

disintegrating unrefined Arracruz fibre samples. The graph shows two samples from 

different batches. The distribution shows a peak at 0.6 mm, the most common length of 

fibre. The two distributions are very similar giving good agreement between the samples. 
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207 269 4.63 
577 571 12.90 

1052 1029 23.51 
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58 58 1.30 

10 11 0.22 

6 6 0.13 

4 4 0.90 
I I 0.0'+ -
1 1 0.02 

1 2 0.02 

0 1 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

4474 4444 100er 

Fibre lengths of Arracruz fibres 

<J, 

r"', 

% Distribution 
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7.-+0 
1.30 
0.24 
0.13 
0.09 
0.04 
0.02 
0.04 
0.02 

0 
0 
0 
0 
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Fibres with lengths less than 0.2 mm are usually disregarded, as they are considered to be 

fines, however they are included in table 6.0.1 for completeness. A relati\'eh' small 

number of fibres are longer than 1.2 mm, fibres longer than 2 mm Jre rare. The fibre 

number distribution is shown for information and other distributions \\'ill be shown as 3 

percentage. The distribution shown above in table 6.0.1 is represented in figure 6.0.2. 
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The use of percentage distributions allows comparisons of distributions between samples 

and between different treatments to be made. 

The Arracruz sample was treated with ultrasound for a total of 20 minutes at a co nsistency 

of 1 %. The temperature was controlled in this sample by immersing the reaction vesse l in 

a cold water bath and by cyclically sonicating for 5 minutes , followed by 5 minutes 

cooling. Figure 6.0.3 shows the percentage distribution ob tained from two samples. 
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Comparison of the two treatments as shown in figure 6.0.4 is an average of both sample 

for each treatment. 
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There is no significant difference between the two sets of data, the most common fibre 

length remains at 0.6 mm, with a few fibres longer than 2.0 mm. The results therefore 

show that there is no cutting effect from the ultrasound. Unrefined Arracruz fibres were 

then treated with a PFI mill for 3000 counts. 149 The PFI mill is a laboratory beater, 

designed to mimic the commercial refining process. It consists of a small disc type refiner, 

with a toothed rotating cylinder turning within a stationary complementary housing. The 

comparison of untreated with refined Arracruz samples is shown in figure 6.0.5. 
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Figure 6.0.5 Comparison of Treatments for Arracruz Fibres 

Refining shortened the fibres considerably, with the most common fibre length being 

between 0.3 and OAmm. The untreated fibres were much longer than the refined fibres. 

-+.32 
-+ .73 

Table 6.0.2 

Untreated 

4 

o 
1 
2 
3 
7 
2 

Reb ned Refi ned 

2586 
2888 
2764 
1600 
667 
135 

23 
8 
5 
6 
o 
1 
o 
o 

o 1 

o 0 
o 0 

Comparison of Arracruz Fibre Lengths 

Shown in tab le 6.0.2 are the numbers of fibres detected in each category for each so nication 

and refi ning treatm en t. The numbers of fibres in the refined samples are larger due to the 

demands of the apparatus. Shorter fibre s demand grea ter numbe rs to ensu re tati tical 
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integrity. After testing Arracruz fibres other fibre types were examined. Kotlas, a 

hardwood, was tested, with a more detailed ultrasound treatment. Kotlas fibres were 

treated for 5 minutes, 10 minutes, 15 minutes and 20 minutes. The resul ts of this 

experiment are shown in figure 6.0.6. Each data point is the average of 2 samples. 
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Figure 6.0.6 Comparison of Sonication of Kotlas Fibres 
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All the distributions display the same trend in that all treatments had the same affect on the 

average fibre length. The results show that there was no cutting associated with ultrasound 

treatment. The samples that were untreated in this case were also subjected to a 

mechanical refining treatment in the PFI mill. The results of this experiment are shown in 

figure 6.0.7 overlaid with figure 6.0.6. The refined fibres exhibited a much shorter average 

length than those which were sonicated. 
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The refined fibres had an average length of around 0.2mm, the untreated and sonicated 

samples had retained their original length. Shown in figure 6.0.8 is a photomicrograph of 

Arracruz fibres after refining in a ppr mill. The result shows that the fibres are fibrillated 

and cut by the action of the refining treatment. 

Fibre length 
(mm) OmI! Omi 5mI! 5mi 10m1: 10mi 15m: 15mi 20m1 : 20mi PFI-1: PFI-2 

0.0 387~ 356~ 462~ 436~ 337: 400~ 46U 35U 460; 370: 1484; 1834 

~~~~j~FJ~~r~~;:F3~~F~~~[~ml~m~~~FA::r~~:F~m[m~ 
0.61 1019 ~ 887~ 1392~ 1180~ 897; 991; 1123 ; 904; 1271: 102L 1966 ; 2295 

0.82 

1.02 

1.23 

1.44 62: 
........ . . . . ... ... . ..... . . . 

1.64 

1.85 6; 

2.05 

11 

11 

2.26 ..... ... O ~ 3~ 4~ 5; 3: 4: 3: 2: 5: 5~ 2; 7 

5 2.67 2: 
... ..... ... ..... ..; ........ . 

3.08 

3.50 1 
................... ..... ...... 

3.91 L 1; 0 

0: 4.32 L 0 ; 0 . . 
_ . •.. .. ~ ......•. . . .. .... 4 .. ······ ...•.... ~ . .... 

4.73 1: 1: 0: 0 
Table 6.0.2 Fibre Length Data for Kotlas Fibres 
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Examination of the sonicateu fibres revealeu that whilst they underwent fib rillation th~rc 

were few , if any, partial tibres . This indicates LhaL Lhere was no cUlling or Lhe llbr -" by 

ultrasound action. This was to be expected as there were no blades or associated 

mechanical crushing actions present in the sonication of fibres . The implication wa 

therefore that the mechanism by which ultrasonic energy co uples to the fibres does not 

induce cutting or breaking of the fibre . 

Figure 6.0.8 Fibrillated Kotlas fibres after PFI mill Treatment 

The fibres were also examined using a Canadian Standard Freeness (CSF) tester. see section 

5.7. Fibrillated fibres have increased surface area and retain more water, leading to an 

decrease in freeness . The table below shows the CSF values fo r control, sonication and PFr 

retined sam pies. The treatments were repeated and the results averaged. 
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Sample CSF 1 CSF 2 Average 
control (0 min) 620 61 6 61 8 
5 minute 563 562 -67 ) -
10 minute 556 555 555 
15 minute 564 555 559 
20 minute 554 545 549 
PFI mill 103 129 11 6 

Table 6.0.2 CSF values for Refined Fibres 

Comparison of Sonication on Freeness 

620 -

o min 5 min 10 min 15 mi n 20 min 

Figure 6.0.9 Effect of Sonication on CSF 

6.1 Discussion of Fibre Experiments 

The fibres selected for examination to treatment with ultrasound we re chosen from UK 

Paper's furnish for their Ecoprint series of paper as they are used as copier papers . Kotl as 

and Arracruz fibres are chemically treated to remove lignin from the fibres during the pul p 

production ·process. The chemical digestion of lignin can damage fibre s leading to a 
~ 

weaker, less durable fibre. The fibres were evaluated usi ng a Kajaani fibre length analyse r 

and microscopic analysis. The ultrasound treated fib res retained the same 3\-erage fib re 

length distribution as untreated fibres, thus demonstrating that no cutting had aken plac . 

The fibrill ation of the fibres within the ultrasound re action ve el mu t b due to th 

interac tion of the fibres with ultraso und as there were no crushing or cutting bLtd pr - nt 

in the reac ti on vessel in which the fibres were trea ted _ The fibres are too long (0 am Into 

reso nance with the ultraso und. The wavelength of ound at 20kHz in \vate r i- around 



mm, the fibres used in this series of experiments were much shorte 0 6 t- \ r. . mm or [""\.rracruz 
and 0.8 mm for Kotlas fibres. 

With knowledge of the effects of ultrasound it can be seen that the interaction of paper 

fibres with ultrasound will be complex. The energy stored in the cavitation bubble \vill be 

given out when the bubble collapses. It is the nature and the way that this energy interacts 

with the fibre that is of importance. 

Cavitation bubbles are initiated on any defect within the liquid structure. Dust, or other 

solutes present in a liquid can provide a seed point for cavitation bubble formation. The 

cavitation bubble grows and shrinks over several acoustic cycles before collapsing. The 

growing and shrinking of the bubble can cause erosion of resistant materials. The 

collapsing cavitation bubble produces a force of approximately 1900 bar, (section -+04). In 

addition the imploding cavitation bubble can propel a jet of liquid towards any solid 

surface. The jet can move with a velocity of 400km per hour. further increasing the 

damage and washing away debris to leave a surface fresh for further attack. 

A collapsing cavitation bubble may impart its stored energy to the fibres as kinetic energy. 

The fibres may be accelerated into the walls of the reaction vessel or into other fibres. The 

interaction of fibres with each other and the walls of the vessel would then cause the 

fibrillation. A parallel to this theory was first proposed for the interaction of polymer 

particles in solution. 76 The particles tended to aggregate into larger entities due to particle 

fusion under cavitation. The high velocity collision of the particles lead to the formation of 

'dumbbell' shaped particles. This theory however, would only be applicable if the fibres 

were of a comparable size to the cavitation bubbles. The fibres are however larger than the 

bubbles by ~ factor of approximately 100. Cavitation bubbles at 20 KHz are approximately 

23 ~lm in size,94 the paper fibres used in these experiments are around 0.6 mm long. 

however the fibres are similar in width to a cavitation bubble, 20-30 ~lm. , 

:< 

The most likely explanation for the fibrillation of the fibres is that a cavitation bubble is 

initiated on a paper fibre. possibly where there is prior damage to the fibre and \vhere 

bleaching or de lignifing chemicals remain. These chemicals would tend to decrease the 

local surface tension of the water making it easier for the Cl\"itation bubble to be initiakd. 



The collapsing bubble then increases the damage to these fibre. The collapsing bubble and 

resultant jet stream exaggerates existing damage. Ultrasound treatment is unlikeh' to 

initiate new damage to the fibres. 

The fibrillation on the fibres could be increased by using another effect of ultrasound, that 

of streaming. The streaming effect, not that of jet streaming, tends to push the liquid and 

fibres to the base of the reaction vessel. The fibres could be trapped at the base of the 

vessel, with cavitation activity occurring around and on them. The trapped fibre would be 

held where the cavitation bubbles, possibly several, could produce fibrillation. The \'essel 

would be acting as an anvil, and the cavitation bubbles as a hammer. to crush and batter the 

fibres. 

The most likely explanation is that the two effects of ultrasound work in harmony. the 

streaming effect trapping fibres where they can be crushed by the collapsing cavitation 

bubbles. 

The pressure developed in the collapsing cavitation bubble, 1900 bar, is sufficient to cause 

erosion of metals and so could be expected to cause the fibrillation effects seen in the 

photomicrograph, figure 6.0.8. Little evidence exists of shear rates de\'e1oped in a refiner 

or beater. However, the power required to produce the CSF value of 116 ml in the fibres 

refined in the PFI mill has been estimated at 200 kWh/tonne. 149 

The damage caused to the fibres in the PFI mill is greater than \vould be expected from 

paper fibres used in a fibre furnish. In a further experiment, fibres were prepared from J 

commercially available product (White Swan Paper). The paper was soaked at room 

temperatur~ for 3 hours before disintegration in a British Standard Laboratory 

Disintegratcrr. After disintegration the pulp was washed to remove fillers. Pulp WJS 

sonicated for 5, 10 and 15 minutes; a control sample was also prepared. The fibres were 

examined using the CSF, and the results shown in figure 6.1.1. The vertical axis of the 
'( 

graph is the freeness reading as corrected using the supplied table. the horizontal axis is th: 

time of sonication: The refined fibres in this figure are the commercially a\'ailable fibres. 

The control sample is labelled Om in both the unrefined and refined samples. also incIudcJ 

in figure 6.1.1 is a trend line for both unrefined and refined fibres. 



Comparison of Virgin and Refined Fibres After Sonkation 
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Comparison of Sonication on Untreated and Refined Fibres 

The action of ultrasound decreased the freeness of the fibres for both the re fin ed and 

unrefined fibres. The decrease in freeness was grearer for the refin ed samples than for the 

unrefined fibres. The freeness of the unrefined fibres decreased after 5 minute s so nicati on: 

additional sonication treatment did not decrease the freeness further. Sonicl ti on of the 

refined samples lead to decreased freeness after 5 minutes this decrease continued as 

sonication times increased. 

The refined fibres were examined under the microscope , the fibres in the photomicrograph , 

figure 6.1.2 were treated with ultrasound for 15 minutes. 

The fibres surrounding the area K, in the photograph have edges which are hazy and 

indistinct. ·This is caused by fibrillation of the fibres coupled with materi al being forced 
.> 

out of the fibre. The force developed by ultrasound was sufficie nt to increase the 

fibrillation of the fibres , but not sufficient to initiate damage to the fib res. 
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Figure 6.1.2 Photomicrograph of Refined and Sonicated fibres 

The sites available for cavitation bubbles to exploit are limited on unrefIned fibres and had 

all been exploited after 5 minutes sonication. There were more sites available on the refined 

fibres which resulted in the decrease in freeness as sonication times increased . 

In conclusion the treatment of fIbres with ultrasound did not cut the fIbres , but did enhance 

fibrillation , leading to an increase in surface area and inter-fibre bonding of the fibres . 

Conventional refIning on the o ther hand shortens fIbres considerably after a short period o f 

time and introduces a large number of damage sites which lend themselves to further , 

progressive fibrillation in the presence of ultrasound . 

This supports the observation that ultraso und can influence the morphology of paper fi bres, 

exploiting existing damage, increasing the surface area of the fibres and sub equent ly 

increasing bonding strength of the finished paper. 

Having characterised the effects of ultrasound on a simple fibre system the same lreatme nt 

was applied to an idealised mixed oHice was te fumi h to establi 11 whether the ullra 0 nd 

would deink the printed to ner from the fib re The ne xt ection deals with thl ' 
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7.0 Toners and Adhesion 

Mixed office waste comprises a complex mix of paper fibres and toner particles \vhen re

pulped. The pulp slurry contains a mixture of organic paper fibres, inorganic clays. 

pigments, and synthetic toner resins. 

The xerographic process described in section 3.4 produces a printed image that is stable. 

resistant to abrasion and has good contrast with the paper. These qualities, \vhich are 

desirable in the printed sheet, cause problems when recycling office waste. 

The components of four toners150 are shown in table 7.1. The toner particles are 

thermoplastic resins, which soften and flow when heated above a certain temperature. 

Other components include pigments, and additives to control charge and allow the toner to 

flow. Once cooled they form a hard film. The temperature at \vhich a thermoplastic resin 

undergoes a second order thermodynamic transition is knO\vn as the glass transition 

temperature (Tg) which which marks the transition from glass-like to rubber-like 

behaviour. When a polymer exceeds its glass transition point it becomes deformable and 

can be more readily pressed around surface fibres. 

The toner is not readily removed from the fibres as it is so intimately associated with them 

due to the strong forces of adhesion. Toner particles are also difficult to remove from the 

pulp once detached from the fibres. Fused toner particles form a film on the paper surface 

approximately 20 to 50 microns thick, depending on the toner system used. After 

repulping, the resulting particle size distribution will include a percentage of particles that 

are too large to be removed by flotation and washing. Removal by screening can also be 

ineffective as the flexible cross section of the particles may permit them to be accepted 

when presented to the screening slots. Centrifugal cleaning of toner particles is not 

efficient as their density difference with water is not sufficient for their effective removal. 



Toner dichloromethane Organic components Inorganic 
extractable % components 

A 68.9 Acrylate polymer. * Silicon * 
Aromatic hydrocarbons Iron 
(related to styrene copolymers) Sulphur 

Calcium 

B 24.0 Hydrocarbon related to epoxy- Silicon* 
type material. * Titanium 
Organic ester Sulphur 

Iron 

C 21.6 Acrylate polymer. * Iron* 
Aromatic hydrocarbons ~fanganese 

(related to styrene copolymers) Silicon 
Chromium 

D 81.4 Acrylate polymer. * Iron * 
Aromatic hydrocarbons Silicon 
(related to styrene copolymers) Aluminium 
Organic Acids 

* Predommant component 
Table 7.1 Analysis of components contained in various toners 

With these problems in mind, and with the growing importance of mixed office waste as a 

fibre source, several different approaches have been taken to improve the removal of toner 

particles from pulps. These approaches have included adsorbing the toner particles onto a 

polystyrene substrate,151 agglomeration of the particles using chemicals:
n

.l
52 

steam 

explosion,153 ultrasonic deinking,109-117 making the particles denser,155 and removal of 

certain types of toners using magnetic deinking.
154 

7.1 Theory of Particle Aggregation and Break-up l56 

Particle aggregation is the process by which small particles collide and adhere to one 

another. In..the pulping and disintegration of recycled paper, the break-up of particles is 

important because the removal processes can only remove particles in certain size 

distributions. If a particle falls between the size removal categories it will not be removed 

and will affect the final sheet quality, either as a large speck of ink or as a more general 

greyness of the sheet of paper. 

Generallv the rate of particle aggregation and break-up depends on the motion of the 

particles in the suspension. The nature of the forces acting on the particles are dependent 



on their size. With smaller particles, in the size range lOll-m and below, under conditions 

of low turbulence, Brownian motion controls the rate of aggregation. Larger particles are 

influenced by gravity. With an increase in particle size and high turbulent intensity, break

up and aggregation can occur by different mechanisms, but these are largely governed by 

the frequency and energy of collisions between particles. 

Particles will be broken up by stress as a result of turbulence. Shear stress (L
5

) is measured 

in N m -2 and is defined by the equation 7.1: 

where ~l=liquid viscosity (kg m-Is- I) 

c=aggregate porosity (m2s-3
) 

v=kinematic viscosity of liquid (m2s- I) 

eqn 7.1 

Shear rates above Ls=2.6 Nm-2 begin to disrupt aggregates. High shear rates above Ls=5.3 

Nm-2 can lead to the disruption of strong aggregates,I57 deformable aggregates will be 

stretched before breaking; rigid aggregates will suffer surface erosion. Turbulent stress 

levels are generally considered to be mild below O.75Nm-2
. Stress levels below this value 

are more likely to promote particle-particle attachment, that is, aggregation rather than the 

reverse. 

7.2 Surface Energy Considerations in Deinking 

The particle size distribution of toner particles during repulping has been studied in several 

research publications. Researchers have examined the toners using optical microscopy and 

scanning el~ctron microscopy. ISS They identified four key steps in the deinking process: 

detachment of ink from fibres, adjustment of particle size and geometry, separation of the 

dispersed, ink particles, and finally clarification and recycling of the process water. The 

detachment and adjustment of particle size may occur simultaneously. 

Other researchers have examined the role of the substrate in the deinking process,l5cJ .-\ 

commercially available paper was treated with four different starches to produce paper~ 



with different surface properties. The papers were then printed wI'th d'ff t I . I eren aser prInters 

prior to deinking. The work of adhesion (Wa), was calculated for each toner and paper. 

The work of adhesion between two solids i and j immersed in a liquid is given in equation 

7.2 

where YiL = interfacial free energy between solid i and liquid L 

YjL = interfacial free energy between solid j and liquid L 

Yij= interfacial free energy between solid i and solid j 

eqn 7.2 

The work of adhesion is the work required to separate solids i and j. Shown in table 7.2 is 

some experimental data for the toners listed in table 7.1. 150 

Work of Adhesion 
Toner mJ/M2 

B B -31.72 
B A -13.81 
B C -11.68 
B D -3.2 
A A 3.16 
A C 5.59 
A D 12.1-+ 
C C 9.01 

C D 15.36 

D D 20.35 

Table 7.2 Work of Adhesion between Toners 

From this data it can be seen that toner B has no tendency to associate with any other toner 

particles, as shown by the high negative values for the work of adhesion. Toner D shows a 

high affini~y for other toners, as shown by the high positive values for the work of 

adhesion. Toners A and C show a moderate tendency to aggregate together. In a real 

mixed office waste furnish it would be difficult if not impossible to precisely identify all 

the toner~ present, so any or all of these combinations may exist. 

Other researchers have exploited contact angle measurements. ISO Here four toners were 

evaluated for their constituents and their hydrophobicity. All toners examined produced 

hydrophobic surfaces as indicated by high contact angles (>90°). but showed lo\ver contact 
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angles after their surfaces had been wetted. The interaction between a toner particle and a 

flotation bubble is a function of the surface tension of the liquid and the surface energy of 

the toner. Fibre surfaces usually present a polar surface for contact angle measurements .. ..\ 

toner particle can adsorb surfactants, changing the surface energy of the particle and 

making a previously hydrophobic particle hydrophilic. The change in surface energy due to 

adsorption of surfactant can affect the deinkability of the toner particleS as they will not 

interact with the flotation bubbles after adsorption. Ling150 suggested that adsorption also 

changes the glass transition temperature, making the toner more pliable at lower 

temperatures. 

The adhesion of the toners to the substrate is also important. 159 In this publication, the 

work of adhesion was calculated for different base-papers. Shown in table 7.3 is the affect 

of base-paper on the work of adhesion for three different toner formulations. 

All values are in mJ/m2
. 

Base-paper Texas Kyocera HP Laserlet 
Uncoated 61.27 60.96 62.-+2 
Anionic Starch 50.98 55.30 55.-1-2 
Cationic Starch 42.72 46.68 -1--+'68 
Neutral Starch 41.2 45.36 42.76 

Table 7.3 Work of adhesion between paper and toner 

It can be seen that the work of adhesion between the paper and the toner is greater than the 

interaction between toners (table 7.2) by a factor of three for uncoated paper. Toner is 

three times more difficult to detach from uncoated paper than it is to detach from other 

toner particles. This publication went on to assess the deinking of the treated papers and 

the toners. It was found that the cationic starch paper had the lowest number of particles 

remaining after flotation for all printer types. The work of adhesion values were similar for 

the cationic "and neutral starch treated papers. 

"1 
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7.3 Prepared Office Waste Experiments 

It was found in work with virgin fibres, see section 6, that ultrasound did not appreciably 

cut the fibres, even at long (~20 minute) exposure intervals. Further work was conducted 

to establish the amount of ultrasound required to change the particle size distribution of 

toners so that they could be readily removed by flotation or washing. To quantify the 

changes in the distribution of ink particles the Ink Measurement Program (IMP) program 

and equipment at Pira International was used. 

Initially low levels of exposure to ultrasound were made, to mlillmlse the effect of 

ultrasound heating on the samples. The times chosen were selected to investigate the effect 

of short term sonication on toner particles, namely 1 and 2 minutes. 

The office waste stock was prepared from A3 (298 x 420mm) sheets printed with a black 

solid covering 50% of the total area. The stock was prepared using equipment previously 

described in section 5.1. The paper (60 g) was ripped into 2x2 cm squares and soaked at 

room temperature for 3 hours. The pulp was disintegrated for 2000 counts in a British 

Standard Laboratory Disintegrator, then sonicated for 1 and 2 minutes at a consistency of 

1.5%. A control sample which had been disintegrated but not sonicated was retained. Four 

handsheets at 20gm -2 were formed using a standard handsheet former. The handsheets 

were then examined using the IMP image analysis program. 

The data below is shown in categories that originally related to bin categories assigned by 

the IMP program. The bin categories have been translated into particle diameters. The 

graphs shown below in figures 7.3.1 and 7.3.2 show the averages plus the standard 

deviation for each particle count. Each experiment was performed twice. 
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7.4 Discussion of Prepared Office Waste Experiments 

These experiments yielded distributions with a large number of detected particle ° Th 

particles in the control samples occupied all size categories. The handsheets ob tain d \\'er 

very dark, making detection and count ing of the part icles slow using the I~lP program. 

After so ni cat ion, although the number of particles increased. the handsheet - b came light r 

s-+ 



in tone. Shown in table 7.4 is the average particle diameter of each experiment and the 

total average. These averages were calculated from the areas of the particles detected on 

the handsheets. 

Control (/.-lm) 1 minute (!Jll1) 2 minutes (fAm) 
Mean - run 1 72.9 54.5 49.2 
Mean - run 2 88.9 54.8 .+.+--+ 
Mean - Total 80.9 54.6 46.8 
Table 7.4 

. . 
PartIcle DIameters Before and After Sonication 

The average particle SIze distribution decreased from 80.9 mIcrons diameter to 5.+.6 

microns after 1 minute ultrasound, and decreased further to 46.8 microns after :2 minutes 

sonication. The average particle size distribution in run 1 decreased from 72.9 microns 

diameter to 49.2 microns after 2 minutes sonication, and from 88.9 to .+4.4 microns in run 

2. The sonicated samples were found to have more particles present on the handsheets, an 

increase from 1216 per handsheet after disintegration in run 1 to 1-+3'+ after 1 minute 

sonication. The particle number increased further to 1526 after 2 minutes sonication. The 

numbers of particles produced in run 2 were 982 after disintegration, 1461 particles after 1 

minute and 2187 particles after 2 minutes sonication. 

The distribution of the particles is important to the removal of toner in the deinking 

process. However, the largest particles present in the sample would not have been 

removed by screening if they presented their narrow aspect to the screen. Furthermore, 

cleaning would be ineffective due to the relative density of the toner particles. The most 

effective removal technique would be flotation, as the flotation process removes particles 

most efficiently in the range 30-80/.-lm. However, if some of these particles were attached 

to fibres, thus increasing their effective size, they too would not be removed from the pulp. 

The major question to be answered is:- What is the nature of the breakdown of the 

particles? The toner particles are large films of polymeric material. (see section 7.0). The 

films are;< between 20 and 50 microns thick and are bound together by chemiGd and 

physical bonds. The hypothesis proposed is that break-up of the toner particles which are 

attached could occur in one or other of two ways: 



i) h I t e arge toner particles could be detached from the fibre as an intact entity and then 

broken down 

ii) the toner particle could remain attached to the fibre whilst ultrasonic effects break 

down the particle until a certain critical size is reached, when it is finally detJ.ched 

from the fibre. 

However whilst the preceding experiments confirmed that ultrasound does break up toner 

particles, no information on the nature of the mechanism involved was obtained. 

To further explore the hypothesis, further experiments were undertaken on the prepared 

office waste using flotation and washing experiments to remove detached particles from 

the pulp. 

7.5 Flotation Washing Experiments 

To elucidate the toner/fibre interaction, experiments were performed at Pira International 

using their flotation deinking cell. The samples used in this case were prepared as 

described in section 7.3. The samples were treated in the same manner, at the same 

consistency and for sonication times previously described. 

Mter sonication the samples were given four different treatments. The four treatments 

were disintegration, washing, flotation, and finally a combination of flotation and washing. 

Mter this processmg, the pulps were formed into handsheets at 20gm-
2 

as previously 

described and the number of particles counted using the IMP software program. Four 

handsheets .were produced from each of the treatments. The data is presented graphically 

with 10 size categories. These original categories are presented below, and have been 

translated into the equivalent particle diameter from the particle area. 

;< 

The cont~ol sample (0 min), in figure 7.5.1, showed a broad distribution of particle sizes 

present on the handsheets with no well defined maximum but with a peak at 36 microns. 

Sonication of this pulp lead to a decrease in the number present in largest size categories. 

Mter 1 minute sonication there were no particles present in the largest (more) -;lze 

category. and the numbers of particles detected in the smaller categories increased. Thl: 



distribution also showed a more clearly defin ed max imum of between 36 and 63 mi ron-. 

After sonication for 2 minutes the category in which the maximum number of pani Ie 

occurs did not change, however, no particles in the largest two categories we re dete [ d. 

No attempt was made to remove particles when forming the handsheets. It can be seen that 

sonication broke up the large particles into smaller pieces. 

Ultrasound treatment increased the average number of particles present from 1534 to 2110 

after 1 minu te and then to 2281 after 2 minutes, this represented an increase of 48 C"o in the 

number of particles present. 

Comparison of Particle Size after Disintegration 
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Figure 7.S.1 Diameter of Particles Remaining After Disintegration 

The simplest ink particle removal technique is that of washing, it is also the leas t efficie nt. 

In the techn ique employed 10 lit res of pulp at 1 % were drained through a 100 mes h sieve 

fo llowed by an additional washin a wi th a further 10 li tres of water. It should be noted that 
~ ~ 
~ 

this washing treatment was not the same as the hypef\vashing technique used in later 

experiments and described in section 5.1.5. Handshee ts \vere fo rmed from the rem ain ing 

pulp . Shown in figure 7.5 .2 is the ave raged data from hand sheers made after this rreatm nt. 
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The washing process can only remove from the distribution, particles that had been 

detached and that were smaller than the size of the mesh against which the fib res were 

trapped. The distribution above is therefore a measure of the numbers of particles that 

were attached to fibres; the higher the number the fewer particles detached. At the smaller 

end of the distribution, below 36 microns, the control category had the greatest number of 

particles suggesting low detachment of unsonicated particles. The lower counts for 

sonicated particles indicated a greater degree of detachment. Thus, for 2 minutes, the 

greatest number of particles was produced by the breakdown of larger ones but the lowe r 

number of particles at 11 microns suggests that more particles had been detached. Above 

63 microns there were more particles in the sonicated sample than the co ntrol samples, 

suggesting low detachment of sonicated samples in this category. 
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Comparison of Particle Size Distributions after Flotation 
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The particle size distribution after flotation is shown in figure 7.5.3. It indicates a narrower 

distribution than that produced by washing. The category with the larges t number of 

particles detected was that for 63 microns. The control sample had large particles, greater 

than 200 microns, present, however it was the 2 minute ultrasound treatment sample that 

had the greatest number of particles present. These particles were reduced in size by 

ultrasound but were not removed from the pulp by flotation bec3use they were st ill attached 

to fibres. Large particles were reduced in size, but small particles were still prese nt in the 

handsheets after ultrasound treatment. 
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Flotation removes particles in the distribution range approximately 10-100 microns with a 

peak removal of 30-80 microns. It was in this range that the sonicated samples had the 

greater number of particles compared to the control sample. The reason for the increase 

must be that smaller particles are formed during sonication but not removed during 

flotation. The particles were still be attached to fibres which prevented them being 

removed by flotation. Particles with fibres attached have been termed 'hairy' particles by 

Berg et al. 160 These workers studied the particle distributions found after repulping mixed 

office waste under various conventional pUlping conditions: between 6-19% consistency. at 

various temperatures, under the influence of surfactant and at various pH values. They 

found that the great majority of the largest particles have fibres either attached or 

incorporated into the structure of the toner particle. The smallest particles, 100-200 

microns diameter, were found to have fewer 'hairy' particles present. The pUlping 

consistency was found to affect the breakdown of toner particles but not the extent of 

detachment. Higher pulping consistency was found to be more effective in breaking down 

particles but that there was no effect on the degree of detachment of toner particles by any 

of the applied treatments. 

The break-up of the toner particles was easier to accomplish than was their detachment 

from the fibres. This is due to their relative values for the work of adhesion between the 

toner and paper fibres, which is three times higher than the work of cohesion within fused 

toner particles. Toner particles require shear stresses or impact to break them down and 

detach them from fibres. It is possible that the only significant increases in the detachment 

of toner from fibre arise when the temperature is increased. At elevated temperatures, 

above the glass transition temperature of the polymeric resin, the toner may become more 

pliable and easier to detach. 

In the pres~,!1t study it has been demonstrated that ultrasound breaks up the toner particles 

but detachment of the particles is restricted. The particles appear to remain attached to the 

fibres until a critical size is reached, when they may be detached by interaction with 

ultrasound. Cavitation bubbles at 20kHz are approximately 23 microns in diameter.
94 

Furthermore the effects of jet streaming have been used to explain the agglomeration of 

polystyrene beads in suspension. The beads formed a dumbbell shape, by jet streaming 

induced fusion of the beads. However. they had to be of a size similar to that of the 

cavitation bubbles, in this case 23 microns. If this is so. it is reasonable to assume that 
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optimum interaction of detached toner particles with ultrasound should occur in the same 

size region. The maximum effect would cause particle detachment from fibres. 

In summary the process that may be occurring when the fibre/toner agglomerates interact 

with ultrasound energy is one in which the large toner particles are broken down whilst still 

attached to the fibres. The particles attached to fibres are not eliminated by the removal 

processes and remain attached until they reach a size where jet streaming can interact with 

them, that is around 20 microns. 

It was therefore decided to perform the sonication experiments at three different 

temperatures in order to explore the affects of temperature on the ease of toner/fibre 

release. 



8.0 Investigations using Text Based Mixed Office Waste 

The investigation into prepared office waste in section 7 produced distributions with large 

numbers of ink particles which made counting slow. In order to speed up the process and 

to investigate a furnish similar to commercial waste, the following procedure was adopted. 

The paper used in this series of experiments consisted of roughly equal amounts of laser 

printed waste and photocopier waste. Staples, paper clips and dirty paper were excluded as 

were mechanical and Kraft papers. The paper was collected from within the college and 

included laser printed waste from several HP laser jet printers, plus photocopier waste from 

Sharp 2022 and 2035 photocopiers. The paper was collected in one episode. torn into 

squares approximately 2x2cm and stored. The torn paper provided a reservoir of evenly 

mixed waste paper for all the following experiments. 

Experiments were performed over four different temperature ranges. Each range consisted 

of three batches and each batch had five ultrasound treatments namely 0, 1, 2, 5 and 10 

minutes sonication which took place under neutral conditions. From each treatment eight 

handsheets were formed .. four from pulp that was unwashed and four from hyperwashed 

pulp. A total of 120 handsheets were examined for each temperature range. 

As previously described, the paper was soaked for 3 hours before disintegration. 

Temperatures at which the soaking took place were as follows: room temperature for 

ranges 1 and 2. 50°C for temperature range 3 and 75°C for temperature range -1-. 

During each experiment attempts were made to maintain the sample at the same 

temperature at which soaking took place. 

8.1 Transformation of Bin Categories 

The image analysis program, IMP, measures the area of particles detected. The particle 

data was stored as a simple list of all particles in the order of detection. however. this is not 

conducive to \·isualisation. To enable comparison of different treatments the areas of the 

particles were transformed into their diameters. 
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The size categories used in the subsequent graphs are based on the s' f . I h Izes 0 partIc es t at 

can be removed using commercial deinking and recycling processes Th' . . e SIze categones 

were designated by the following terms: washing, flotation, cleaning, screening and larger. 

The sizes of each category are shown below. 

Larger particles 
Screening 
Cleaning 
Flotation 
Washing 

>450~ 

250-450um . 
100-250~ 

25-100~ 

<25~ 

The raw distribution was collated into the size categories listed above by processing 

according to the area of the particle against the area of an equivalent circular particle 

(ECP). The results of the ECP is calculations are shown in table 8.1.0. 

Size Categories Range of Diameters (micron) Area (micron2
) 

Larger above 450~lm >159000 
Screening 250 to 450 ~lm 159000 
Cleaners 100 to 250 ~lm 70680 
Flotation 25 to 100 ~lm 7850 
Washing <25 ~lm 491 

Table 8.1.0 Particle Diameters calculated from Areas 

The areas were inputted into Microsoft Excel 5.0 and the numbers of particles with areas 

corresponding to the bin categories were calculated. These were then expressed as both the 

numbers of particles, and as a cumulative percentage. 

The data from this file was saved and formed the basis for other calculations including the 

averages fO'r each batch. Information presented directly from the program had a different 
.. 

set of bin categories. Each category is in square microns:- 10 to 32. 32 to 100, 100 to 316, 

316 to 1000, 1000 to 3162, 3162 to 10000, 10000 to 31623, 31623 to 100000, larger than 

100000. i 

The operation of the image analysis system imposed a lower limit on the size of the 

particles that could be detected. This limit is dependent on the magnification of the 

Images. If the smallest particle that could be detected was around .55 square microns. then 
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the image processing software would only count a region of interest as a particle if it is 

larger than a two by two matrix. This effectively meant that the smallest particle that could 

be detected would be approximately 8 microns in diameter. The overlaying of a two by 

two matrix decreased the amount of 'noise' or false readings, arising from the presence of 

dark areas on paper fibres. The lower limit of the image analysis system could be extended 

but only by increasing the magnification. However, an increase in magnification leads to a 

decrease in the field of view and so the largest particles present on the handsheets would 

not be detected as they extended beyond the field of view. 

8.2.0 Temperature Range 1 

Samples of mixed office waste (150 grammes) were soaked as previously described, 

followed by disintegration for 2000 counts in a British Standard Disintegrator. Each 

sample was then made up to 10 litres at a consistency of I.5SC. Two litre aliquots were 

taken and sonicated at a power of 1kW ± 20 watts, at a frequency of 20kHz under neutral 

conditions. The temperature was allowed to rise within the reaction vessel, see table 8.2.1. 

An untreated sample was retained to act as a control. After treatment the samples were 

equally divided to study the effects of hyperwashing on the samples. 

Batch 1 Batch 2 Batch 3 

initial : final ... ~.~.~ ~.~.~~ .. .l ... ~~.~ ~~ .... initial: final 
.............................. .....................•.................. ··· .... is .. · .. ·r .. ···23 ........ 
1 minute 20 24 22 26 
2 minute 20 28 22 32 18 : 26 

1 

, 

5 minute 20 39 22 36 19 36 , , , 

10 minute 20 46 22 48 19 45 

Table 8.2.1 Temperature Data for Range 1 (OC) 

After treatment the resultant pulp samples were formed into handsheets of 20 gsm using 

the laboratory handsheet former. Four handsheets were formed from each of the 

treatments, i.e. 0, 1, 2, 5 and 10 minutes, hyperwashed and unwashed, a total of -W 
\ 

handsheets per batch. The experiment was repeated 3 times. Tables 8.2.2 to 8.2.7 show 

the statistics for the sizes and numbers of particles in each batch of handsheets. The 0 

minutes data or the control sample had not been treated with ultrasound. Figures 8.2.1 [(1 

8.2.5 give the results of the particle size distributions for each of the simple sonication 
'-

treatments. 
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The data presented in tables 8.2.2 to 8.2.7 was obtained from each batch and shows the 

distribution of toner particles found on the handsheets. The standard deviation figure 

indicates the range of sizes of particles detected. For example batch 1 unwashed sample 

produced a mean of 182 microns with a standard deviation of 280. The standard deviation 

figure was larger than the mean, seeming to make the mean figure trivial. It should be 

noted that the smallest particle detected was 8 microns, a characteristic of the IMP 

program, and the largest particle detected was 858 microns, thus the mean is an attempt to 

portray the entire distribution in a single figure 

The data for the unwashed samples is given in figures 8.2.1 to 8.2.5. 

Time of sonication 
.......................... ......................... ......................... ......................... ......................... 

Oin 1m 2m Sm 10m 
Mean ([lm) 182.5 118.1 70.1 56.2 '+3.2 

Standard Error 55.2 40.3 19.5 14.3 9.7 
Median 51.1 46.1 37.2 37.4 28.1 

Mode 8.4 11.1 8 . .+ 8.4 8 . .+ 
Standard Deviation 280.1 205.5 117.9 88.1 68.5 

Minimum (~lm) 8.4 8.4 8.-+ 8.-+ 8.-+ 

Maximum (~m) 858.3 668.6 '+84.0 351.3 293.7 

Count 663 678 13.+9 1460 2.+77 

Confidence Level (95.0%) 77.3 56.4 27.2 20.0 13.6 

Table 8.2.2 Batch 1 Statistics Unwashed 

Time of sonication 
.................................................................................................... ......................... 

Om 1m 2m Sm 10m 

Mean (~lm) 202.7 202.3 93.7 76.3 61.9 

30.0 30.4 ,- -
Standard Error 68.0 63.9 -).) 

Median 56.1 92.4 5.+.3 .+1.5 34.9 

Mode 8.4 11.9 8.-+ 13.9 10.3 

Standard Deviation 306.0 264.5 135.2 126.2 105.6 

Minimum (~tm) 8.4 8.4 8.-+ 8.-+ 8.4 

Maximum (~tm) 901.7 615.5 405.1 385.-+ 328.8 

294 411 296 29.5 
Count 411 

Confidence Level (95.0%) 95.30 89.61 '+2.69 '+2.10 3.5.7'+ 
. . 

Table 8.2.3 Batch 1 StatIstIcs After Hyperwashmg 
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Mean (!-lm) 
Standard Error 
Median 
Mode 
Standard Deviation 
Minimum (!-lm) 
Maximum (!-lm) 
Count 
Confidence Level (95.0%) 

Table 8.2.4 

Mean (!-lm) 
Standard Error 
Median 
Mode 
Standard Deviation 
Minimum (!-lm) 
Maximum (!-lm) 
Count 
Confidence Level (95.0%) 

Table 8.2.5 

Mean (~lm) 
Standard Error 
Median 
Mode 
Standard Deviation 
Minimum (~lm) 
Ma.ximum (~lm) 
Count 
Confidence Level (95.0%) 

Table 8.2.6 

Mean (~lm) 
Standard Error 
Median 
Mode 

i 

Standard Deviation 
Minimum (~lm) 
Maximum (~lm) 
Count 
Confidence Level (95.0%) 

Table 8.2.7 

Time of sonication ·········0·;········ ········i;········ ....... "2.~ ......... ·········5·~········ ······"io~····· 

190.5 77.9 68.4 48.6 44 ! 

61.2 
28.7 

8.4 
318.2 

8.4 
989.2 

730 
85.8 

25.4 
33.5 

8.4 
139.9 

8.4 
551.9 

924 
35.5 

23.8 
33.9 

8.4 
142.6 

7.8 
628.9 
1287 
33.3 

Batch 2 Statistics Unwashed 

Time of sonication 

12.0 
33.6 
8.4 

73.4 
7.8 

317.1 
1392 
16.8 

8.8 
33.9 
8.4 

55.7 
7.8 

289.0 
1647 
12.3 

............................................................................................................................. 

Om 1m 2m Sm 10m 
225.9 156.5 131.9 86.1 94.0 

62.4 54.1 48.7 35.7 40.8 
131.4 59.3 35.5 41.9 41.2 

8.4 8.4 8.4 8.4 10.3 
281.8 251.2 245.0 164.4 165.6 

8.4 8.4 8.4 8.4 8.4 

712.2 843.8 812.6 560.0 456.6 

417 465 642 448 270 
87.4 75.8 68.2 50.1 57.3 

Batch 2 Statistics After Hyperwashing 

Time of sonication 
................................................... - ............................................................................ 

Om 1m 2m Sm 10m 
176.7 100.8 69.3 52.7 43.3 

52.8 44.2 23.6 10.8 12.0 

54.7 46.9 43.8 39.2 33.4 

8.4 8.4 8.4 8.4 8.4 

276.9 251.3 129.5 69.1 75.0 

8.4 8.4 8,4 8.4 8.4 

937.1 1376.3 627.3 280.4 455.3 

759 1042 901 1691 1512 

73.9 62.0 33.1 15.1 16.9 

Batch 3 Statistics Unwashed 

Time of sonication 
......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 

217.0 145.0 105.8 65.8 38.5 

61.4 47.0 37,4 21.1 11.5 

116.9 67.0 54.3 47.8 16.3 

8.4 8,4 8,4 10.3 8.4 

278.2 226.4 171.5 83.6 61.4 

8.4 8.4 8,4 8.4 8.4 

758.6 662.7 528.2 ") '1"'" "" --j._' 232.0 

422 539 442 248 811 

86.1 65.9 52.4 29.6 16.1 

Batch 3 Statistics After Hyperwashmg 
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Figure 8.2.3 Toner Particle Count for Range 1 Unwashed 2 minutes Sonication 
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Figure 8.2,4 Toner Particle Count for Range 1 Unwashed 5 minutes Sonication 
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Figure 8.2.S Toner Particle Count for Range 1 Unwashed 10 minutes Sonication 

The control sample (figure 8.2.1) shows the particle distribution of toner particles after 

disintegration. A broad distribution was obtained with particles detected in all size 

categories. Sonication for 1 minute lead to the break-up of the particles in the largest size 

categories (>450 microns) and an increase in the number of particles detected in the 

smaller size categories. As sonication was increased to 2 minutes there were ve rv few 

particles detected that were larger than 250 microns. Sonication for 5 and 10 minutes 

produced similar results with the break-up of particles larger than 250 microns, and an 

increase in numbers for the smaller size categories. The actions of ultrasound on the pulps 

caused the break up of large toner particles into smaller particles. 

The most effective sonication time was found to be 5 minutes . The perce ntage of parti cles 

above 100 ~icrons in diameter after 10 minutes sonication was 1.6%, compared to 29 .7 l o .. 
in the control sample. This meant that provided the toner particles were detached. over 

98% of the toner could be removed by a combination of flot ation and washing. 

The dat a for the hyperwashed samples is presented below, see figures 8.2.6 to 8.2.10. The 

hyperwashing treatment of the samples has been described in section S.1.5. and IS J 

modification of the technique used in the experiments described in section 7_5_ The 

hyperwashing techniq ue was used in the foll owing experiments as it \\-<.1S impk to perfoml 
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and resulted in the removal of a large range of parti cle sIzes. Hyperwashing rem ov 

detached particles below 220lJ,m but does not have to rely on the toner panicles having 

particular surface characteristics or the addition of chemicals to the pulp. It is an effecti\' 

technique in the laboratory processing of pulps but in an industrial se tting would require a 

prohibitive amount of water. 
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Figure 8.2.8 Toner Particle Count for Range 1 Hyperwashed 2 minutes Sonication 
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Figure 8.2.9 Toner Particle Count for Range 1 Hyperwashed 5 minutes Sonication 
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Figure 8.2.10 Toner Particle Count for Range 1 Hyperwashed 
10 minutes Sonication 

It was found that the numbers of particles detected after pulps had been hyperwashed were 

much reduced in the smallest two categories. The percentage removal was established by 

comparing the numbers of particles detected before and after hyperwashing. In the control 

sample the extent of particle removal was 45 %, after 1 minute sonication this increased to 

63 % and after 10 minutes was further increased to 80%. The ultrasound action broke up 

the largest toner particles into smaller detached particles. These detached particles were 

removed from the pulp by hyperwashing, however not all the toner particles we re detached. 

The handsheets and pulp samples were both examined microscopically. Figure 8.2 .11 was 

obtained under transmitted polarised light at 100x magnification. This image is of a 

diluted sa~ple of pulp that was not treated with ultrasound. The only treatment these 

fibres have -undergone is the disintegration process. Fibrill ation can be detected as hazy 

edges to some of the fibres. The dark central object (A) shows a toner particle. still 

attached to a number of fibres. 

In contrast. the second image (figure 8.2.12) shows the same pulp after 10 minutes 

ultrasound treatment when viewed under the same conditions. The particles have been 

reduced in size to aro und 25 microns. and are no longer attached to the fibre. The larg -t 
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toner particle shown ill figure 8.2.12, labelled B, was found to be approximately 100 

microns in diameter. 

A 

Figure 8.2.11 

B 

Figure 8.2.12 

Photomicrograph of Disintegrated Fibres and Toners 

Photomicrograph of Fibres and Toners after 10 minutes 
Sonication 

In conclusion, the ultrasound treatment effected the size distribution of toner particles, and 

caused detachment of toner particles from fibres. A more detailed discussion of the results 

follows in section 8.2.1. 
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8.2.1 Discussion of Results for Temperature Range 1 

The mean particle size of particles detected on the handsheets, along with their standard 

deviations, is shown in Figure 8.2.8. 

o minute 1 minute 2minute Sminutes 10 minutes 
Batch 1 182.51 ± 280 118.05 ± 205 70.07 ± 117 56.15 ± 88 -B.20:!: 66 
Batch 2 190.49 ± 318 77.94 ± 139 68.38 ± 142 48.63 ± 72 44.18 :!: 55 
Batch 3 176.67 ± 276 100.82 ± 251 69.32 :!: 129 52.70:!: 69 4'"' "7 7-j.j_:!: ) 

Table 8.2.8 Average Particles size before hyperwashing (~m) 

Overall the particle diameter decreased from 183 microns in the control sample, to 99 

microns after 1 minute sonication. The decrease in particle diameter continued. with a 

diameter of 69 microns being obtained after 2 minutes. However the decrease did not 

continue at this rate, with a diameter of 43 microns being attained after 10 minutes 

sonication. The particles detected on the handsheet produced from sonicated pulp were 

more regular in size, this was confirmed by the decrease in the standard deviation of the 

detected particles. The standard deviation of the control sample was found to be 293 

microns this decreased to 68 microns after 10 minutes sonication. The ultrasound 

treatment broke the fused toner down into smaller particles resulting in a narrower size 

distribution. 

o minutes 1 minutes 2 minutes 5 minutes 10 minutes 
Batch 1 202.70 ± 306 202.29 ± 264 93.67 :!: 135 76.29 :!: 126 61.89:!: 105 

Batch 2 225.86 ± 281 156.46 ± 251 131.91 ± 24-+ 86.06 :!: 164 93.96:!: 165 

Batch 3 216.98 ± 278 145.01 :!: 226 105.78:!: 171 65.8 :!: 83 38.48 :!: 61 

Table 8.2.9 Average Particle Size after Hyperwashing (~m) 

There were. fewer particles present on the hyperwashed handsheets. The average particle 

number decreased from 717 particles in the unwashed control sample to 438 particles after 

hyperwashing. After 10 minutes sonication treatment 1878 particles per batch were 

detected ~efore hyperwashing and only 458 particles after hyperwashing. 

With the unwashed samples although the distribution of particles remained essentially 

unchanged, the total number of particles increased as sonication time increased. After 

hyperwashing the distribution was again unchanged, but the numbers of particles detected 

was significantly decreased. 
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Estimation of the critical size for toner reduction 

Quantificatio n of the removed particles was obtained by examining the laser scattering data 

for the fIlt rates of the samples . The data for all batches is given in figures 8.2.13, 8.2 .14, 

and 8.2.15 , below. In the contro l sample the volume of particles fo und at 25 micron wa 

around 1.8%. This vo lume distribu tion increased after 10 minutes sonication to 2.5 %. 

These particles are too large to be filler particles which have a typical size of less than 5 

JTIlcrons , and too small to be fibres with an average length of aro und 0.6 mm. It was 

assumed that they were detached toner particles . Sonication lead to an increase in the 

volume of particles present in the fIltrates. The maximum sized particles that co uld pass 

through the hyperwashing filter was 220 microns. However fro m the data obtained from 

the fIltrates the significant increase in detected particles occurred at a size of 25 micro ns. 

The increase in the volume of this fraction of the filt rate lead to the assump tion that the 

largest toner particles were being broken up by the ultrasound treatment to fonTI smaller 

particles but only when they reached a size of aro und 20-25 micro ns did they become 

detached from the fibres . 
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To ners are manufactured by different methods , the pigment is dispersed through the 

polymeric material, prior to the polymeric resin being reduced to the required :ize. 

Examples of typical pigments used in toners are shown in table 7 . 1. There are two ' 1lC ot 

particle to consider, fIntly the particle size of the pigment itself, typically very sll1alJ Ie ' 

lhan O. 1 micron, seco ndly the particle size of the toner beads . hown in llgur g.: 1 h 1, lhe 
'-
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the volume distributio n of a to ner used in Sharp photocopiel's Th 's t . . loner wa exammcd by 

dispersing it in water using a small amount of detergent to fo rm a paste Th d ' 'b . . e lS tn ullon 

was found to be bimodal, with a peak at 20 microns and another peak: at 90 microns . This 

toner contained two sizes of bead. The purpose of the two sizes of beads was probably to 

ensure that the toner flowed efficiently into the paper with the larger toner beads moving 

into the larger voids within the paper. 
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Figure 8.2.16 Particle Distribution of Sharp Toner 

The distribution contained very few particles that were less than 2 ~m in sIze. The 

important sizes were those of the polymer beads and not the pigment particles. 

The smaller toner bead was similar in SlZe to the particle size which showed grealest 

increase in the filtrate data. It appeared that the toner was being broken down by 

ultrasound treatment to its 'native ' state. In figure 8.2. 16 the distribution presenled is a 

volume distribution, indicating there were appro ximately 4 limes as many 20 micron beads 

as 90 micron beads . T hus , the rela tive volumes detected in the fIJtrate samples were lower, 

with no peak, but a shoulder at 90 microns , see figure 8.2.15 . 

The laser scattering data f the sonicated pulps also indicated an increa e in lhe num er or 
particles detected with a size of 90)J.m. 
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Before the toner is formed into an image on the paper it is £i\"en a charer Th h - .:::e. e c arge on 

the toner enables it to be attracted to the paper and form the image. The toner particles sit a 

certain distance apart from each other on the surface of the paper due to the repulsion 

between similarly charged particles (see figure 8.2.12(A) & (C)). To fix the toner to the 

paper it is heated until the beads flow together to form a solid area as sho\V·n in figure 

8.2.12(B) & (D). 

Before Fixing 
-20 ~m 

A 

-90~ 

After Fixing 

Paper Substrate B 

Plan of Toner Particles Before Fixing and, after fixing 

Figure 8.2.12 Fixing of Toner Beads to Paper Surface 

c D 

Figure 8.2.12 Fixing of Toner Beads to Paper Surface 

Microscopic examination of printed toners has shown that the fixed image has a clinkered 

appearance. 170 The hypothesis is that the fixing of the toner to the substrate leads to the 

formation of areas where the toner is not as thick as were the original beads. The work of 

cohesion between the toners is not as great as the work of adhesion between the toner and 

the paper surface. In the areas between the original beads the fused toner is thinner and 

these thinner areas may act as 'perforations' for the break-up of the fixed toner into smaller 

particles. I The fibre may well act as an anvil to the ultrasound hammer. anchoring the 

particle so that it can be broken down. Toner particles are lightweight. with a density \"ery 

similar to water, and unattached toner particles would be jetted away from a cavitation 

bubble. By providing a base the fibres prevent the particles being pushed awav thu~ 

assisting in their breakdown. 
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Once the fixed toner has been reduced to its native size it wi ll be small enough to interac t 

with a cavitation bubble which results in detachment from the fibre . ,The collapsing bubble 

develops pressures of 1900 bar, enough to detach the toner from the fibre. 

The percentage of toner particles detached by ultrasound and removed by hyperwashing are 

given in figure 8.2.17. The final two sonication treatments, 5 and 10 minutes, removed 

similar amounts of toner suggesting an optimum exposure to ul trasound , close to 5 

minutes . 
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Summarising the results obtained 

• Fixed toner particles are broken up by ultrasound treatment into their nati\'e sizes of 

around 25 and 90 microns. 

• Once the native size has been reached significant detachment of toner from fibres takes 

place. 

• The native sized toner particles could be removed by conventional washing and/or 

flotation techniques. 

In an attempt to minimise the effects of temperature variation it was decided to repeat the 

experiments at a controlled temperature. The temperature chosen was below the glass 

transition temperature of the toner, to permit the study of the ultrasound interaction with 

hard brittle toners. In the literature it was suggested that cavitation bubbles were more 

commonplace and more efficient at lower temperatures. Thus it was decided to carry out 

experiments at lower temperatures than were used for temperature range 1. These 

experiments are detailed in section 8.3.0. 
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8.3.0 Temperature Range 2 

Samples of mixed office waste were prepared from laser and photocopier waste using the 

procedure described in Section 8.2.0. The samples were again treated with ultrasound for 

1, 2, 5, and 10 minutes at a power of 1 kW :t 20 watts, at a frequency of 20 kHz under 

neutral conditions. However, in this experiment the temperature was controlled within the 

reaction vessel by packing ice around it; the temperature was kept as low and stable as 

possible during sonication. Temperature stabilisation was difficult and variations in 

temperature during the experiments are shown in Table 8.3.1. An untreated sample was 

retained to act as a control. 

Batch 1 Batch 2 Batch 3 

initial final initial : final initial i final ............................... ........................................ ................... _ ................. .................. _ .................... 
1 minute 18.5 24 18 23 14 22 
2 minute 16 28 18 25 12 23 , 
5 minute 17 35 14 33 10 28 , , 
10 minute 16 34 11 40 10 30 

Table 8.3.1 Temperature Data for Range 2 (QC) 

Shown in tables 8.3.2 to 8.3.7 are the statistics from the three batches. of both unwashed 

and hyperwashed samples. 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 
Mean (~lm) 152.3 89.4 70.0 47.7 35.9 
Standard Error 49.8 32.7 22.6 13.3 6.5 
Median 52.0 32.5 34.6 29.6 26.1 
Mode 8.5 8.5 8.5 8.5 8.5 
Standard Deviation 247.5 177.5 130.5 80.0 -u.o 
Minimum (~lm) 8.5 8.5 8.5 8.5 8.5 

Maximum (~lm) 747.3 703.4 586.2 329.2 171.7 

Count 612 874 1121 1326 1893 

Confidence Level (95.0%) 152.3 89.4 70.0 47.7 35.9 

Table 8.3.2 Batch 1 Statistics Unwashed 

Time of Sonication 
.. Om 1m 2m Sm 10m 

Mean (~lm) 171.7 121.7 75.3 51..+ .+1.7 

Standard Error 54.9 41.3 2'+.2 12.5 9.7 

67.2 53.6 43.9 37.7 
.,,, ., 

Median .,., . ., 
Mode' 8.5 8.4 8.4 9.-+ 8.-+ 

Standard Deviation 267.4 208.0 123.0 63.6 .+5.8 

Minimum (~lm) 8.5 8.4 8.4 8.-+ 8.-+ 

Maximum (~lm) 830.0 690.1 430.1 205.5 119.7 

Count 56.+ 6.+5 669 66.5 .+90 

Confidence Level (95.0CO) 830.0 690.1 '+30.1 205.:- 13.6 

Table 8.3.3 Batch 1 Statistics After Hyperwashmg 
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Mean (!lm) 
Standard Error 
Median 
Mode 
Standard Deviation 

Minimum (!lm) 
Maximum (!lm) 
Count 
Confidence Level (95.0%) 

Table 8.3.4 

Mean (!lm) 
Standard Error 
Median 
Mode 
Standard Deviation 

Minimum (~lm) 

Maximum (!lm) 
Count 
Confidence Level (95.0%) 

Table 8.3.5 

Mean (~lm) 
Standard Error 
Median 
Mode 
Standard Deviation 

Minimum (~lm) 
Maximum (~lm) 
Count 
Confidence Level (95.0%) 

Table 8.3.6 

.. 
Mean (~lm) 
Standard Error 
Median 
Mode, 
Standard Deviation 

Minimum (~lm) 

Ma.ximum (~lm) 
Count 
Confidence Level (95.0%) 

Time of Sonication 
·········O·~········· ········i~········· ········i~········· ·········5·~········· ······io~······· 

152.8 102.3 67.1 46.6 35.6 
50.2 33.8 21.1 12.3 7.9 
46.7 33.8 33.7 32.2 26.8 

8.5 8.5 8.5 8.5 9.5 
259.4 190.2 121.8 72.2 -+-+.2 

8.5 8.5 8.5 8.5 8.5 
782.5 680.1 486.8 366.2 159.2 

716 1005 1120 1182 978 
70.3 47.3 29.5 17.2 11.1 

Batch 2 Statistics Unwashed 

Time of Sonication ............................................................................................................................. 

Om 1m 2m 5m 10m 
169.5 120.3 92.3 49.9 40.1 

58.2 39.5 35.2 14.5 10.2 
59.3 51.6 46.3 34A 30.8 

8.5 8.5 8.5 8.5 8.5 
276.3 200.2 170.5 65.9 -+-+.8 

8.5 8.5 8.5 8.5 8.5 

748.2 621.9 647.2 241.3 131.5 

508 658 --I ))- 430 371 

81.6 55.4 49.3 20.3 14.3 

Batch 2 Statistics After Hyperwashing 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m 5m 10m 
159.4 103.8 70.2 43.9 -+-+.9 

55.1 36.4 22.9 11.8 12.5 

46.6 38.9 36.0 28.0 33.9 

8.4 8.4 9.4 8.-+ 8.5 

267.6 191.2 122.8 70.1 62.1 

8.4 8.4 8.4 8A 8.4 

805.8 558.6 430.8 306.9 260.1 

558 763 823 1252 616 

77.2 51.0 32.1 16.5 17.5 

Batch 3 Statistics Unwashed 

Time of Sonication ............................................................................................................................. 

Om 1m 2m 5m 10m 

165.7 113.4 78.0 53.2 39.0 

57.2 39.9 27.3 19.3 8.8 

S1.3 51.5 40.2 31.3 28.1 

11.2 8.4 8A 8.4 S.5 

253.2 192.9 127.9 97.1 51.6 

8.4 8.4 8.4 8.4 8.4 

725.4 621.7 408.6 459.-+ 219.1 

385 549 -+S2 635 1213 

SO., 55.9 38.3 27.1 12.3 

Table 8.3.7 Batch 3 Statistics After Hyperwashing 
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The control samples contained the largest particles, these particles were not present in the 

sonicated samples. The largest particles detected in the control sample were 778 micro ns 

in diameter, the maximum sized particles detected after sonication were much smaller, for 

example 656 microns after 1 minute sonication. 

The tables above show data as number distributions , the same data is presented below in 

figure 8.3.1 to 8.3.10. Each batch result is the average of four handsheets, the ave rage of 

all 12 handsheets is also included in the graph along with error bars disp laying the amoun t 

of variation between the handsheets. 
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Figure 8.3.1 Toner Particle Count for Range 2 Unwashed 0 minute Sonication 
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The larges t panicles detected in temperature range ~ were found in the contro l sampl - In 

thi temperature range the percentage of particles equal to or Ie than 100 micron - in th 

11 6 



control sample was 74%, this was increased to 86% after 1 minute sonication, 92% afte r 2 

minutes , until 10 minutes where 99% were less than 100 micro ns in diameter. The 

percentage of particles in the 100 micron category increased from 42% in the control 

sample to 48% after 1 minute sonication, however for 2, 5 and 10 minutes sonication the 

percentage remained constant at 55 % of the particles. The data from the hyperwashed 

pulps is shown in figure 8.3.6 to 8.3.10. 
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After hyperwashing the percentage of particles detected that were equal to or less than 100 

microns in the control sample was 63%, after sonication and hyperwashing this percentage 

increased to 78% after 1 minute, 87% after 2 minutes, 95% after 5 minutes and 98% after 

10 minutes. 

The pulps were examined with a Canadian Standard Freeness (CSF) tester to establish the 

amount of damage caused to the fibres by the ultrasound treatment. The CSF was 

discussed in section 5.7.0. The standard procedure was followed and the raw data 

corrected for temperature and consistency differences by using the tables supplied with the 

instrument. The data obtained is shown in table 8.3.8. 

Batch 1 Batch 2 Batch 3 average SD 

o min 449 457 481 467 430 446 440 450 500 479 475 436 459.2 20.4 

1 min 417 424 454 450 440 440 422 422 421 439 449 469 437.3 15.6 
2 min 450 447 428 424 430 447 427 430 457 4"'1 J_ 459 456 440.6 12.7 

5 min 448 440 423 409 430 426 415 411 435 442 457 466 433.5 17.2 

10min 397 415 402 406 413 399 399 396 413 406 424 428 408.2 10.1 

Table 8.3.8 CSF values for Temperature Range 2 (ml) 

The CSF measures the amount of damage caused to the fibres. The CSF value decreased 

as the ultrasound treatment proceeded. The water associated with the fibres was slower to 

drain after sonication. The trend was the same for all the batches measured: the greatest 

value was found in the control sample and the values decreased as the ultrasound treatment 

was increased. 

During the process of measuring the CSF values the pulp passed though a screen. The 

filtrates were collected and passed through a Coulter LS130 to analyse the population of 

particles separated from the fibres. The statistics from each of the filtrates are shown in 

table 8.3.9 . 

.. 
Particle Ultrasound Treatment 

Size in o min 1 min 2 min 5 min 10 min 

urn %> %> %> %> %> 
, 

2.000 
:( 

74.69 66.97 68.51 73.-+8 74. "79 

25.00 '+3.33 25.36 30.18 "''/ "'..., ;)_._..,;) 36.S; 

100.0 11.04 0.-+9 6.84 3.94 11.56 

0.00 
o ,-, 

250.0 3.00 0.00 0.02 .~-.., 

450.0 1.76 0.00 0.00 0.00 0.00 

600.0 1.04 0.00 0.00 0.00 0.00 

Table 8.3.9 Filtrate Particle Statistics for TR2 samples 
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The size distributions of fIltrates from temperature range 2 pulps are given in figure 8.3.11. 

The results are the average of 4 samples per ultrasound treatment. As sonication proceeded 

the particles detected in the fIltrates decreased in size. Again a bimodal distribution was 

detected. As found in the previous experiment most toner particles were detached from the 

fibres after being reduced to their native size. 

The result also showed signilicant differences in the number of particles detected in the 

range 0.1-10 ~m. Most fillers used in paper manufacture are found in this size range. 

These fillers are mineral clays, such as kaolin, are brittle powders. When sonicated the 

fillers break up into smaller particles as a result of inter particle collisions. This breakup 

increases their total surface area. Experiments performed on suspensions of fillers supplied 

by English China Clay/61 indicated that exposure to ultrasound resulted in suspensions that 

took longer to settle out. 
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Figure 8.3.11 TR2 Filtrate Particle Size Distribution measured by laser 
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Photomicrograph of Toner Particle after Disintegration (TR2) 

Figure 8.3.1 3 Photomicrograph of Toner Particle after Disintegration (TR2) 

Figures 8.3. 12 and 8.3.13 are of photomicrographs of pulped samples from lemperalurc 

range 2 that have not been subjected to sonication. Figure 8.3. 12 wa obtained u'l Ulg 

polarised reflected light whilst polarised transmitted light was Ll ed to produce tlgure ~ 13 . 

The samples had been subjected to disint gration and indicated that crack had form 'U or 

are tormll1g wIthin the structure f the fused toner aoolomera tc Db In fig rc 



8.3.12 large cracks can be seen running laterally down and across the particle , e 

splitting it into three parts each with a diameter of approximately 200 micron . 

parts are still attached to the fibres . 

entially 

All thr 'c 

Figure 8.3.14 

Figure 8.3 .14 

Photomicrograph of Toner Particle after 10 minutes Sonication 
(TR2) 

Photomicrograph of Toner Particle after 10 minutes Sonication 
(TR2) 

Figures 8.3 .14 and 8.3.15 are fro m the same batch of pulp that had been ub,iected to the 

disintegration process and 10 minutes sonication, these image were taken u ing rel1ect'd 

pOlarIsed llghl. 
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In figure 8.3.14 the particles appear to be still attached to the fibres, or at leas t to th fibril 

surrounding the fibre , however in figure 8.3. 15 the pan icle is detached. As a res ult of th 

treatment particles have been reduced in size to around a diameter of 100 microns or les . 

8.3.1 Discussion of Results for Temperature Range 2 

Shown in Table 8.3.11 are the average particle sizes detected on the handsheets for the 

unwashed samples of temperature range 2. 

o minute 1 minute 2 minutes 5 minutes 10 minutes 

Batch 1 152.3 ± 247 89.6±177 70.0 ± 130 47.7 ± 80 35 .9 ± 43 
Batch 2 158.2 ± 284 102.3 ± 190 67.1± 121 46.6 ± 72 35.6 ± -1--1-
Batch 3 159.4 ± 267 103.8 ± 191 70.2 ± 122 43 .9 ± 70 -1-4.9 ± 6 ~ 
Table 8.3.11 Average Particle Diameter before Hyperwashing (~m) 

As with prevIOUS treatments the average particle size decreased as the sonica tion ti me 

increased . The average particle size had been decreased by half after 2 minutes ultraso und 

and afte r 10 minutes sonication the average particle size had again decreased by a half -

from 156 microns in the control sample to 69 microns and was halved again to 39 microns 

after 10 minutes sonication. 

o minute 1 minute 2 minutes 5 minutes 10 minutes 

Batch 1 171.7± 285 121.6 ± 190 75 .3 ± 121 51.4 ± 72 41. 7 ± -1--+ 
Batch 2 169.5± 276 120.3 ± 200 92.3 ± 170 49.9 ± 66 40. 1±-I-5 
Batch 3 165.7 ± 253 113.4±193 77. 9 ± 128 ~'" ') + 97 ).J . _ _ "'9 0 - -, .J . ±) _ 

Table 8.3.12 Average Particle Diameter after Hyperwashing (~m) 

The numbers of particles detected on the handsheets after hype rwashing was found to be .. 
lo\ver when compared to the unwashed samples. When the categories that contain particles 

removable by hyperwashing, that is less than 250 microns in diameter are compared, it em 

be seen tnat sonication produced more particles that were removable by hype rwa hing. 

figure 8.3.1 6. 

Inspec ti on of data in 250 mIcrons catego ry showed the num ber of panic! pr -

decreased as soni ca ti on increased. Th is was as a re ult of pan i le - being bro' n down h 
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ultrasound action whilst still attached to fibres. As work of adhesion between toner 

particles and fibres is greater at lower temperatures more toner would be expected to 

remain adhered to the fibres. 

Percentage of Particles Removed by Hyperwashing After Sonciation 

30 

25 

-5 

Table 8.3.15 

Size Categories (microns) 

-+- Om Son icat ion 

_1m Sonication 

2m Sonication 

~5m Sonication 

--*-10m Sonication 

more 

Percentage of Particles Removed after Hyperwashing 

The temperatures in range 1 experiments rose to approximately 45°C after 10 minutes 

sonication, while with range 2 it rose to only 25°C for the same period of sonication. At 

the temperatures used in temperature range 2 the toner was well below its glass transition 

temperature and was rigid and brittle. The rigid fixed toner was broken into small shards as 

the fibres flexed under ultrasound action. This shattering action left much of the toner still 

attached to the fibres, but created a large number of smaller sized particles. This was 

confirmed by the laser scattering data. The 1 minute treatment produced more small 

particles in the range less than 5 microns, than other sonication treatments. 

Ultrasound shattered the toners, especially at low exposure times where sonication was 

applied prior to any heating taking place. Sonication for 1 minute lead to an increased 

number of detached particles (figure 8.3.16) in the 100 micron category. but not an increase 

in the percentage detached in the 250 micron category. Prolonged sonication increased the 

percentage of 100 micron toner removed from the pulp. Temperature control was difficult 



to achieve during the longer sonication times, the smalle r toner particle prod uced in the 

first period of sonication when the pulp is cool , we re not so preval ent afte r long r 

sonication times. Larger, 100 micron part icles were produced as the te mpe rature ro 

mirroring the results found in the temperature range 1 expe riments. 

The 25 mIcron particles were produced by stresses induced by ult rasound in the la rge t 

particles. These stresses resulted in a large number of ve ry small parti cles being produced. 

For the first minute of sonication this was the predominant action . 

After longer sonication times (greater than 2 minutes) the larger parti cles were broke n up 

as the ultrasound exploited the 'perforations ' in the large toner particles . Figure 8.3 .16 

shows the percentage of 100 micron particles removed by hyperwashing for temperature 

ranges 1 and 2. 

. TRI 

Percentage of Particles Removed by Sonication After Hyperwas hing [] TR2 
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Figure 8.3.16 Percentage of 100 micron Pa rticl es Removed by Hyperwas hing 

after Sonication 

f t 1 Thi - could be J The perce ntage of particles removed is greate r or tempe ra ure range . 

result of the higher \\'ork of cohes ion be t\\'ee n toner particles. and [h hiQ.he r work of 
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adhesion between toner and paper fibres at lower temperatures. At higher temperatures the 

work both of cohesion and adhesion are lowered and particles would be easier both to 

break-up and to detach. 

Concluding from the results of temperature range 2: 

• Confirmed that ultrasound broke up toner particles and then detached them, once the 

particles are reduced in size close to their native size. 

• Disintegration at low temperatures lead to distributions containing large particles. 

• Particles produced under low temperature conditions were difficult to detach from the 

fibres because of the higher work of adhesion between the particle and the paper fibres. 

• Sonication was less effective at removing toner particles at lower temperatures. In 

temperature range 2 the 100 micron category, disintegration removed 12% of particles, 

this increased to 26% after 5 minutes sonication. The removal rates for temperature 

range 1 are 17% for disintegration and 50% for 5 minutes sonication. 

Temperature range 2 was not successful in confirming that cavitation effects were more 

efficient at lower temperatures. The higher work of adhesion between toners and fibres 

resulted in more toner remaining attached to the fibres. 

In order to investigate a system where the works of cohesion and adhesion were lowered it 

was decided to study a higher temperature system, closer to the glass transition temperature 

of the toners. In this system it was hoped that, though cavitation effects would be reduced 

the higher temperature would permit greater toner removal due to the lower work of 

adhesion. These experiments are detailed in section 8.4.0. 
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8.4.0 Temperature Range 3 

Samples of mixed office waste were prepared using the technique described in section 

8.2.0. Temperature range 3 experiments were conducted by soaking 150g fibre in water at 

50°C for 3 hours. The resulting pulp was disintegrated and sonicated as previously 

outlined. The temperatures at the start and finish of the sonication were noted and are 

shown in table 8.4.1. 

batch 1 I batch 2 batch 3 

initial final )~}~~.~~ .. L.~~.~.~~ ... initial final ............................ ...................................... . ...................................... 

1 minute 46 50 40 44 40 45 , , , 
2 minute 46 52.5 45.5 54 41 50 , , 
5 minute 46 56 43.5 57 41 56 
10 minute 50 

, 
68.5 43 60 43 63 

Table 8.4.1 Temperature Data for Range 3 (QC) 

After ultrasonic treatment each sample was divided equally to study the effects of 

hyperwashing on the samples. Handsheets were made from the pulp and examined using 

the IMP program. Four handsheets were formed for each of the treatments, representing 0, 

1, 2, 5 and 10 minutes sonication, for unwashed and hyperwashed samples giving a total of 

40 handsheets per batch. The experiment was repeated 3 times. The data presented in 

tables 8.4.2 to 8.4.7 are the numerical values calculated from the areas of the particles. 

Time of Sonication 
.................................................................................................... ......................... 

Om 1m 2m 5m 10m 
Mean (~lm) 202.3 88.2 60.3 42.2 39.4 

Standard Error 65.3 29.8 18.9 9.6 12.3 

Median 80.6 39.4 35.5 30.7 18.6 

Mode 9.--1- 8.4 8.4 8.4 8.7 

Standard Deviation 280.9 157.1 104.1 53.8 48.6 

Minimum (~lm) 8.-+ 8.4 8.4 8.4 8.4 

Maximum (~lm) 727.8 562.4 412.4 217.3 187.2 

Count .. 343 778 913 987 610 

Confidence Level (95.0%) 91.5 41.7 26.5 13.5 21.2 

Table 8.4.2 Batch 1 Statistics Unwashed 
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Mean (!!m) 
Standard Error 

Median 

Mode 

Standard Deviation 

Minimum (!!m) 

Maximum (flm) 
Count 

Confidence Level (95.0%) 

Table 8.4.3 

Mean (!!m) 
Standard Error 

Median 

Mode 
Standard Deviation 

Minimum (!!m) 

Maximum (~tm) 
Count 
Confidence Level (95.0%) 

Table 8.4A 

Mean (~tm) 
Standard Error 

Median 

Mode 
Standard Deviation 

Minimum (~lm) 

Maximum (~lm) 
Count 
Confidence Level (95.0%) 

Table 8A.S 

Time of Sonication 
········O·~········· ········i~········· ········i·~········· ·········5·~········ ······"io~· .. · .. · 

188.6 119.2 74.0 51. 7 49.8 

58.0 41.0 26.6 15.8 15.2 

82.0 60.9 49.2 39.7 44.0 

8.4 8.4 8.4 9.4 8.4 

258.0 

8.4 

651.0 

392 

81.3 

187.0 

8.4 
566.2 

434 

57.4 

118.9 

8.4 
443.8 

400 

37.3 

64.8 

8.4 

221.0 

281 
22.2 

Batch 1 Statistics After Hyperwashing 

Time of Sonication 

48.8 

8A 
121.5 

107 

21.4 

......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 
211.8 113.7 71.8 50.5 41.3 

63.4 38.2 23.0 10.2 8.0 

84.7 52.8 46.7 40.8 34.0 

8A 8.4 9.4 8.4 11.9 

279.7 188.9 120.1 55.6 42.0 

8.4 8.4 8.4 8.4 8A 
776.5 611.6 482.1 184.8 129.6 

380 600 749 900 744 

88.8 53.5 .... .., .., 
-~-.- 14.2 11.3 

Batch 2 Statistics Unwashed 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 

215.4 131.7 96.5 62.1 41.9 

70.1 48.0 31.8 29.7 13.8 

111.1 60.1 53.6 42.7 29.5 

8A 8.4 10.3 9A 8.4 

294.3 215.2 156.6 116.7 48.4 

8.4 8.4 8.4 8.4 8A 

908.6 757.8 562.1 449.5 124.4 

311 405 588 240 150 

98.3 67.3 44.6 41.6 19.5 
. 

Batch 2 Statistics After Hyperwashmg 



Time of Sonication · ........................ ......................... ......................... ........... ............ ......................... 
Om 1m 2m Sm 10m 

Mean (flm) 234.5 87.5 58.2 47.2 38.-+ 
Standard Error 75.3 25.4 17.7 9.1 8.-+ 
Median 80.3 46.1 35.3 35.8 30.9 
Mode 8.4 8.5 8.5 8.5 11.2 
Standard Deviation 338.4 134.3 102.1 52.8 41.2 

Minimum (flm) 8.4 8.5 8.5 8.5 8.4 

Maximum (flm) 1008.7 432.4 555.6 172.8 133.7 

Count 409 784 1121 1130 582 

Confidence Level (95.0%) 105.5 35.6 24.7 12.8 11.8 

Table 8.4.6 Batch 3 Statistics Unwashed 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 
Mean (flm) 209.5 137.6 127.6 71.0 49.8 

Standard Error 64.9 48.1 48.2 32.0 26.4 

Median . 104.2 54.9 39.1 34.7 29.5 

Mode 8.4 8.4 8.4 9.4 8.4 

Standard Deviation 280.4 216.9 216.0 127.8 85.4 

Minimum (~lm) 8.4 8.4 8.4 8.4 8.4 

Maximum (flm) 764.4 583.0 625.2 .:J.45.3 269.3 

Count 348 412 403 253 109 

Confidence Level (95.0%) 91.0 67.5 67.6 45.0 37.2 

Table 8.4.7 Batch 3 Statistics After Hyperwashing 

The trend in this data was recorded in previous experiments, the largest particles found in 

the control sample were not present in the samples which had been sonicated for more than 

2 minutes. The largest particles detected on the handsheets are detailed in the maximum 

category. The largest particles detected in the unwashed control sample had an average 

diameter of 837 microns, compared to 535 microns after 1 minute and 150 microns after 10 

minutes sonication . 

.. 
The results of the image analysis of the handsheets is presented graphically in figures 8.'+.1 

to 8.4.5. 
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Again the control sample produced a broad distribution with particles prese nt in all 

categories. As sonication time increased, the numbers of particles in the smaller size 

categories increased. The number of toner particles equal to or less than 100 microns in 

diameter found in the control sample was 55 %, after 10 minutes sonication the percentage 

was of the order of 100% (99.6%). 

The figures 8.4.6 to 8.4.10 give the numbers of particles counted on the handsheets after 

hyperwashing the pulps. 
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Figure 8.4.10 Toner Particle Count for Range 3 Hyperwashed 10 minutes 
Sonication 

The amount of toner removed by hyperwashing the contro l sample was 7C:O . After 2 

minutes sonication 50% of the particles were removed, increasing to 74% after 5 minutes 

sonication and 77% after 10 minutes sonication. The percentage of particles present in the 

hyperwashed samples in the 25 and 100 micron categories increased from 30% in the 

control sample to 54% after 1 minute sonication, rising further to 60% after 2 minutes 

treatment and 67% after 10 minutes sonication. 

The sonicated pulp samples we re examined using the Canadian Standard freeness (CSF) 

tester (section 5.7.0) to assess any change in fibre damage. The CSF results were corrected 

using the table supplied. The corrected results are shown below in table 8A.8. The 

freeness read ings decreased wi th increasing exposure to ultrasound indicating a progre lye 
' ( 

increase in fibrillation 
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Batch 1 Batch 2 Batch 3 Averaue 
0 Sd 

o minute 425 449 431 456 467 443 458 449 440 428 428 450 443 .67 : l2 .SJ 

1 minute 427 416 434 418 422 450 461 437 427 433 440 440 433 .75 l2.5 
2 minutes 408 421 425 - 389 422 432 437 417 432 412 422 4l9 .73 l2 .8 
5 minutes 390 383 397 377 418 395 395 416 411 4t9 429 427 404.75 l6.7 
10 minute 375 393 377 362 414 386 411 396 413 395 409 415 395 .5, l6. l 

Table 8.4.8 CSF values for Temperature Range 3 (ml) 

The ftltrates from the CSF were examined in the Coulter LS 130. The standard operatin£ 

procedure was followed for all measurements made on the LS 130. The results are given in 

figures 8.4.11 to 8.4.13 and are discussed in section 8.4.1. 
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8.4.1 Discussion of Results for Temperature Range 3 

These experiments were conducted at or around 50°C. The average particle diameters 

measured on the handsheet produced are shown in figure 8.4.13 for the unwashed pulp 

samples. 

o minutes 1 minute 2 minutes 5 minutes 10 minutes 

Batch 1 202.3 ± 281 88.2 ± 157 60.3 ± 104 42.2 ± 54 39..+ ±49 
Batch 2 211.8 ± 280 113.6 ± 189 71.8 ± 120 50.5 ± 56 .+ l.3 ± .+2 
Batch 3 234.5 ± 338 87.5 ± 134 58.2 ± 102 47.2 + 53 38.-+ + .+1 
Table 8.4.9 Average Particle Diameter before Hyperwashing (~m) 

The average particle diameter again decreased with sonication. The average of all 

unwashed data shows that the mean particle diameter decreased from 217 microns in the 

control sample to 95 microns after 1 minute of sonication. After 10 minutes sonication the 

average particle diameter was reduced to 43 microns. Average particle diameters found on 

handsheets formed from hyperwashed pulps are given in figure 8.4.2. 

o minutes 1 minute 2 minutes 5 minutes 10 minutes 

Batch 1 188.6 ± 258 119.2 ± 187 74.0 ± 119 51.7 ± 65 '+9.8 ± .+9 
Batch 2 215.4 ± 294 131.7 ± 215 96.5 ± 157 62.1 ± 117 .+1.9 ± .+8 

Batch 3 209.5 ± 280 137.6 ± 217 127.6 ± 216 71.0 ± 128 49.8 ± 85 

Table 8.4.10 Average Particle Diameter after Hyperwashing (~m) 

The percentage of particles removed in the temperature range 3 experiments are shown in 

figure 8.4.14. Extended ultrasound treatment increased the number of particles removed at 

a rate which decreased exponentially with time. 

As previously noted the majority of particles are only detached when they have been 

reduced to "a size below 100 microns in diameter. The efficiency of removal of the 

particles was greater at the elevated temperatures employed in temperature range 3. 

Temperature range 3 was less efficient than both temperature ranges 1 and 2 at detaching 
,( 

particles after simple disintegration, with only 8% of particles removed in the 100 micron 

category, sonication was more efficient, after 1 minute 230 of particles were removed in 

this cateaory and after 5 minutes 52% were removed. b , 
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Figure 8.4.14 Percentage of Particles Removed after Hyperwashing 

At higher temperatures the work of adhesion between toners and paper and the work of 

cohesion between toners is lowered. The lower work of cohesion be twee n toner particles 

makes these toner particles easier to break down at higher tempe ratures. The lower 

cohesion between toners can be seen by comparing the rate of bre3.k down of part icles in 

temperature range 2 and 3. 

Examination of the filtrates (see figures 8'-+.ll, 8.4. 12 and 8.4.13), fo r thc:se samp les 

pulped at higher temperature showed that the particles mos t commonly detected had 

diameters of around 2S and 90 microns . This confirmed that the fused toner was bei ng 

broken into particles similar in size to their native size prior to being detached from the 

fibres. 

The percentage of removed particles was greater for temperature range 3 samples than was 

found in the previous experiments . Figure 8'-+.15 shows the rel ati\'e efficiency of removal 

by hyperWashing of the particles in the 100 micron category for te mperat ure ranges 1. :2 

and 3. 
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The removal of toner efficiency increased at higher sonication times. In al l experime nts the 

greater the sonication time the greater the removal of toner. The affect of temperature 

indicated a more effective removal of toner as the glass transition temperature is 

approached. 

As noted in section 7.0 the toner 's glass transition temperature is an important parameter in 

the deinkjng of mixed office waste . The pulps in temperature range 3 were soaked at a 

temperature of 50°C. The heating effect caused by ultrasound treatment increased the 

temperature of the pulps by 4°C after 1 minute; 5°C after 2 minutes ; 12°C afte r 5 minute' 
.. 

and 18°C after 10 minutes, (Table 8.4.1). 

The temperatures used in range 3, especially at the end of sonicati on. we re clo ' to th 

glass transition tempe rature of the toner. Glass transition temperatures of harp ton r 

were measured at between 67 and T2°C. The higher temperatures employed in (h i third 

se t of expe rim ents makes the toner softer and more pliable. 3 S a result of thi its remo\'a l h 

ultraso und is enhanced. 
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Summarising the results obtained 

• Disintegration at high temperature lead to poor detachment of the toner from fibres. with 

only 8% of toner particles detached in the control sample. 

• Sonication at higher temperatures results in increased detachment of toner particles. 

To investigate the effects of sonication above the glass transition temperature it was 

decided to perform a series of experiments close to or above the glass transition 

temperature, at around 75°C. These experiments are detailed in section 8.5.0. 



8.5.0 Temperature Range 4 

Temperature range 4 experiments were conducted by soaking 150g fibre in water at 75°C 

for 3 hours. The resulting pulp was disintegrated and sonicated as previously outlined. 

The temperatures at the start and finish of the sonication were noted and are shown in table 

8.5.1. 

batch 1 batch 2 batch 3 
initial: final initial : final initial final .. ~ .................................... ••••••••••••••• 110 •••••••••••••••••• ................... ~ .................. . ......................................... 

1 minute 62 65 58 61 55 59 
2 minutes 62 69 64 

; 

69 64 70 , , , 
5 minutes 60 73 58 74 72 86 , , 
10 minutes 58 77 57 78 70 88 

Table 8.5.1 Temperature Data for Range 4 (2C) 

The measured glass transition temperature of the toners used in these experiments were 

between 67 and 72°C. The results of these three experiments are given in Tables 8.5.2.to 

8.5.7. 

To compare the trends graphs of the averaged data from the handsheets are given in Figures 

8.5.1 to 8.5.5. 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 
Mean (~lm) 160.6 81.7 61.9 54.9 52.6 

Standard Error 45.9 23.5 13.3 11.5 9.2 

Median 34.7 40.8 37.1 40.1 36.6 

Mode 8.4 9.4 8.4 8.4 8A 

Standard Deviation 236.4 134.2 88.3 71.2 62.8 

Minimum (~lm) 8A 8.4 8.4 8.4 8.4 

Maximum (~m) 621.6 529.4 343.0 360.5 244.1 

Count 703 1061 1955 1482 2136 

Confidence Level (95.0%) 64.3 32.9 18.6 16.1 12.9 

Table 8.5.2 Batch 1 Statistics Unwashed 

Time of Son~.~~.~~g.~ .................. ..................... ..................................................................... . ........................ ......................... .. .................. 

Om 1m 2m Sm 10m ... 

Mean (~lm) 222.1 113.0 92.8 70.8 67.4 

Standard Error 54.7 27.6 22.1 15.5 20.8 

Median 158.6 85.0 71.5 62.7 51.9 

Mode 8A lOA 9.5 lOA 9..+ 

Standard Deviation :252.0 132.7 105.0 69.8 78.3 

Minimum (~lm) 8A 8.5 8.5 S.5 8.4 

Ma.ximum (~lm) 604.8 434.7 350.7 19:2.6 251.3 

Count 450 536 508 .+13 2U1 

Confidc?nce Level (95.0%) 76.7 38.7 31.0 21.7 29.2 

Table 8.5.3 
. Batch 1 Statistics After Hypen\ ashmg 
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Time of Sonication ......................... ........... .............. ......................... ......................... ......................... 

Om 1m 2m 5m 10m 
Mean (!lm) 212.7 100.7 76.7 62.4 52.0 
Standard Error 56.6 26.0 20.7 10.5 8.8 
Median 68.5 54.3 39.5 45.3 38.4 
Mode 8.4 8.4 8.4 8.4 9.4 
Standard Deviation 283.1 152.0 135.5 70.8 57.3 

Minimum (!lm) 8.4 8.4 8.4 8.4 8.4 

Maximum (!lm) 814.6 490.3 606.8 196.5 164.1 

Count 626 1169 1839 2062 1813 
Confidence Level (95.0%) 79.3 36.4 29.0 14.7 12.3 

Table 8.5.4 Batch 2 Statistics Unwashed 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m 5m 10m 

Mean (!lm) 229.1 127.2 117.1 74.1 62.8 

Standard Error 58.7 34.9 37.7 17.6 15.3 

Median 140.2 83.7 69.1 60.6 53.8 

Mode 8.5 9.4 8.5 8.4 10.3 

Standard Deviation .273.5 173.9 177.8 76.9 62.5 

Minimum (!lm) 8.4 8.4 8.5 8..+ 8..+ 

Maximum (!lm) 715.6 605.3 533.6 175.0 145.9 

Count 473 620 493 366 278 

Confidence Level (95.0%) 82.2 48.8 52.9 24.6 21.5 

Table 8.5.5 Batch 2 Statistics After Hyperwashing 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m 5m 10m 

Mean (~lm) 127.9 69.0 58.0 49.5 42.9 

Standard Error 32.9 17.7 9.9 8.7 6.9 

Median 34.0 35.7 41.7 36.2 32.0 

Mode 8.5 9.5 8.5 8.5 8.5 

Standard Deviation 199.2 117.9 67.5 57.3 48.0 

Minimum (~lm) 8.5 8.5 8.5 8.5 8.5 

Maximum (!lm) 672.5 543.0 222.6 223.6 201.6 

Count 1348 1968 2181 1879 2356 

Confidence Level (95.0%) 46.0 24.8 13.8 12.2 9.7 

Table 8.5.6 Batch 3 Statistics Unwashed 

Time of Sonication ......................... ......................... ......................... ......................... ......................... 

Om 1m 2m Sm 10m 
.. 200.7 94.6 59.6 59.0 47.3 

Mean (~lm) 
Standard Error 50.7 29.7 13.8 16.1 13.5 

Median 134.3 58.5 ·+1.1 45.9 40.0 

Mode 8.5 8.5 8.5 8.5 8 -.) 

Stan&lrd Deviation 238.3 141.9 68.2 68.2 49.2 

8.5 8.5 8.5 S.S 8 -
Minimum (~lm) 

.) 

Maximum (~lm) 626.8 493.6 170.2 231.4 109.6 

Count 488 522 604 320 176 

Confidence Level (95.0%) 71.1 41.6 19.3 22.6 19.0 

Table 8.5.7 Batch 3 Statistics After Hyperwashing 
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Disintegration of these samples yielded a very broad distribution of particle sizes. Ve ry 

large particles, greater than 450~lID were present in the distribution. The percentage of 

particles equal to or less than 100 microns in the control sample was 69 CO . 

After 1 minute of ultrasound treatment the percentage of particles with di ameters equ al to 

or less than 100 microns was 85 % and this rose to 96% after 10 minutes sonication, After 

10 minutes sonication 64% of all particles were detected in the 100 micron ca tegory. 

Figures 8.5.6 to 8.5.10 shows the results obtained from analysis of handsheets produced 

from hyperwashed pulps prepared for temperature range 4. 
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Comparison of the unwashed and hypef\vashed results showed that this high tem perature 

treatment, temperature range 4, had a distinct effect on detachment of toner particle . 

Simple disintegration at this temperature released 20% of 100 micron sized particles and 

29% of 25 micron sized particles. 

Sonication for 1 minute produced a slightly increased amount of detachment with 34% of 

particles in the 100 micron category and 25 % in the 25 microns category. This extent of 

release was achieved with an increased number of particles, 7..677 in the control ample 

against 4198 after 1 minute sonication. 

As sonication times were extended the numbers and ex tent of to ner release continued to 

Increase. After 10 minutes sonication only a few particles (0 .8%) remained that \"er 
\ 

large r than 1 00 microns. 

After trea tment wi th ultrasound the fibres were examined u' lOg a Canadian tand ard 

free ness tes ter. The co rrec ted CSF data is shown in table .) .. 
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Time [CSF 
Om 389 
1 min 362 
2 min 356 
5 min 318 
10 min ~ 282 

Table 8.5.8 CSF values for Temperature Range 4 (ml) 

From the fIltrates obtained from the CSF apparatus the population of particles in suspension 

were determined using laser scattering techniques. The results are shown in figure 8.5.1 L. . 
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These results obtained for temperature range 4, are fully discussed in the fo llowing section, 
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8.5.1 Discussion of Results for Temperature Range 4 

Temperature range 4 experiments were performed at 75°C, to ensure that the toners \vere 

above their glass transition temperatures. The average particle diameters found on 

handsheets produced from unwashed pulps are shown in table 8.5.9, and from the 

hyperwashed pulps in table 8.5.10. 

o minutes 1 minute 2 minutes 5 minutes 10 minutes 
Batch1 160.6 ± 236 81.7 ± 134 61.9 ± 88 5.+.9 ± 71 .::;" 6 + 6" --. - .) 

Batch2 212.7 ± 283 100.7 ± 152 76.7 ± 135 62.-+ ± -1 52.0 ± 57 
Batch3 127.9 ± 199 69.0 ± 118 58.0 ± 67 '+9.5 ± 57 -C.9 ± .+8 

Table 8.5.9 Average Particle Diameter Before Hyperwashing (~m) 

The average particle diameter in the control sample before hyperwashing was 160 microns, 

after hyperwashing the diameter increased to 217 microns. 

o minutes 1 minute 2 minutes 5 minutes 10 minutes 
Batch1 222.1 ± 252 113.0 ± 133 92.8 ± 105 70.8 ± 70 67.-+ ± 78 
Batch2 229.1 ± 273 127.2± 17.+ 117.1±178 "''+.1 ± 77 62.S ± 62 

Batch3 200.7 + 238 94.6 ± 142 59.6 ± 68 59.0 ± 68 .+ .... 3 ± .+9 

Table 8.5.10 Average Particle Diameter After Hyperwashing (~m) 

The percentage of particles removed in the hyperwashing process are gIven in Figure 

8.5.12. Again. the sonicated samples displayed the greatest removal rate. The control 

sample for the 100 micron category had the least number of particles removed from the 

pulp, and the 10 minutes sonication the greatest number. 
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Figure 8.5.12 Percentage of Particles Removed by Hyperwashing after 
Sonication 

Figure 8.3.13 shows the percentage of 100 mIcrons part icles removed for the four 

temperature ranges investigated. 

Although increasing the temperature increased the rate of break down of particks it did not 

significantly affect the extent of detachment. Once the toner particles had reached a 

temperature of approximately 45°C they became easier to detach from the fibre . 
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Figure 8.5.13 

In conclusion: 

• At higher temperatures the toner particles were rapidl y broken down in size . 

The overall conclusions of the experiments pcrfonned in section 8 are more fu lly discus cd 

in section 9.2 . 
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9.0 Final Conclusions 

In section 6 a simple system was designed to investigate whether ultrasound causcc 

damage to fibres, specifically to virgin fibres. The conventional papermaking process leads 

to damage of fibres and recycling can exacerbate this damage. This damage shortens fibres 

with subsequent loss during flotation or cleaning operations resulting in a reduced fibre 

yield. 

Having established that exposure to ultrasound does not cut fibres, a determination of the 

exposure required to break-up or detach toner particles from fibres was undertaken. 

Previous work had not put forward a hypothesis for the interaction of ultrasound \vith fused 

toner particles. 

9.1 Estimating Ultrasound Power used in Experiments 

The power supplied to the hom is important during these experiments. Ultrasound induces 

a heating effect and this affects the extent of cavitation in water. It was therefore necessary 

to compare the amount of energy the hom delivered at different temperatures in order to 

correlate this with the available cavitation intensity. 

TR2 TR3 TR4 ........................................................... ...................................................... , .. ......................................................... 

°C PD °C PD °C PD 
1 minute 5.7 9.3 '+.3 ~ 30.7 '+.3 : "0 -.) ., 

2 minute 8.7 12 8.3 38.7 8.3 "8 -.) .i 

5 minute 18.7 9.7 12.8 8'+.3 12.8 84.3 
10 minute 25.3 1 48.3 18.5 1 141.3 18.5 : 1.+1.3 

Table 9.1.1 Average Temperature Rise and Power Demand 

Shown in table 9.1.1 is the average increase in temperature during sonication, for each 

temperature range. The column labelled ·PD' is the decrease in power demand of the horn 

as indicated by the LED power indicator of the ultrasonic generator unit. This figure is 

obtained by subtracting the initial power reading when the hom is first lowered into the 

pulp suspension, from that reading at the end of the experiment. These figures arc in \\·atts 

and represents the amount of power supplied to the piezoelectric element. but flor (r.e 

power that was radiated from the horn tip. There are energy losses im·ol\·ed in (he 

. . dOt'f· I t tOf th amount and nature of the..;c production of ultrasound, though It IS 1 lCU t 0 quan 1 y e -
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losses for a particular system. The relatl'onshl'p b t e ween Input and output powers IS 

therefore tenuous at best. 

TR2 Starting TR3 Starting TR4 Starting 
Temperatures Temperatures Temperatures 

Time minutes (18°C) (50°C) (75°C) 
1 minute 47,600 36,000 36,000 

2 minutes 73,000 70,000 70,000 
5 minutes 157,000 108,000 108,000 

10 minutes 213,000 ~ 155,000 : 155.000 
Table 9.1.2 Energy in Joules Required to Heat Pulp 

Table 9.1.2 shows the calculated energies required to heat the pulp samples to the 

temperatures shown in table 9.1, assuming that only water is present in the reaction vessel 

and that the heating is carried out under adiabatic conditions. The thermal mass of the pulp 

content has been ignored since it was only 1.5% of the bulk. The amount of energy was 

greater at lower temperatures because of the greater temperature increase. 

Shown in table 9.1.1 is the fall in demand against increase in temperature for the three 

different temperature ranges. As can be seen the temperatures of ranges 3 and -+ increased 

at the same rate. The rate of increase of range 2 was slower as in this experiment the 

temperature was controlled using an ice bath. 

The amount of electrical energy demanded by the horn is dependent on the temperature of 

the liquid being sonicated. The most efficient use of ultrasound in water has been found to 

been around 60°C.97 This corresponds most closely to the temperatures used in 

temperature range 3 experiments. 

Measurement of the effects of ultrasound can be undertaken using differenr technique~. 

including chemical dosimetry to measure the concentration of radicals presenr in the fluid 

after sonication. Dosimetry can be extended to the use of Electron Spin Resonance (ESR) 

and Nucl~ar Magnetic Resonance (NMR) to determine the effects of ultrasound in real 

time. Both NMR and ESR measure the changes in the chemical environment of hydrogen 

atoms and electrons respectively. to give an indication of the concentration of radicab 

present in the fluid. 
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In an attempt to indicate the extent of radical formation infra red spectroscopy was used. 

Cellulose, which comprises paper fibres, contains hydroxyl moieties. By measuring the 

hydroxyl signal before and after sonication it was thought possible to establish the amounts 

added to the fibre. This experiment was performed using a Breuker mR Spectroscope. 

The fibres were extensively dried, but interfering signals were larger than anv additional 
'- . 

radical activity and no useful information was obtained. 

Another method employed to determine the extent of cavitation activity was the estimation 

of damage to aluminium foil. The method entailed placing a thin metal foil holder in the 

ultrasound bath where it was irradiated with ultrasound for a knO\vn time. The foil was 

examined after sonication to determine the number and distribution of the holes produced, 

each hole being the result of a cavitation bubble collapsing. This method provided a visual 

record of the pattern of cavitation in a particular vessel. Visual inspection of the foil g:l\'e 

information about the overall activity but image analysis provided a more accurate method 

of counting the holes. The data from these experiments is given in appendix 7. 

In a variation of this technique, the foil was substituted by exposed photographic film. The 

film used was Agfa duplicating D7M film developed using Agfafix chemicals. 

A holder suspended the film 7 cm from the base of the reaction vessel. The reaction vessel 

was filled with 2 litres of distilled water and the holder placed in the water. The horn was 

lowered into a reproducible position, the tip of the horn 7 mm above the film. 

The films were sonicated for 30, 60 and 90 seconds. The temperature of the water was 

noted before and after sonication; the power supplied to the horn was noted. After 

sonication the films were removed from the holder, washed in distilled water, before being 

dried .. 

Figure 9.1.1 represents the average numbers of holes detected on the films for each 
( . . . 

. . . f hId d . d 11· ne~uly as sOnICatlOn tIme sOlllcatlOn tIme. The numbers 0 0 es etecte Increase 
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increased . Included on the graph are error bars for the stand ard deviation of the numb r of 

holes detected. 

Comparison of Hole Analysis for 30, 60 and 90 seconds 
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Figure 9.1.1 Number of Holes Detected on films after Sonication 

If each detected hole is assumed to be a single cavitation event then the total number of 

cavitation bubbles imploding on the films can be estimated at a distance of 8 mm from the 

horn. However, at close proximity, cavitation activity is so intense that the erosion of the 

developed silver surface is excessive. The film emulsion was stripped off its bacIQ ng and 

no estimate other than a visual examination of the area of the holes could be made. 

As the number of holes increases linearly with sonication time it seems reasonable to 

assume that the probability of cavitation events will remain constant. The graph obtained 

in figure 9.1.1 could be extrapolated to longer time intervals, perhaps up to 10 mi nutes 

used as the longest sonication treatment. 

It has been shown then that the use of exposed film in conjunction with transmitted light 

image analysis can quickly and accuratel y determine the nature of cavi tation in a rea tion 

vessel. The technique does have its lim itations, in that very close to the horn caviwtion 

activity tends to damage the film extensively, however a measure of the di tanc th t 

cavitation extends can be made. The furthest extent of cavitat ion activity from [he horn ha 

been made; it is approximately 10 mm with in the reaction vessel u d. Th u- the ar a of 
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cavitation extends to a depth of approximately 10 mm across the t' , , en Ire area ot the horn. 

giving a total volume subjected to cavitation of approximately 51 cm3. 

The total volume of the reaction vessel is 2000 cm3
, so while sonication occurs. onh' 

50cm
3 

of the pulp is subject to cavitation activity, around 2.5% of the reaction \'cssel. 

Sonication for 10 minutes may at first seem an excessive treatment, however as the pulp is 

constantly stirred during this treatment each fibre will receive only 600/40= 15 seconds 

sonication. For 1 minute sonication the time under the hom is 1.5 seconds. Th us. 

ultrasound can alter the particle size distributions of the fused toners after verv short 

exposure levels per cubic centimetre. 

9.2 Ultrasound Action on Fibres - Conclusions 

To investigate the extent of damage to fibres, pulped samples were sonicated for various 

times and then compared to untreated pulp. The average lengths of the fibres after both 

treatments were found to be the same; there was no cutting of the fibres during sonication. 

An unsonicated sample of pulp was refined in a laboratory refiner, (a PFr mill), and the 

fibre length distribution measured. The refiner was found to have decreased the average 

fibre length from 0.6 mm to around 0.3 mm. These shortened fibres are more likely to be 

lost in any subsequent recycling process. Retaining the length of the fibres is an important 

feature in both papermaking and recycling processes. 

To measure the damage caused by sonication to the fibres the CSF apparatus was used. 

Figure 9.2.1 shows the CSF values for the sonicated virgin pulp samples described in 

section 6.0. However, the freeness of the refined sample was found to be 116 ml. 

approximately a quarter of the value for the sonicated samples. For comparison, the 

freeness varue for the untreated (0 minutes) pulp was 607 ml, after 5 minutes treatment this 

decreased to 562 ml, decreasing slowly until 20 minutes where the value was 550 ml. This 

companspn confirms the greater extent of damage and fibrillation during mechanical 

refining. 

The sonicated samples had lower values due to the greater amount of water retaineJ \\'ithin 

the fibre. This water is associated with increased fibrillation or greater surface area of 

fibres. As can be seen in figure 9.2.1 the CSF value of the fibres decrca:;ed significantly 
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after 5 minutes sonication , but thereafte r decreased more sl owly. Th e damage au d by 

sonication onl y affects certain parts of the fibre. These areas had been ana 'ed b\' 

ultrasound afte r 5 minutes, after which there were no more sl'tes Th d present. e amaoe \\'a ,:, 

caused afte r a relatively short exposure and greater exposure did not fur her affect th 

fibres. The freeness of the sonicated pulp samples described in section \Ver al 0 

measured , figure 9.2.2 details the effe ct of sonication on these samples. 

Comparison of Sonication on Freeness 

620 -

o min 5 min 10 min 15 min 20 min 

Figure 9.2.1 Effect of Sonication on CSF value for Virgin Fibres 

The freeness values for samples taken from temperature ranges 2-4 \vere lower than the 

freeness values for virgin fibres. The fibres discussed in section 8 had been refined ; the 

control samples (0 minutes) received no sonication. Sonication of the samples lead to a 

decrease in the value of freene ss which was due mainly to increased fibrill ation of the 

fibres. 
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Figure 9.2.2 Effect of Sonication on Freeness values for TR 2, 3 and -t 

Paper fibres consist of microfibrils containing cellulose molecules \vhich are hydrophilic 

polysaccharides of repeating ~-D-glucopyranose monomer units. These polysaccharide 

chains have a strong tendency to associate with each other by fo rming inter and intra 

molecular hydrogen bonds. The hydrogen bonds between cellulose chains allow the 

microfibril to bend and provide increased strength. The cellulose chains contain reg ions of 

crystalline and amorphous cellulose, amorphous regions give the fibre flexibility. while the 

crystalline regions provide tensile strength. The overall strength of the fibres comes from 

the chains of polysaccharides. A collection of polysaccharide chai ns can be thought of a 

thread known as a microfibril , hundreds or thousands of threads are bound up to fo rm a 

strand known as a fibril. and many str~lllds form a rope or paper fibre. There can t e 

thousands of microfibrils in a paper fibre. the overall tensile strength is a result of their 

collective cohesion. 

The hydrpgen bonding characteristics of the cell wall of the fibre contribute to inter-fibr 

bonding. As a cell wall s\ve ll s it \\ill ha\'e a higher specific surface area and mor 

avai lab le for bonding to other fibre s. A poorly swollen cell \\'all \\'ill offer te\\er si - fl)r 

bonding and leads to a weaker shee t of paper being formed . 
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Fibrillation of the fibre wall occurs when a swollen fibre l'S sub' t d h' I 
~ec e to mec amca 

action.
170 

The flexibility of the fibres is increased during refining as the outer cell wall is 

. d 171 If fi' . 
stnppe away. re mmg IS too energetic or proceeds for too long a period of time t:t-.:n 

the fibres will eventually be cut.
169 

The stripping away of the fibre wall is kno\\-n as 

external fibrillation. The external fibrillation of the fibres can be thought of as the fraying 

of a rope. As one thread begins to unwind then the strength of the rope is decreased. 

The decrease in the freeness values is mainly due to fibrillation of the fibres. as seen in the 

photomicrographs 6.1.2,8.3.14,8.3.15. It was hypothesised in section 6.1 that the damage 

to fibres was due to the effect of cavitation bubbles. Whilst cavitation acti\'ity is a 

significant part of the overall effect produced by ultrasound its importance decreases at 

higher temperatures. 

The gradual, continuous reduction in CSF values found for temperature range 4 and to a 

lesser degree range 3 cannot be due to cavitation activity as the temperatures inyoh'ed are 

at or beyond the upper limit of cavitation. The question arises as to what other ultrasound 

effect could cause a decrease in freeness? 

The acoustic pressure produced by an ultrasound wave may be the answer. The acoustic 

pressure alternates at the frequency of the ultrasound and results in rapid local accelerations 

as the particles or liquid experience changes in compression and expansion. The local 

acceleration experienced by a particle is given by the equation 9.1. 

where f = frequency 
I = power density of horn (WCI11~2) 
Po= density of water, (1 OOOkg 111') 
c = sj!)eed of sound, (1480 I11S") 

I; 

g= 2nf( 211 Poc) - eqn 9.1 

Under the conditions used in this study (1=20 \Vcm·
2
). the amplitude of the \Oariable 

acceleration will be 4.2 x 106 ms·2. This acceleration is of the same order as that achie\cd 

in modern ultracentrifuges. As paper fibres are subjected to this force approximately 

40.000 times a second the local acceleration due to ultrasound is \Oery large. 
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The fibres are subjected to alternate compression d d . 
an ecompresslOn cycles: this will 

contract and restore the fibre across its narrow aspect h·' fi 
, as s O\\n m Igure 9.2.3. 

Max force 

uncompressed compressed uncompressed 

Figure 9.2.3 Changes in diameter of fibre during sonication 

The interaction with ultrasound changes the effective diameter of the fibre. The diameter 

of the fibre does change during its lifetime, but these changes are \'ery much slo\\er than 

the changes undergone during sonication.. The fibre wall can undergo chanues during 
~ ~ 

drying but these changes take minutes or hours to accomplish. 

In addition the fibre is also subject to the acoustic pressure. Using the same conditions as 

described above, the acoustic pressure developed by the ultrasonic hom in this study is 7.6 

bar. (section 7). 

This pressure also acts on the wall of the fibre, placing stresses on it which are transmitted 

to the component polysaccharide chains. 

The acoustic pressure acting upon the fibres stresses them. and exerts maximum force at 

their edges as shown in figure 9.2.3. The alternating pressure leads to a change in the wall 

structure. The force exerted at the outer edges of the fibre is repeated with such rapidity 

that it is sufficient to cause the fibrils of the fibre to begin to unravel. The unravelling 

fibrils lead to an increase in the surt:1ce area of the fibre which is indicated by decreasing 

freeness values. The wall of the fibre may also contribute to the increase in surface area as 

voids are formed its surface due to the stresses placed on it. The increase in surface area 

should lead to an increase in hydrogen bonding between the fibres. Figure 9.2.4 shows the 

burst index for 60gsl11 handsheets made with the virgin Arracruz fibres used in ~cction 6. 

The burst index takes into account variations in grammage. Sonication increased the burst 

strength of the fibres but in parallel \\ith measured CSF values. the effect !e\'elIeJ off with 

sonication time. 
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Burst and Freeness For Sonicated Virgin Kotlas Pulps 
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Figure 9.2.4 Burst index and Freeness for Sonicated Virgin Arracruz Fibres 

Additionally the burst index increased at the same rate that the freene ss decreased. Both 

burst and freeness values reached a plateau at 20 minutes sonication . The trend-line 

included within figure 9.2.4 are both exponential. The freeness decreased rapidly at fir t 

then slowed down as sonication proceeded. 

Shown in figure 9.2.5 IS the burst index for 60 gsm handsheers prepared from pul p 

described in section 7. The burst index also increased for these samples, howeve r, th 

increases came about after shorter exposure to ul trasound. 
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Comparison of Burst Index for Sonicated POW 
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Figure 9.2.5 Burst index for Sonicated Prepared Office Waste 

These fibres had been previously refined, which begins the process of fibrillation . and the 

additional treatment with ultrasound has exacerbated the fibrillation and cau ed the 

increase in burst strength. 

In conclusion, 

Sonication of the virgin fibres did not cut them, but the deformation of the fibre \va ll lead 

to an increase in fibrillation , a decrease in freeness , and a related increase in bonding 

between the fibres. 

The fibrillation of the fibres came about by the action of ultrasonic waves on the ce ll wall. 

disrupting cellulose chains and partially unravelling them. Ultrasound did not cau e 

cutting of the fibres , which retained their length, thus decreasing the probability of los -

during recy~ling. 

There was damaae caused to the fibres durina sonication. but this appeared to be limit d to 
~ ~ 

fibrillation. which actually lead to an increase in the strength properties of pape r mad 

fro m these fibres . 
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9.3.0 Ultrasound action on Fused Toner Particles - Conclusions 

It was seen in early work that ultrasound could change the particle size distribution of toner 

particles. The early systems used, described in section 7.3 to 7.6, attempted to quantify the 

exposure to ultrasound required to change the distribution. These experiments simplified 

the problem of mixed office waste by using a single toner system and one type of paper in 

order to reduce some of the errors produced by repulping a variable mix of paper and toner. 

Unfortunately the toner chosen broke down into small particles that made detection and 

counting of the particles very slow. Attempts were made to reduce the number of particles 

present (section 7.5) but the techniques used were either inefficient at toner removal or else 

removed fibres. 

Subsequent experiments were carried out using a mix of paper that included different toner 

formulations, all printed on uncoated paper. To investigate the detachment of toner 

particles using ultrasound a washing technique was adapted. This provided a simple, quick 

and effective method of removing detached particles on a laboratory scale but was 

impractical on a larger scale as too much water was required. The questions that were 

asked at the beginning of the discussion were:-

i) Are the toners broken down by ultrasound in a similar way at all temperatures or do the 

physical properties of the toner have any bearing on the nature of their break-up? 

ii) Are the toner particles detached from the fibres by ultrasound or do they remam 

attached until the particle is small enough to interact with the cavitation bubble 

directly? 

9.3.1 Break-up of Toner Particles 

In response to the first question it would appear that the particles are acted upon by 

ultrasound while still attached to the fibres. At all temperatures investigated particles were 

. -' . h' S' th' e not remo\cJ the particle.;; stIll detected atter SOnICatIOn and hyperwas mg. mce e: wer 

f'b I 0 10 k I . th t the particles shield the fibrc~ must have been strongly attached to 1 res. t is 1 e: a 

from the affects of ultrasound, and so the fibre is not subjected to the local 
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accelerations discussed in sec tion 9 1 If these III ' 
. . oca acce eratlOn did affecl the fib re !l 

would be expected tha t the toner would be released as th t"b 'b eIre VI ra ted . 

This did not occur as attached particles were detec ted aft h .' er yperwashing fo r all ultraso und 

treatments investigated. Shown in figure 9 3 1 is a co " f ' , . mpallson 0 partIcles in the too 
micron category removed by hyperwashing after sonication. The plots have a trendlinc 

fitted , which is logarithmic. The numbers of particles remo ved increased af't . ' , er so nlCa l10 n 

but up to a limiting number. This limiting number decreased as the temperature of the pu lp 

decreased. 

60r-__________ p_e_rc_e_n_lli~g~e_o_f_P_a_l~_·_1_e~s~R~e~m=0~v~e~d~m~l~O~O~m~i~cl~'o~n~C~a~~go~[~~ __ __ 

50 

13 
(50 
E 
~ 
~ 

jo 
0... 
'-
0 .' 
Q) 

io 
<l.l 
8 
Q) 

0... 

/.~ - .. . -.. - . . . -.. - ---'~ .. ". 
.. - '" -.. " .. . 

-. . - . -

• 
---.~- -

• ------- • T RI 

r 1Z2 ( I X "(') 

10 -\------ -- - ----- - --
r RJ (50 '(') 

x T 1<.4 (7'1 '<') 

o I 
0 2. 3 4 Ti me (n\ i llules) 6 7 8 l) 

Figure 9.3.1 Percentage of Particles Removed in 100 micron range 

x 

• 

• 

I 

10 

Thus, the breakdown of the toner did not occur at the same rate for all temperatures, 

Examining the two extremes of temperature, namely temperature ranges 2 and 4, whic h 

were performed at approximately 18°C and 75°C respectively, a difference cou ld be seen in 

the distributions after hyperwashing. The percentage of particles remo ved from the ulp 

was lowest fo r temperature range 2, the lowest temperature , The higher temperature range 

gave consecu tively higher removal percentages. The curve: for temperature range I , 3. 

and 4 all fo llow similar paths . This indicated that the temperature is not importanl llnce the 

glass transition temperature of the toner had been approached , The sam' data was plutLe 

on a log scale , see figw"e Y.3.L. 

1 () / 



Log plot of Particles Removed at Different Temperature 
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The gradient of each line varied with the temperature . Range 2 was performed al the 

lowest temperature, and had the shallowest slope. Ranges 3 and 4 were performed at 

higher temperatures and had steeper gradients. Examining the 25 micron category, which 

included particles fro m U to 25 microns figure 9.3.3 was produced. 
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The glass transition temperature of the toner is bet 66 
ween and 72°C. The nu mber. llf 

toner particles removed was greatest in the high t 
es temperature range, range 4 and th' 

lowest removal rate was in temperature rang 2 (1 
e ow temperature). Clear! the 

temperature of the pulp did have an effect on the eft! t" f " . 
ec Iveness 0 deinking of t ners [rom 

fibres. Temperature ranges 1, 2 and 4 all have sunilar-
gradients in figure 9.3.4, the 

exception being range 3 which has a steeper gradien t. 
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Figure 9.3.4 Log Plot of Particle Removal for Temperature Ranges 1,2,3, and 
4 for 2S micron Category 

At lower temperatures the toner particle is relatively hard and hrittle. On interacting wi th 

rigid particles the acoustic pressure displacement will cause the toner particle to crack and 

shatter as it is below its glass transition temperature. An analogy is that of toffee, another 

polymeric material, which cracks and splits when struck with a hammer. The cracking wi ll 

not necessarily lead to removal of the large toner particles and these wi]] still he attached to 

fibres . It may however lead to the release of small shar'd- like pieces. 

More efficient removaJ of toner at highcr tempcrature must be due to the changed phy ical 

characteristics of the toner. The toner becomes more phahle and le:s hritt le as til ' 

temperature increases . Forces applied to the to ner particle hy the acoustic pre 'sure wave 

would be more likely to shear than to crae or reso nate it T iL is hecJuse the to n 'I" is 

Sorter ar1d more pliable at the higher temperatures . Ultra '() ulld II tcr:.:cl lOIl \ llh "n l . 
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pliable particles would be more likely to break them up than the' t . . h . . 
In eractlOn WIt hard. nglj 

particle. 

9.3.2 Toner Particle Detachment 

To answer the second question, concerning the removal of toner particles after Creak down, 

the particles could be removed by the interaction of a cavitation bubble with the toner 

particle. Cavitation bubbles have been discussed in greater detail in section :.'+--+. A 

cavitation bubble can be formed on any surface present in the liquid. Collapsing cavitation 

bubbles produce radicals and collapse occurs near a solid surface. An asymoetric jet of 

liquid can be propelled at high speed, (-400 krn/hr), toward the surface. Get streaming) 

9.4 Further Work 

The work undertaken was performed in a batch-wise process. To facilitate the application 

of the method to an industrial situation it would have to be done in a continuous process. 

To investigate a continuous flow sonication would require the use of an annular ultrasound 

horn. This type of horn has an aperture in the centre of a titanium ring. This design 

focuses the ultrasound energy into a small area, leading to very intense ultrasound energy 

being released into the centre of the horn. Several of these horns employ;;d in series, 

possibly operating at different frequencies would improve the breakdown of different sizes 

of ink and toner particles before their removal using conventional processes. 

Higher power transducers could be used to investigate the deinking of mixed office waste. 

New transducer materials for example, Terfenol, a mix of lanthanide materials work on the 

magnostrictive principle. These materials can produce large deformations and greater 

cavitation a~tivity. Their use was restricted due to problems in crystal growth. but they are 

now becoming larger and more powerful. 

:< 

With sufficient power, sonication of the fibre suspension could be used to refine, allowing 

the pulp suspension to flow though a pipe, where it is sonicated, and then octo the paper 

machine. The drainage of the pulp on the wire is monitored using the point \\~ere the wct 

line disappears. Sonication power could be increased or decreased to bring :his line into 
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the correct position, in combination with reduction in refinl'ng powe S h .. h r. uc a m(;", od 

would maximise fibrillation necessary for good papermaking whilst minimising fibre 

damage during refining. 

Regarding the fibrillation and decrease in freeness of the fibres, further investigations of 

the effect of ultrasound on the cell wall of papermaking fibres could be undertaken. The 

surface modification of the fibres should be explored in greater detail. Size exclusion 

chromatography is a technique used to determine the size of voids in the fibres wall. The 

structure and chemistry of the cell wall is a vital part of the bleaching process. Use of this 

technique to see if voids in the fibres get larger after sonication or if sonication produces a 

new fibre surface would be a next step. 

In addition a study could be made into the use of ultrasound to assist in the bleaching 

process, by driving bleaching chemicals into the fibres wall where they \vill be more 

effectively used. The cell wall of the fibre is the point where bleaching of the fibre occurs, 

and sonication appears to affect this area. By forcing the bleaching chemicals into areas 

where they will be best used, a greater bleaching effect could be seen or at least the same 

brightness achieved with less chemical usage. 

Ultrasound can alter the zeta potential of fibres. Changing the surface charge may improve 

the adhesion of fillers to fibres, thus increasing their opacity. Fillers can stick to fibres by 

simple attraction between the polar surface of the clay and the surface of the fibre. 

Increasing the charge on the fibre may attract more filler particles, and lead to a greater 

retention rate of the filler, and a more effective use of this expensive additive. 

Overall, it has been shown that ultrasound has the ability to impkment many changes to 

fibres and particles without the addition of chemicals. It has been demonstrated that the 

time spent by each fibre or cubic centimetre of pulp, under the horn and subject to 

cavitation is very short -2 seconds for 1 minute sonication. Fibres are nor cut but are 

fibrillated, leading to an increase in strength properties, fused toner particles are broken 

down to smaller size distributions. 
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A- J 

Appendix I Temperature Range I Data 

In this daLI ICW (0) iIldic;tles tltattherc were no particics detected, a dash (-) indicates that the h;lI1dshect data \\,;IS UllIl';I(\;i1)k or the h;IIH1"hel'l 

was Ilot mcasured due to l"'mage. 

Numher' of Particles counted for hatch I 
.-------------,---------------------------------------------------------------------------------------------~.~ 

Particle size ranges in micn)Jls 

Ultrasound 0 to 25 25 to lOO 1()() to 250 50 to 450 Larger than 45() 

S I S2 53 S4 S I S2 53 S4 S 1 S2 S] S4 S I S2 S3 S4 S I S2 S ~ S 1 

o minutes 43 32 63 67 60 57 63 61 27 38 35 31 12 14 1() 17 12 6 5 4 
1 minute 66 54 65 - 123 115 115 - 38 45 31 - 5 5 4 - 5 4 :1 -
2 minute 112 132 134 73 153 222 233 151 2] 34 43 33 0 2 1 :1 1 I () () 
5 minute 99 <)0 133 119 236 222 246 246 13 17 19 18 0 1 1 0 () 0 () () 

lO minutes 225 199 376 288 288 296 428 324 13 15 14 11 0 0 0 () () 0 () () 
--_ .. -- -- -- - -- ---

Number of Particles counted for Hyperwashed batch I 

Particle size ranges in microns (Hyperwashed) 

Ultrasound o to 25 25 to 100 100 to 250 250 to 450 Larger than 450 

SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 

o mimltes 30 19 49 42 31 19 28 23 34 28 3() 25 11 7 9 7 10 3 5 , 
1 minute <) 1 1 37 10 19 22 35 12 21 31 24 17 3 . 10 8 1 1 :1 () 2 

~ 

2 minute 28 19 27 1<) 60 41 48 55 18 ]<) 1<) 18 2 1 1 1 0 0 () 

5 minute 14 15 18 25 40 58 50 42 7 17 2 4 0 3 0 1 0 0 () 

10 minutes 56 42 50 - 85 98 94 - 5 8 4 - 0 0 0 - 0 () () 
'---.- - -



Ultrasound () to 25 

SI S2 S3 S4 

() minutes 131 14() 54 -
I minute lOt) 134 109 -
2 minute 91 153 130 lYlY 
5 minute <)() 194 1()~ -
1 () minutes 197 128 175 ()8 

Ultrasound o to 25 
SI S2 S3 S4 

() minute 25 15 18 13 
I minute 41 21 27 20 
2 minute 18 19 73 -
5 minute 41 40 31 23 
10 minutes 21 12 15 25 

_ .. - ----

SI 

53 
133 
195 
21h 
266 

;\-2 

Appendix I Temper"attlre Range I Data 

Numher of Pa."ticles counted for hatch 2 

Pa."tide size nlllgcs in micnllls 

25 to I ()() 10() to 250 

S2 S3 S4 SI S2 S3 S4 

53 31 - 3h 39 27 -

177 15lY - 2~ 2~ 37 -
2()2 1 ()l) 1 ()2 17 22 17 17 
2()1 194 - ~ 1 1 9 -
257 302 228 5 8 9 4 

.-~.---- -_. ---

250 t() 4.')() 

SI S2 S3 

lY 13 9 
2 3 3 
3 I 4 
() () 1 
() 0 0 

Number of Particles counted for JIyperwashed batch 2 

Particle size ranges in microns 

25 to 100 100 to 250 250 to 450 
SI S2 S3 S4 Sl S2 S3 S4 Sl S2 S3 

23 13 40 29 39 44 51 30 9 19 12 
60 50 44 51 31 33 29 25 3 4 4 
44 54 79 - 1() 18 31 - 5 3 , 7 
48 75 75 66 12 6 11 10 1 2 2 
24 46 33 62 6 12 2 6 1 0 1 

-- -- --

----~~---- -

1,;11 ge! I h<lll ·liO 

S4 SI S2 S~ S·t 

- 1 I II !) -
- 2 0 0 -
2 () () 2 () 

- () () () -

() () () () () 
---- -----

Larger than 450 
S4 Sl S2 S3 S4 

12 7 3 ~ 7 
7 3 3 5 4 
- 3 3 4 -

1 0 2 () 2 
2 () () 1 I 



l Jltrasound () to 25 
SI S2 S3 S4 

() minutes ()3 4() ()() -

I minute 79 54 () 1 -
2 minute X3 Xk 74 48 
.'i lI1inute 147 12k t.>2 <)<) 

I () minutes 101 ]44 I 1 ] 141 

Ultrasound o to 25 

SI S2 S3 S4 
() minutes 25 15 18 13 
1 minute 41 21 27 20 
2 minute 18 19 55 -
5 minute 41 40 31 23 
10 minutes 21 12 15 25 

--- ---

SI 
75 
I.'iO 
204 
317 
234 

;\ -.\ 

Appendix I Tempel"ature Range I Data 

NUlllhel" of Particles counted fOl" hatch J 

Pal"ticle size nlllges in lIIitTOns 

-- -
25 to I ()() I ()() to 25() 

S2 S3 S4 SI S2 S3 S4 SI 
73 .'i<) - 42 40 45 - 12 
130 172 - 23 41 36 - 7 
IX5 lW) 175 25 20 23 45 2 
2XO 273 2()() I () 21 13 15 () 

257 243 272 4 3 1 1 () 

25() to 45() 
S' , L. S3 

X R 
7 I 
() () 

0 () 

() 0 

Numher of Particles counted for Hyperwashed hatch 3 

Particle size ranges in microns (Hyperwashed) 

25 to 100 IO() to 250 250 to 450 

S1 S2 S3 S4 SI S2 S3 S4 SI S2 S3 
23 13 40 29 39 44 51 30 9 19 12 
00 50 44 51 31 33 29 25 3 4 4 
44 54 05 - 10 18 31 - 5 3 7 
48 75 75 00 12 6 I I 10 1 2 2 
24 46 33 62 6 12 2 6 I 0 1 

, 

-- - --

Larger til;111 45() 
S4 SI S2 S3 S4 

- h 5 4 -
- () 1 1 -
3 1 I () 2 
() () () () () 

0 () 0 () () 

Larger than 450 

S4 SI S2 S3 S4 
12 7 3 X 7 
7 3 3 5 4 
- 3 3 4 -

I () 2 () 2 
2 () () 1 1 



;\-4 

Appendix 2 Telllpcl'ahll-e Range 2 Data 
In this d;IL\ zero (0) indicates that there were no particles detected, a dash (-) indicates that the h(\I1dsheet clat;\ W(\S lIIHCa(\;t\J\e ()( till' halllishect 

was not measured. 

NUlllhCI" of Par"tides cOllnted fOI" hatch I 

Particlc size ranges in microns 

Ultrasound o to 25 25 to 100 100 to 250 250 to 450 Larger than 4S() 
SI S2 S3 S4 SI S2 S3 S4 Sl S2 S3 S4 SI S2 S3 S4 SI S2 S3 84 

() minutes 45 39 48 5() 64 6~ 65 59 34 40 1<) 24 14 5 <) 11 2 3 3 4 
I minute 83 76 90 96 110 72 133 106 20 27 17 28 2 4 2 3 2 0 2 1 
2 minute 109 74 104 123 16S 121 119 209 26 16 1() 30 3 0 1 1 1 0 0 0 
5 minute 119 150 120 169 146 224 182 177 4 13 13 7 0 1 0 1 0 () () 0 
10 minutes 296 189 136 261 334 204 169 293 5 3 2 1 0 0 0 0 0 0 0 0 

-- ----- -

Number of Particl ted for H hed batch 1 
Particle size ranges in microns (Hyperwashed) 

Ultrasound o to 25 25 to 100 100 to 250 250 to 450 Larger than 450 
SI S2 S3 S4 Sl S2 S3 S4 SI S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 84 

o minutes 45 41 34 29 47 55 55 43 42 41 41 42 7 3 6 8 9 6 5 5 
1 minute 33 26 44 38 93 97 95 81 26 26 27 32 1 3 7 5 3 4 1 2 
2 minute 35 43 48 42 104 125 111 84 18 21 15 18 3 1 1 0 0 0 0 0 
5 minute 44 36 57 78 109 109 134 70 11 5 7 5 0 0 0 ·0' 0 0 0 0 
10 minutes 39 45 65 33 93 79 77 53 3 2 1 0 0 0 0 0 0 0 0 0 

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



------- ~~-- ----~-----

Ultrasound () to 25 
SI S2 S3 S4 

() minutes 47 45 50 83 
1 minute 75 108 109 108 
2 minute 155 1 17 74 79 
5 minute 1 17 106 98 121 
10 minutes 169 94 98 87 

Ultrasound o to 25 
Sl S2 S3 S4 

o minutes 22 30 47 37 
1 minute 41 57 45 31 
2 minute 45 47 20 23 
5 minute 41 32 36 38 
10 minutes 32 44 34 32 

----

SI 
66 
139 
192 
211 
206 

A-5 

Appendix 2 Tcmpenlture Range 2 Data 
Numher" of Par"tides counted for" hatch 2 

Pm"tide size nlllges in micnms 

------- - - --

25 to IO() 100 to 250 
S2 S3 S4 SI S2 S3 S4 SI 
69 83 95 28 28 27 41 7 
91 129 97 34 22 37 26 3 
169 89 153 25 14 20 25 2 
194 160 149 10 6 7 2 1 
87 144 84 4 1 1 3 0 

250 to 450 
S2 S3 
7 1 1 
5 4 
2 3 
0 0 
0 0 

Numl f Particl ted for H hed hatch 2 
Particle size ranges in microns (Hyperwashed) 

25 to 100 100 to 250 250 to 450 
SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 
35 40 69 62 31 28 34 32 10 4 3 
53 110 90 Sl 21 34 40 27 5 7 2 
134 109 37 59 25 19 5 19 3 0 1 
80 56 66 65 6 3 1 6 0 0 0 
83 63 36 45 1 1 0 0 0 0 0 

I ,argcr thllll 45() 
S4 SI S2 S3 S/1 

6 () 4 7 () 

6 () 1 4 1 
0 0 0 1 0 

0 0 0 0 0 

0 0 0 0 0 

Larger than 450 
S4 SI S2 S3 S4 
6 3 4 6 5 
4 I 3 4 2 
2 2 2 0 () 

0., 0 0 0 0 
0 0 -0 0 0 



l} I t rasoulld () to 25 
SI S2 S3 S4 

o minutes 42 42 49 55 
I minute 6() 62 87 47 
2 minute 73 104 50 59 

15 minute 172 122 175 84 
10 minutes 140 94 194 86 

Ultrasound o to 25 
Sl S2 S3 S4 

o minutes· 14 13 19 13 
1 minute 34 40 28 40 
2 minute 53 49 67 -

.5 minute 35 98 36 -

10 minutes 100 32 40 53 
--- --------- ---~-

SI 
(d 

91 
92 
162 
170 

A-() 

Append ix 2 Tem penlt lin' H.ange 2 Bat a 
Numhel' of Pal,tides counted fOl' hatch 3 

Pal,tide size ranges in micnms 

2510100 1 00 to 250 
S2 S3 S4 SI S2 S3 S4 51 
52 63 46 32 27 I 1 29 3 
91 102 114 I 1 21 21 25 3 
114 105 166 12 14 8 17 2 
157 242 105 4 1 I 12 4 1 

125 264 126 3 3 7 1 0 

250 to 450 
S2 S3 
7 8 
2 3 
2 2 
1 0 
0 0 

Numl f Particl ted for H hed batch 3 
Particle size ranges in microns (Hyperwashed) 

25 to 100 100 to 250 250 to 450 
Sl S2 S3 S4 Sl S2 S3 S4 Sl S2 S3 

30 50 51 39 32 39 29 28 4 2 5 
67 79 75 74 28 23 22 21 6 1 2 
110 90 51 - 25 15 14 - 4 2 2 
107 1 15 109 - 8 10 16 - 0 0 0 

132 82 84 88 6 1 2 3 0 0 0 
---~ ----

Larger than 450 
54 SI S2 S3 S4 
5 5 7 9 3 
7 1 I 3 5 
3 0 () 0 () 

0 0 0 0 () 

0 0 0 () 0 
~ -

Larger than 450 
S4 S1 S2 S3 S4 

4 2 3 4 4 
3 2 2 1 1 

- 0 0 () -
.. 

- 1 0 0 --
0 0 0 0 0 
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Appendix 3 Tl'llIpenlture Range J Data 
III Ihis (LII;I Il'l<l (0) illdicllcs Ih"t there were flO p;Irticies detected, ,I d<lsh (-) indicltes that the h;lI1dsllect d,ila "(IS uIHl,,,t!,,hlc ()J Ille 1);IJHj"hccl 

was no llleaSlI red. 

Numher- of Par-ticles counted for Batch I 
No or Par-ticle size nmgcs in micnms 
part iclcs 
counted 
Ultrasound o to 25 25 to 100 I ()() to 250 250 to 450 Large r t \1;111 45() 

SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S] S4 
o minutes 22 25 20 14 22 31 37 23 25 30 22 22 8 () 9 3 h ( ) 5 7 
I minute 69 72 41 64 108 128 91 94 26 25 29 17 2 4 1 3 2 1 0 I 
2 minute 86 105 101 33 121 176 112 128 7 1 1 12 18 0 2 1 0 () 0 0 () 

5 minute 67 57 51 39 155 189 134 133 6 3 4 6 0 0 0 0 0 0 0 0 
10 minutes - 48 50 65 - 90 98 168 - 53 25 13 - 0 0 0 - 0 0 0 

-- - - -

Number of Particles counted for Hyperwashed Batch 1 

No of Particle size ranges in microns (Hyperwashed) 
particles 
counted 
Ultrasound o to 25 25 to 100 100 to 250 250 to 450 Larger than 450 

Sl S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 
o minutes 25 16 13 53 23 20 35 33 28 32 36 28 9 6 8 11 6 3 3 4 
1 minute 18 27 17 34 51 65 52 53 37 28 14 25 ~ 4' "2 0 0 0 1 :1 
2 minute 15 24 22 27 71 67 81 51 10 15 9 5 1 1 1 0 0 0 0 0 
5 minute 18 16 29 17 35 42 54 57 3 3 7 0 0 0 0 0 0 0 0 0 
10 minutes 15 13 11 - 20 39 29 - 1 1 0 - 0 0 0 - 0 0 0 -

--~ 

, II 

II 



No oj 

p;lrticics 

COUll ted 
l J/ (r;ISOU Ild o to 25 

SI S2 S3 S4 
() minutes 17 29 28 14 
1 minute 56 39 21 37 
2 minute 35 67 53 -

5 minute 78 47 56 55 
I () minutes 71 55 55 58 

-- -

No of 
particles 
counted 
Ultrasound a to 25 

SI S2 S3 S4 
o minutes 31 8 15 19 
I minute 36 23 21 20 
2 minute 29 20 32 68 
5 minute 12 15 22 12 
10 minutes 9 13 29 1 1 

SI 
39 
84 
122 
170 
106 

-

i\-K 

Appcndix J Tcmpcl'atUl'c Rangc J Data 
Numher of Particles ('(HInted for Batch 2 

Par'ticle size nlllgcs in micf"(ms 

25 to 100 100 to 25() 
S2 S3 S4 SI S2 S3 S4 SI 
35 24 21 28 22 32 24 12 
77 54 89 24 25 37 35 3 
115 141 - 16 26 19 - 2 
170 148 152 11 4 4 5 0 
120 139 138 1 1 0 0 0 

25() to 450 
S2 S3 
8 11 
3 2 
1 1 
0 0 
0 0 

Number of Particles counted for lIyperwashed Batch 2 

Particle size ranges in microns (Hyperwashed) 

25 to 100 100 to 250 250 to 450 
Sl S2 S3 S4 Sl S2 S3 S4 S1 S2 S3 
25 15 17 14 30 29 31 23 14 10 6 
61 44 59 25 32 22 30 12 5 5 3 
98 74 83 62 36 21 22 33 2 1 1 
37 41 49 37 2 4 6 2 0 1 . -'0 
11 24 29 22 0 a 2 0 a 0 0 

(. 

--

~ -~~--

I ";lrgcr than 450 
S4 SI S' .... "-- S3 S4 

13 8 () 5 4 
6 5 I 1 1 
- 0 () 1 -

0 0 () () () 

0 () 0 () () 
---- --

Larger than 450 
S4 SI S2 S3 S4 
13 4 2 2 3 
2 3 2 0 () 

4 1 1 0 () 

0 0 0 0 () 

a 0 0 0 0 



No oj 

p;lrlic/cs 
cOllnlcd 
l ill rasollild () In 2~ 

SI S2 S3 S4 
() minules I () 48 33 27 
I minute 61 63 45 32 
2 millulc 45 CJ() ()5 227 
5 minute 6S 145 83 78 
10 minutes 51 68 62 37 

No of 
particles 
counted 
Ultrasound o to 25 

SI S2 S3 S4 
o minutes 29 12 24 17 
I minute 30 44 19 23 
2 minute 44 47 33 37 
5 minute 14 19 34 27 
1 (J minutes 6 9 13 11 

-

SI 
22 
136 
123 
128 
90 

1\-<) 

Appendix J Temperatlll-c Range J Data 
NlImhel- of Pal-ticles counted fOI- Batch J 

Pal"ticle size nlllges ill milTons 

2~ In 100 100 to 2~() 
S2 S3 S4 SI S2 S3 S4 SI 
36 19 26 23 34 23 29 8 
121 90 103 28 37 20 37 4 
12l) 170 221 9 19 20 30 0 
171 238 194 2 14 4 5 0 
107 99 66 0 I 0 1 0 

2~() 10 4~() 

S2 SJ 
l) 13 
1 4 
() 0 
0 0 
0 0 

Number of Partides counted for lIyperwashed Batch3 

Particle size ranges in microns (Hyperwashed) 

25 to 100 100 to 250 250 to 450 
Sl S2 S3 S4 SI S2 S3 S4 Sl S2 S3 
26 19 18 24 29 34 37 33 1 1 4 9 
52 51 31 47 22 31 18 19 3 6 4 
44 36 46 42 9 17 10 15 5 4 3 
44 30 29 35 10 2 4 3 1 1 0 
10 13 19 24 (J 0 0 2 (J o . '0 

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

-- - -._---- ------------

r ,;\rger lh;tn .lS() 

S4 SI S1 S.' S·l 
----

() I 1 7 t) lO 

2 () 0 () () 

0 () 1 () () 

0 0 0 () () 

0 0 (J 0 (J 

Larger than 450 
S4 Sl S2 S3 S4 
3 4 4 5 6 
4 3 1 2 2 
4 2 1 4 0 

0 0 0 0 0 
0 0 0 0 0 
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Appendix"", Temperature Range 4 Data 
In tllis d;Il;1 ICI() (0) indicltcs tll;lt there werc flO p;lrtic\Cs detected, a dash (-) indicltes th;1l the h;lIldsheet d;tL\ \\';IS t1ll1l';ld;lhk (ll til,' h;lIldslln't 

W,IS nol measured. 

Numher of Particles counted for Batch 1 
P:u"tide size nlilges in micnHls 

- --~ 

U I tras()u Illi () to 25 25 to I ()() 100 to 25() 250 to t150 I ,;lIgCI tll;lll ·15() 

SI S2 S] SL1 SI S2 S] S4 SI S2 S] S4 SI S2 S] S4 SI S2 S.' s·t 

() minutes 115 52 75 65 55 36 42 43 38 33 38 40 18 14 9 11 2 4 ] 10 
I minute 70 100 106 69 119 143 170 110 43 41 51 31 3 0 0 ] 0 I I () 

2 minute 261 102 275 66 345 196 372 146 69 29 74 17 1 1 0 1 0 0 () () 

5 minute ()() 147 91 lIS 233 285 237 237 19 12 23 16 1 () 0 () 0 () () () 

10 minutes 244 155 162 130 465 297 314 250 52 25 21 21 0 0 0 0 0 0 0 () 

Number of Particles counted for lIyperwashed Batch I 

Particle size ranges in microns (llyperwashed) 

Ultrasound o to 25 25 to 100 100 to 250 250 to 450 Larger than 450 
SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 SI S2 S3 S4 

o minutes 17 17 12 24 23 22 24 16 61 52 45 51 12 15 25 15 6 7 3 3 
1 minute 16 19 18 26 45 50 69 67 48 56 56 62 0 1 1 2 0 0 0 0 
2 minute 15 18 16 19 69 56 79 91 35 40 30 39 0 0 0 1 0 0 U () 

5 minute 10 12 11 14 77 74 81 83 9 9 8 25 0 0 . 0" 0 0 0 0 0 -
10 minutes 6 14 12 18 43 32 30 26 9 2 2" 7 0 0 0 0 0 0 0 () 

--_._- -~ -



lJltrilS(llllld () to 25 
SI S2 S] S4 

() III inutcs ()H ]9 46 50 
1 III i IIUIL' <n 59 71 70 
2 minute 5() t 7() 23R 115 
5 minute Y2 160 96 IH6 
10 minutes 178 100 Y6 152 

Ultrasound o to 25 
Sl S2 S3 S4 

o minutes 33 27 23 23 
1 minute 17 26 22 21 
2 minute 14 18 20 19 
5 minute 12 16 27 17 
10 minutes 10 22 13 10 

--

Sl 
29 
1 ()5 
IR7 
282 
329 

A-II 

Appendix ..t Tl'mpe,"atun' ({angl' 4 Data 
Numher of Pa,"tides counted for Batch 2 

Par"ticle size ,-anges in microns 

25 to 1 ()() 1 ()() to 25 () 
S2 S] S4 SI S2 S] S4 SI 
35 ]l) 50 34 47 31 42 23 
120 15S 140 ()5 57 5() 57 4 
307 307 203 52 5l) 76 51 5 
301 325 402 37 71 52 58 0 
279 267 341 19 14 22 16 0 

250 to 450 
S2 S] 

15 23 
() S 

0 I 
0 0 
0 0 

Number of Particles counted for Hyperwashed Batch 2 

Particle size ranges in microns (Hyperwashed) 

25 to 100 100 to 250 250 to 450 
S1 S2 S3 S4 Sl S2 S3 S4 Sl S2 S3 
16 15 21 21 45 45 47 59 22 14 19 
63 84 66 69 42 62 61 72 2 2 2 
60 92 70 66 29 32 28 28 5 2 4 
54 49 71 53 18 6 22 21 0 0 0 
49 53 41 56 2 11 5 6 0 0 0 

~----- ~- . 

-

I ~;trgcr than ~5() 
Stl SI S' , - S] S1 

15 () 13 9 12 
:3 1 2 () () 

2 () 4 () () 

0 () 0 () () 

0 0 0 0 0 

Larger than 450 
S4 S1 S2 S3 S4 
20 6 5 6 6 
6 1 0 1 1 
2 0 1 1 2 
0 0 0 0 0 
0 0 0 0 0 

- "----- . 
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Ultrasound o to 25 
Sl S2 S3 S4 

o minutes 125 - 45 50 
1 Illinute 208 - 143 142 
2 minute 116 142 172 215 
5 minute 206 169 103 150 
10 minutes 312 159 191 197 

Ultrasound o to 25 
Sl S2 S3 S4 

o minutes 35 23 27 28 
I minute 45 23 49 19 
2 minute 67 65 39 37 
5 minute 20 14 15 18 

10 minutes 17 1 1 16 1 1 

SI 
138 
324 
267 
348 
518 
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Appendix 4 Temperatm"c Rangc 4 Data 
Numher of Particles counted for" Batch 3 

Particlc size nlllgcs ill micnms 

25 to 100 100 to 250 
S2 S3 S4 SI S2 S3 S4 SI 
- 55 60 G6 - 59 58 13 
- 20R 241 5R - 41 45 2 

334 377 385 32 47 38 56 0 
300 227 320 18 15 10 13 0 
298 285 374 5 7 5 5 0 

250 to 450 
S2 S3 
- 14 
- 2 
0 0 
0 0 
0 0 

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

Numher of Particles counted for lIyperwashed Batch 3 

Particle size ranges in microns (Hyperwashed) 

25 to 100 100 to 250 250 to 450 
Sl S2 S3 S4 Sl S2 S3 S4 Sl S2 S3 
20 17 26 25 55 58 52 51 14 12 17 
79 66 70 55 31 30 32 16 1 1 2 
86 113 78 64 12 16 16 1 1 0 0 0 
64 71 58 42 7 4 1 6 0 0 {) 

28 27 36 27 0 0 1 2 0 0 0 

---_._-

Larger 1h<ll1 450 
S4 Sl S' S:3 S4 

17 4 - I :3 
2 () - () 2 
0 0 () () () 

0 0 0 0 () 

0 0 () 0 () 
- -

Larger than 450 
S4 SI S2 S3 S4 
16 4 3 2 3 
2 1 0 0 () 

0 0 0 0 () 

0 0 0 0 () 

0 J. 0 0 0 () 
---



Appendix S 

A.S.O Paper production 

During paper manufacture virgin and recycled fibres are formed into a web mat.I.~·-' The 

manufacturing processes for both fibres are the same, only the original sourc~ differs. A 

brief description of the paper production process is included in this appendix. 

A.S.I Preparation of virgin fibre. 

The main raw material used in paper manufacturer is pulp and the majority of the world':s 

pulp is produced from wood fibre. 4 Only a small percentage, approximately 50C, is 

produced from annual crops.s Fibres from these annual crops are known as non-wood 

fibres, examples include bagasse and esparto grass whilst bamboo fibres are used in 

tropical countries. Cotton and manila fibres have been traditionally used to make 

banknotes,s papers made with these fibres are exceptionally strong and durable. 

The trees used for paper production are managed like any other crop, with a longer period 

before the return on capital invested is realised. Many more trees are planted than 

harvested, they are tended and managed throughout their life cycle from seedlings to 

harvesting. 

Trees that are used in the manufacture of paper are usually haf\'ested soon after they reach 

their maximum size. Once the bark is removed from the tree it is reduced to small pieces 

known as chips. The chips are screened to remove oversized pieces and knotty material. 

Other woody material such as wood shavings and sawdust may be added. At this point the 

wood chips comprise cellulose, hemicellulose and lignin . 
.. 

Cellulose is a naturally occurring polymer, the structure of which was elucidated in 1923" 

by Purves shown in figure A.S .1. 

;\- 1.' 



Biosynthsis of Starch and Cellulose 

H HO 
CH3 

HM ~ 

0 Starch 
HO HI HO 

~ i , 
HO HO o~ HO 

0 
HO HO 

0 
0 

HO~ Cellulose 

HO 
OH 

Figure A.S.l Structure of Cellulose and Starch 7 

The empirical formula of cellulose is C6HlOOS.8 Cellulose exists as fibres in \voody plants, 

it is these fibres that are used in paper making. Hemicelluloses are branched polymers of 

the carbohydrate sugars xylose, arabinose, galactose, mannose and glucose. 

Hemicelluloses bind bundles of cellulose fibrils to form microfibrils, which enhance the 

stability of the cell wall. They also cross-link with lignin, creating a complex web of bonds 

which provide structural strength. Cellulose molecules can form hydrogen bonds between 

fibres giving the strength to the finished paper. Cellulose provides the tensile strength lIt' 

the fibre, and hemicellulose can be thought of as a 'cement' binding the fibres together. 

A-I"': 
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Cellulose Protofibrils 
bonded on their radial faces 

lignin-hemicellulose 
matrix 

hemicellulose 

Schematic representation of the ultrastructural arrangement of Cellulose lignin 
and hemicellulose in the fibre wall of black spruce tracheids. ' 

Figure A.S.2 Structure of Cellulose Hemicellulose and Lignin in Cell waUl) 

Lignin is a very complex natural polymer with many random couplings, the exact chemical 

structure is not known, The physical and chemical properties of lignin vary depending on 

the extraction technology employed, For example, lignosulfonates are hydrophilic whilst 

Kraft lignins are hydrophobic,IO Lignin is photochemically unstable and discolours on 

exposure to UV radiation and heat. turning a yellow colour, Paper made \vith fibres 

containing residual lignin will discolour on exposure to UV light. 

Pulp can be made from fibres either where the lignin has been removed or \\here it is still 

present. Pulps that are" manufactured from fibres containing lignin are knO\vn :1S 

'mechanical pulps'; those made with fibres free from lignin are known as 'chemical pulps', 

Pulp fibres. are obtained from trees - the tree specles are di\'ided into t\\l) grour~, 

hardwoods and softwoods. In sofnvoods there is virtually one type of tibre \\"ith one 

length, hardwoods contain many ditTerent types of fibre \vith long, short and thick tibres 

being pr;sent. Fibres extracted from hard\voods are nomlally shorter than those extracted 

from soft\voods, 

1\ 1 I . I 1 ,t d b\" lll"l'ndl' no fibres tlwether in order w ,cl'~lr~L? them. fhe 
IV ec lal1lCa pll ps are cre.l e . =- =- =-

. . " "S G d' od I ~(i \\') RdinL'[ \ kchanical 
major mechal1lcal pulpll1g processes are tone rolln \\0 '" " 

A-I ~ 



(RMP), Thermomechanical (TMP), and Chemithermomechanical (CT\IP) Th " . -. . e \ J.rIOU::-

production conditions employed in each process results in different lb' d d pu ps emg pro uce . 

These pulps will each be used to produce specific products. Generally. mechanical pulps 

are used for lower grade papers where permanence is not required. Mechanical pulps ha\"e 

low brightness, low strength, and contain relatively large amounts of shi\cs, or fib, ~ 

bundles. The shives are visible in the final sheet and detract from the overall quality by 

appearing as blotches. To address some of these issues of poor quality and in reSrl1llSe to 

the increased demand for papers suited to four colour printing of newspapers, the improved 

grades mentioned above were introduced. Chemithermomechanical pulp undergoes 

treatment to remove part of the lignin and is bleached to produce a brighter final sheet. 

This produces a paper that is brighter and less prone to yellowing than traditional T\IP but 

the brightness falls short of a chemical pulp. Introduction of these grades has widened the 

range of mechanical pulps allowing them into markets that were not previously open to 

them. 

In chemical pulps the lignin has been removed from the pulp by using a combination of 

heat, pressure and chemical action. The wood chips are digested at elevated pressures and 

temperatures to dissolve the lignin from the wood chips. The resulting fibre contains the 

maximum amount of cellulose. The lignin that is removed is known as black liquor and 

has a significant calorific value. This black liquor is burned to generate energy which 

partially offsets the costs of heating the digestion vessel. 

. 11 Th I h' The major chemical pulping processes are the Kraft and sulphIte process. e su p 1[-: 

process is carried out under acid, alkali, or neutral conditions. In the Kraft process the 

chips are chemically digested using a pulping liquor containing alkali and sulphur 

containing salts. This liquid dissolves the lignin and allows the fibres to be separated. 

After dio-estion the pulp is washed to remove the chemicals and the dissoh"ed lignin related 
b .. 

materials. Kraft digestion produces a pulp that is dark brown in colour which is unsuitable 

. . db' d' bad and packaaina or~!des. For use in for printing and wntmg (PW) gra es ut IS use m 0 r b b b 

printing and writing grades the Kraft pulp must be bleached, this is accomplished \\ ith 

oxidative chemicals. Traditionally chlorine based chemicals were used but recently the'.: 

are being replaced by other bleaching techniques to decrease the diluent load ~md comply 

with legislation. Globally 80% of all pulp manufactured is frl1ITI the Kraft (sulphate) 

process. II 
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The active reagents III the Kraft process are Sodium hydroxide (NaOH) and Sodium 

Suphide (Na2S) that produce the hydroxide ion and hydrosulphide ion, respecti\·ely. The 

chemistry of the Kraft pulping liquor can be described as follows:- 9 

S2- + HOH ...---.. --- SH + OH eqn .-\.,5.1 

\ - -, eq n .--\.:-._ 

Since most of the inter-unit connections within lignin are ethers, their cle3.\'age is a major 

part of the depolymerization reaction. Carbon-carbon bonds are quite stable and are not 

attacked in the reaction. 

The Sodium Sulphite process, often known as the Sulphite process. is not as widely used as 

the Kraft process for economic reasons. The pulp produced is chemically purer than that 

from the Kraft process and is easier to bleach. The process is accelerated greatly by the 

addition of expensive anthraquinone. The reactions that occur during sulphite pulping are 

sulphonation, hydrolysis and condensation. 

A.S.2 Paper manufacture 

Once the fibres have been prepared they must be formed into paper or board. Paper is a 

web of fibres held together by hydrogen bonds. l
:: The making of paper begins with the 

suspension of fibres in water, and papermaking can be thought of as the controlled removal 

of that water from the fibres. Sheets of finished paper typically contain between 5 and 10('( 

water, depending on the relative humidity of the atmosphere. 

Paper machines vary considerably in their size and design, the largest machine in the UK i~ 

at Aylesford Newsprint, where the machine is around 200m long. four storeys high. and 

'd 13 produces(paper on a reel 9.2 metres WI e. 

An integrated paper mill produces paper from pulp that is produced on the same plant. 

P I b d C
ed from dried pulp that is brought into the mill. as laths. This t: r'c aper can a so e pro u 

d '11 Pulp that is brought into a non integrated of mill is known as a non-integrate paper m1 . 

mill is known as market pulp. 
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A.s.3 Fibre modification 

Cellulose paper fibres have to be modified before use in the papermaking process. This 

modification is accomplished by swelling the fibres and increasing their surface Jre~i. 15 

The swelling and increase in surface area of the fibre is achieved by refining. Refining 

increases the ability of fibres to form bonds. Without refining, paper formed on J machine 

would not be strong enough to progress though the machine. Refining fibrillates the fibres. 

this is the partial unravelling of the cellulose fibres. The unravelling of the fibres hJS the 

effect of increasing their surface area and hence its ability to bond together. In addition to 

the formation of these fibrils, hemicelluloses present in the fibre are exposed to water and 

assist in the bonding. A refined fibre has a large surface area with hemicelluloses available 

for bonding. Fibres of this type are hydrated and are slow to release water. This is known 

as 'wet' fibre. A wet furnish is much slower to drain than one that is 'free'. The freeness 

of paper is an important characteristic in paper making. An example of a paper made with 

a heavily refined fibre is greaseproof paper. This paper is stiff, translucent. and heavy. 

This is due to the characteristics of the fibres, which have been refined excessively. and 

results in short fibres with extensive fibrillation. The result is a dense paper with few pores 

or voids in it. In contrast an example of a paper which is made from a very free pulp is 

blotting paper. Blotting paper has very little strength, is bulky and has an open porous 

structure. 

Refining paper fibres invariably shortens them and leads to the formation of fines. Fines 

are partial fibres or fragments of fibres which have an influence on the freeness of the 

paper. 1~ Fines can be lost in the virgin paper making process in the white water. Short 

fibres and fines can also be lost in the paper recycling process. where they are removed in 

the flotation or cleaning processes. The short fibres and fillers attach themselves to 

flotation bubbles and are removed from the furnish. 16 It is important to keep the fibres as 

long as possible in both the virgin and recycled papermaking process so as to retain their 

strength characteristics. 

There are two main types of refiners: conical and disc. The main element of the conical 

., . 11 t d on a shaft drive see figure .-\.5 .. \ This roll rotates in J refmer IS a tapenng ro moun e , 
. . h' Th 'nner cone can be adjusted horizontally to \<iry the 

complImentary statIOnary ouslOg. e 1 

f h t t· cone and the stationJf\' blades. The ck:lrance 
distance between the bars 0 t e ro a 109 . 
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between the two sets of bars allows the refining treatment to b . e vaned. Sto 'I f d in 0 

the narrow end of the cone and passes through the cone to th I' e arger end \\'h r h to-' i 

and then pumped to the paper machine . 

Fig A.S.3 Conical Refiner Blade 

Disc refiners have two heavy discs as the moving parts. Again one of the di c is driven. 

the other disc is stationary. Stock is fed into the centre of the disc where it i thrown 

radially outwards, refining occurs when the bars of the rowting and sta tionary di c 

interact. The extent of refining treatment can be varied by changi ng the clearance bet\Veen 

the discs. 

An important feature of recycled fibre is that it has already been through th refining 

process and require s less subsequent treatment. Recycled fibres can be formed into paper 

after the removal of ink \vith minim al refining. Usuall y onl y J eparation of th fibr 1-

required , with possibly control of fibre length . 

A.S.4 A.dditives 
Mineral fillers and non fibrous material - are added to the fi bre u:p n -i()n to modit'. · th 

properties of the p ~l per. The e non fibrou materials are kno\\ n a~ 1l1.ldi!l~. Th ' mI l ' r.ti 

fillers are cl a\·s. suc h as kaolin. or fineh' di\ 'ided cal'ium c.trbL)!lcll. . nl.)th ' r rl.)' ib ' 
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loading is titanium dioxide, which brightens the paper by absorbing ultra vioL::: fJdiation 

then re-emitting the energy as blue light. The addition of fillers coats the fibres with 

insoluble mineral pigments. This adds opacity to the fibres as well as increasing their 

brightness and softness. 

Another class of chemical that can be added is size. Sizing allows the paper to take ink 

without smearing. Without the addition of size water based inks would spread through the 

paper and cause feathering. The most common size employed used to be rosin plus 

aluminium sulphate as a mordant. However, this size was discontinued as the acidity ot 

the of the aluminium salts made it impractical to use calcium carbonate as a filler. ~eutral 

sizing is carried out today using a variety of hydrophobic chemicals, the most widely used 

are Alkyl Ketene Dimer (AKD) and Alkenyl Succinic Anhydride (ASA). AKD and .-\S:-\ 

react with the surface of the cellulose fibres and bind to it. making the fibre surface 

hydrophobic. IS These chemicals react under neutral conditions which allow the use of 

calcium carbonate fillers. 

A.S.S Paper formation (Wet end) 

After the loading has been added to the fibres, the suspension which is known as the 

furnish is directed onto the paper machine wire shown in figure A.S A. The water is 

removed first by gravity and the application of a vacuum, before passing to the drying 

section. 

To reduce the tendency of fibres to flocculate the furnish is diluted to around 1 part fibre to 

Thl'S lower consistencY" improves formation of the sheet.! The diluted 99 parts water. -

furnish is held in the machine chest, while other additives, such as dyestuffs. are 

incorporated into the furnish. The chest is kept agitated to maintain the fibres in 

. Wh 'red the stock is pumped out of the machine chest to the paper suspenSIOn. en reqUl 

machine.' The furnish is delivered to the paper machine by a flow box or headbox . 
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Figure A.S.4 Diagram of Wet end 

/ 
Vacuum 
boxes 

Rotation of 
Wire 

The headbox ensures an even formation of the paper across the web by keeping fibre~ 

dispersed until they are formed on the wire. The design of the headbox usually takes the 

form of a tapering box. Small diameter pipes deliver the stock to the base of the headbox. 

The delivery pipes vary in diameter, this prevents the fibres from flocculating bv varvin a 
- - • =:> 

the velocity of the flow of the stock. The flow of the stock onto the wire is controlled by 

an orifice at the base of the headbox known as the slice opening. The slice is wedge 

shaped with a horizontal opening at the base, and a sloping plate hinged at the top. At the 

top of the sloping plate is an adjustable stainless steel strip, known as the slice lip, whose 

function is to control the amount of stock passing onto the wire. The level of stock in the 

headbox is constantly monitored and controlled to maintain the grammage of the paper 

within accurate limits. 

The orientation of individual fibres as they leave the headbox is important to the finished 

sheet of paper. Fibres have a tendency to align themselves with the flow of stock from the 

headbox. This alignment of the fibres creates a machine direction (MD). A paper with J 

pronounced machine direction fibre orientation will have a low resistance to tearing in the 

machine direction, but a higher tearing resistance across it. The jet of stock from the , 

headbox is dependent on the pressure in the headbox. The jet \\'ire velocity r:ltio i~ used to 

measure the rvlD. A jet velocity lower than the wire \'elocity will le:ld to ,; fibres being 

aligned in the machine direction. a jet velocity greater that the wire JeaJs to a more random 

fibre orientation. and thus a more e\'en sheet of paper free from ~tD and c\.)~" directillll 

stress. 
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The stock is placed on the wire as a very dilute suspensl·on t h' . 
. 0 prevent t e stu~r.: trom 

flowing over the sides of the paper machine deckle boards are used Th " " .. i . e \\lre ~''-~' on 

modern paper machines is not made of metal, but plastic, woven into an endless belt. The 

perforations in this belt are governed by the type of stock being formed on the machine. A 

pulp that is wet will require more perforations to allow the water to tlo\v a\\'a\' Lister. 

Water drains spontaneously from the underside of the wire at first, but as the consistency of 

the stock increases then the removal of water must be assisted. The \vater is removed from 

the bottom of the wire by foils. The foils support the wire and remove water from the ba~~ 

of the wire by breaking through the surface of the water. This water runs down to be 

reused, and is known as white water as it is rich in the loading and fines. There is a limit w 

the amount of water that can be removed by gravity and foils. The drainage of the web is 

assisted by the application of vacuum. Foils encased in boxes and connected to vacuum 

pumps are used. The web, which contains around 80% water, then passes onto rolls which 

apply a partial vacuum removing the water from the web. These rolls are known as couch 

rolls, they are hollow perforated rolls that draw water from the fibre mat by vacuum. 

The paper web then moves into the press section. The purpose of the press section is to 

remove as much water as possible by the application of pressure, before the paper is heated 

to dry it. The web may be pressed against one or more felts to remove \vater. The felt is an 

endless band of fabric, originally knitted wool, but today synthetic fibres are used. \\'~lter 

is pressed out of the web and into the felts. The felt is washed and dried on its journey back 

to the paper web. At the end of the press section the web of paper contains around 35-40~ 

fibre, i.e. 60-65% water. 

A.S.6 .. Paper formation (Dry end) 
. f heated rollers to remove mure \\ater by Finally the web runs against a senes 0 steam 

. h f' I d . (J begins the paper is run through two plain rolls to evaporatIOn. Before t e Ina ryIn,::, 
'. . that the felts may have left. The dn'ing section is usually arr ,ln~ed 

remove any ImpresSIOn . 
.. b f can be fed around the section in a figure ot ci~~t 
In two tIers so that the we 0 paper 

f h 11· graded to ha\'e maximum temper~lture in th: 
arrangement. The temperature 0 t eros IS 

d f 'h This temperature gradient 
centre of the drying section, with minima at the start an lOIS. 

ensures that the web is not damaged by sudden heating or cooling. 
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The web of paper is then reeled up on steel spindles, before being ut to -i z for h 

customer. Paper is supplied as reels to large customers, for exam pIe a ne\\' paper pr --. or 

can be sheeted for use in a copier. 

Figure A.S.S Section of Dryers on Paper Machine 

.,~ 
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Appendix 6 

A.6.0 Secondary Optical Particle Detection 

There are two theories of particle sizing, the Mie and Fraunhofer. Ea h i ppli abl for 

different sizes of particles. The Mie theory applies for submicron pa rt l k IZlng an 

requires knowledge of the complete refractive index of the parti k. Th om pI 

refractive index comprises of the refractive index combined with the adso rpt ion co ffi in. 

Mie theory is only applicable to spherical mondisperse particles. Fraunhofer pa rti cle izing 

is only applicable to particles of around 2!lm, though it can be ex tended to a lo \v r \'al u 

than this. To extend the range of measurement an add itional optical ystem to the la - r 

scattering component is used. The system known as Polarisa tion lnten ity Diff r nt ial 

Scatter (PIDS), uses light of different wavelengths to obtain informati on abo ut th 

particles. 

Filter Wheel 

Figure A.6.1 

Figure A.6.1 

The filter wheel is a diffraction grating used to ob tai n the 

1· h detecto r and amp le c ll. shows a typical arrangement of the Ig t source . 
different wavele ngth. Th 

I . ed through the sample ce ll and is irradi ated . samp e IS pump 
\ 

') \ 
; -_""'t 



A.6.1 Coulter DI LS130 Particle sizer 

The th eory of lase r sca tt ering was di scussed in sec ti on ~.3 J) . La 
o 

study micron and submi cron sized particles v/hen susp nd . In hi -tu \. 

obtained from th e filtrate s of the washing process. Con rollng the LS 130 i_ . P n i m l:: 

MHz computer whil st the electronics on board the LS 30 in turn ontrol [';e id 

module (LFM). Thi s circulates the flu id around the laser diffra rion and PIO m of 

the instrum ent (Figure A.6.2). Th e large fluid mod ule is shown in figur .--\. 6 (.--\ ). th m In 

body of the machine is labe lled B. An internal viev.; of the ma hine 1- £I\'en In figur 

A .6.3. The main lens can be seen at A.6.(Z). the intern al graricle for cali bration purpO-e 

in seen at A.6.(Y). The sample ce ll is labelled .--\ .6.( \ \ } tlu id is pumped fro m th LF;"! 

into the diffraction module at X and passes up through the cell. The las ream -hine 

from left to right across the sample cell , and then on to the ma in le n. 

B 

Figure A.6.2 Laser Scattering l\Iodule 

The LFM has an ultrasound fac ili ty. to sonicate ~l ny samples that ~lr dinic I to 

Th .. also "s ci sts in the removal of air bubbl e so nl c1tlon ' 1I " 
s fr l' ll th syst m. . . ~ bubbl - Cln 

ult ot- th '" pourin cT or h~lk ing :: ll i-.1 be introdul'ed ~lS a res '- ::= ~ ~lmrl -. Th > ~C air bubbl'" 

~ lL10lllll. Thi rL1 ulcl ion \\ ill . . I . \ diqributi ol1 c I1tr J ~!~l) Cd appear as n~lrt l cles wit 1 a ncHro\ , . h' I-
t B l' . '.1:l b J \ 0 i > J . ., . s [he bubble gr~ dUJlh I-!I'-c:;'P ',\ r. change O\'e r a pe n od o t time J ~_ 

.. \.:~ 

.--\ 



by allowing a longer circulation time or by switching the pump on and off momentarih in 

order to allow the bubbles to move to the surface and burst. 

The secondary particle sizing section of the apparatus can be seen in the fig'~rc :\.6.(Q). 

The sample is pumped from the bottom to the top where it is irradiated by J tungsten lamr. 

The filter wheel produces wavelengths of 450nm (blue), 600nm (red/orange). and 900nm 

(near infra red). Particles are illuminated for a specific time and in a set sequence:-

450nm-vertical, 450nm-horizontal, 600nm-vertical, 600nm-horizontaL 900nm-\crtical. 

900nm-horizontal. 

The different wavelengths are used because submicron sized particles interact differently 

with the shorter wavelengths. For example a O.l!lill particle will interact strongly \\ith 

light of 450nm wavelength and less strongly with light of 900nm wavelength. The rc\('r~(' 

applies for a 0.4~ particle. The PIDS effect only occurs when J particle diameter is 

between 10-60% of the incident wavelength; light of 450nm provides information about 

particles with diameters of between 45-270nm. The two theories. Fraunhokr and l\lie. 

work in unison to give the distribution of submicron particles. An analogy for the PIDS 

effect is a ball floating on water. A wave travelling across the water will cause the ball to 

move up and down when viewed from the side. Viewed from a directly above it is difficult 

to resolve the vertical motion. The electrons in the particles cause polarised light to be 

scattered, observation of this scattering is made at 90Q
• 

The scatter pattern is measured by the detectors which measures the vertical and horizontal 

components of the polarisation. When subtracted from each other the net result is the PIDS 

signal. This information is combined with the scattering data to give the full particle size 

distribution of the sample. 
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Appendix 7 - Data from Analysis of Cavitation Activity on Exposed Films 

30s1 30s2 30s3 30s4 30s5 30s6 30s7 30s8 30s9 30s10 30s11 average 
Total part 0.317631 0.230397 0.467229 0.605575 0.164938 0.309502 0.307038 0.556627 0.183634 0.199644 0.175759 0.319816 
Total part, 66 46 93 160 33 62 42 39 43 53 40 61.54545 
Part Count 605010.9 438850.1 889958.7 1153474 313333.2 587961 583279 1057410 348848.6 379258.8 333889.3 608297.7 
Part Arl:a/t 4812.597 500~.62() 5023.971 3784.846 49WU32 4991.971 7310.419 14272.49 4270.549 3766.871 4393.976 5694.041 
Sd sample 6967.49 7737.126 7051.732 5856.663 8141.849 8538.017 18992.27 50443.3 12460.32 11131.15 3348.971 12788.08 
Sci pop 6914.505 7652.565 7013.717 5838.332 8017.538 8468.882 18764.81 49792.39 12314.58 11025.64 3306.844 12646.35 

1m1 1m2 1m3 1m4 1m5 Im6 1m7 1m8 Im9 average 
Total part. 0.447256 0.223772 0.529922 0.586904 2.524455 0.72965 0.720184 0.80726 0.524998 0.830893 
Total part, 401 23 41 53 138 69 100 97 78 74.875 
Part Count 849354.2 424951.4 1006462 1114686 4794220 1385686 1367710 1533075 997028.3 1577977 
Part Area/t 1115.352 9729.236 12924.93 11073.66 18293.16 10574.64 7201.843 8322.266 6730.738 10606.31 
Sd sample 4179.094 6451.614 13358.33 11731.54 59899.05 12048.99 6456.082 14850.65 8426.298 16652.82 
Sd pop 4173.88 6309.803 13194.41 11620.34 59681.63 11<)61.36 6423.721 14773.9 8372.109 16542.16 

90sr1 90sr2 90sr4 90sr5 90sr6 90sr7 90sr8 90sr9 ave 
T()Ld part O.7()2S<)8 O.S()O()S4 O.e)<)7746 OJ)6S()()<) 1.015225 1.648581 1.467624 2.04<)0 I 1.108231 
T()tal part, () 1 ()O 86 75 101 11 <) 98 146 93.25 
Part ('()Ullt 1435478 IOS421X 1313403 1251781 1933743 314()122 27<JS44CJ 3<J02837 2103378 
Part Arl:a/t 12S0 I.e) <)]34,227 8113.32 886(>.781 100SI.74 13HS3.()2 14<)7S,75 14034.32 11466.42 
Sd sample 2~N50.62 7508.573 9160.52 1 (lXXX.54 13769.47 22CJ<)t).64 1810S,71 14<m l.Ot) 

Sd P()P 28712.34 744S.73<) <Jlm.IOS IOXIS.71 13701.14 22604.!)() I X() 13.0<) 14929.7 
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