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fORE\"ORD

This thesis deals with the impro\'ement or ~hemical penetration during chemi­

m::ch:mical pulping IC:-'IP) using the ~at:lly"t anthr:lquinone I.-\Q) in ~onjunction with

v:lI'Ï:ltions in pulping process p:lr:lm.:ters. These p:lr:lm.:ters :Ir<:: wood chip thickœss.

pr.:-tre:ltrnent ag.:nts. compression ratio. hydraulic crushing of wood chips. pre-ste:lming

and evacuation. concentration or liquor chemicals. anthraquinone ch:lrg.:. and liquor

soaking time.

The work presented here is a part of a post graduatc research program sponsored

bl' the Network and Centres of Excellence. in cooperation with the Depo.rrrnent of

Chemical Engin.:ering at :-"lcGill l'niversity.

This thesis is presented in 5 chaptcrs. The introduction tO the necessity of this

rese:lrch a..d the objectives of the thesis arc presented in Chapter 1. Chapte: 2

discusses the effect of wood strucrure and its properties on a pulping process. and of

anthraquinone as a pulping redox catall'st. A literatur.: revi.:\\· pertaining to the research

involved in this thesis is also presented. Chapt.:r 3 explains the .:xp.:rimental

procedures and equipm.:nt us.:d for the compl.:tion of this project. Chapter 4 presents

the results and effects of the proc.:ss param.:ters investigated and gives a thoughtful

discussion of the b.:netits and drawbacks of these parameters. .-\ conclusion and

knowledge contribution based on th.: results of tlles.: experim.:nts is gi".:n in Chapter 5.
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Impregnation ;ma pulpin!: .:xpcrimt::-ns \\t:r..: pl:'rrl1r:.1t:d \\hilc \":.lrying scve::-:.ll pulping

paramete::-s. Expt=rime:'lts \\'ere ~:.llyzt:d in tcrms ùf :·idd~ lignin cor.tcnt. perc~nt sereen

rejects. and strcngth properties. The go~l \\'3$ t0 Jetermine optimum pulping conditions

that wou!d improve chemical impregnation. Impn:gnation is a function of perc:::nt

screen rejects: well impregnated chips have t;:wer rejects.

Cooking temperature and cooking time m:re hcld constant in J.iI experiments J.t

1ïO°C and 30 minutes. respectivcly. The liquor pH was adjusted to 7. <) J.nd J. liquor-to­

wood ratio of 6: 1 WJ.$ used. Presteaming pressure WJ.$ held constant at 138 kPJ. and

soaking temperature WJ.$ mJ.intJ.ind isothcrmOll at 90"C.

Process variables which can int1uence the chemical penetration \Vere

investigated. These are: wood chip thickness. pre-trcatrnent agents. compression ratio.

partial crushing of wood chips. and also pre-steaming and evacuation prior to chemical

treatrnent J.$ a possible method of entrapped air removal. Additional process pararneters

investigated \Vere the concentration of pulping chemicals and dosage of AQ catalyst.

The advantages provided by the usc of thinner wood chips. cOlustic pretreatrnent

and high compression prex-impregnation were contirrned for improving chemical

impregnation. The addition of SAQ catalyst te the CMP pulping process produced

pulps of unusually high screened yield tor a given lignin content. Improvements were

also observed in strength properties compared to the control cook where no SAQ \VJ.$

used.

1Il
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Les objectifs de ce travail étaient d'étudier et d'améliorer lïmprégnation de copeaux

d' épinette noire de taille normale (2 à 8 mm d'épaisseur) durant la mise en pulpe de type

CMP-AQ. L"imprégnation et la mise en pulpe ont été effectuées en faisant varier plusieurs

paramètres de mise en pulpe. Les résultats analysés ont été le rendement. la teneur en

lignine. le pourcen:age de rejets de tamis et les propriétés de résistance. Le but était de

déterminer les conditions de mise en pulpe optimales pour améliorer l'imprégnation

chimique. L"imprégnation varie en fonction du pourcentage de rejet de tamis: les copeaux

bien imprégnés présentent moins de rejet.

La température et le temps de cuisson ont été maintenus à 1iO°C et 30 minutes pour

toutes les expériences. Le pH de la liqueur a été fixé à ï.9 et le rapport liqueurlbois à 6 pour

1. La pression de vapeur a été maintenue constante à 138 kPa et la température de trempage

constante à 90°C.

Les variables influençant la pénétration chimique ont été étudiées: épaisseur des

copeaux de bois. agents de pré-traitement, rapport de compression, écrasement partiel des

copeaux. ainsi que la vaporisation et l'évacuation avant traitement chimique comme

méthode possible pour ôter l' air captif. La concentration des produits chimiques de mise en

pulpe ct le dosage du catalyseur AQ ont été également étudiés.

Les avantages fournis par l'utilisation de copeaux plus fins, le pré-traitement

caustique et le prex-imprégnation à haute compression Ont été confirmés améliorer

l"imprégnation chimique. L'addition du catalyseur SAQ au procédé Cl\1P de mise en pulpe

a produit un rendement inhabituellement haut pour un taux de lignine donné. Des

améliorations des propriétés de résistance ont également été observées par rapport à la

cuisson de contrôle où aucun SAQ n'était utilisé.

iv
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION TO PULPING PROCESSES

There are four c:negories of pulping processes. Iisted here in order of increasing

mechanical energy required to separate fibres. and dccreasing chemical actio~:

Chemical. semi-chemical. chemi-mechanical. and mechanicaI puIping. Chemical

pulping methods use chemicals to separate tibres. Mechanical pulping methods involve

shredding and defibering wood chips between the rotating discs of a device called a

refiner. and rely completely on physical action. The more chemicals are involved in

the process. the lower the yield and lignin content (chemical action degrades and

solubilizes components of the wood. especially lignin and hemicellulose) (1).

In this thesis research. the chemi-mechanical pulping ( CM? ) process was

studied. It involves steaming the wood chips for a short period of time prior to

pressurized impregnation. The chemically impregnated wood chips arc then cooked in

a digi:ster for a short period of time prior to rctining. During chemi-mechanical

pulping. using Na:SO; as a pulping chemical. the lignin and cellulose are preserved. and

only a smal: fraction of hemicellulose is lost. hnprovement in bonding strength and

fibre conformability arc observed when compared to purely mechanical pulping methods

which is due to the softening of lignin in wood and sulphonation.
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1.2 THE IMPORTANCE OF GOOD CHEMICAL IMPREGNATION

One major problem often encountered in the pulping of wood is the difficult

penetration of the cooking liquor into the wood chips. Although much work has been

put forth to investigate methods to facilitate penetration. it still warrants much anention

today. Uniform and complete penetration of cooking tiquor into the wood chips must

occur at the star! of the cook before the increasing temperature in the digester exceeds

the critical value of 140°C \vhere the undesirable lignin condensation reaction can occur.

Otherwise the unpenetrated portions of the wood chips are rejected from the process

(2). The complete penetration of the cooking liquor helps reduce the cooking time and

improves the quality. uniforrnity and bleachability of pulp (2).

1.3 Al~THR-\QUlNONE AS A PULPING CATALYST

From many technological advances in the pulp and paper industlj' in recent

years. the discovery of anthraquinone ( AQ. See Figure 1) as a pulping catalyst was one

which has had a major impact on the industry. The use of AQ has opened new

possibilities for the development of better pulping processes. AQ is an alkaline pulping

catalyst which. when added in small amounts. accelerates the pulping process

dramatically and gives a lower lignin content tor the sarDe pulp yield. thus protecting

carbohydrates from degradation (3-14).

The effect of AQ on chemi-mechanical pulping ( CM? ) has been studied by

Fleming. 1984; Tay and co-workers. 1984: Kubes and co-workers. 1993. Their

studies have shown that in a pulping yield range of 70 tO 90 percent. AQ improved the

pulping selectivity (a higher yield pulp was obtained for a given lignin content) and

pulp strength properties while saving time and energy during both cooking and refining

(4.5,12.13.14).

2
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FIGURE 1 ANTHRAQI,;INONE. "AQ"
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FIGURE 2 SODIUM SALT OF 1.4-DIHYDRO·9.IODIHYDROX....ANTHRACENE. OR "SAQ"

The main disadvantage of AQ-pulping is its inability to quickly penetrate to the

centre of the wood chips which results in nonuniformity of pulping. In mill operation.

the AQ penetration problem results in production of high screen rejects and shives.

Disodium salt of 1A-dihydro-9. 1O-dihydroxyanthracene is a soluble forro of

anthraquinone ( SAQ. See Figure 2 ) which might have an advantage over insoluble

anthraquinone ( AQ ) in high yield pulping processes. Ail experiments described in this

thesis used anthraquinone catalyst in its soluble form. to avoid any potential solubility

problem.

3
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lA SCOPE AND OBJECTIVES OF THE THESIS

The penetration problem of AQ is more pronounced for shorler cooking times.

as in the case of CMP-AQ pulping. because the AQ must reach the reactive sites faster

The penetration and optimization of AQ in CMP-AQ pulping has become an objective

of a major project intended to investigate AQ penetration into wood chips and to study

the parameters affecting ClVlP-AQ pulping in order tO obtain a higher yield and bener

quality of pulp. The scope and objectives of this thesis can be summarized as foIIows:

1. To investigate those pulping variables which can influence the chemical

penetration. such as: wood chip thickness. pre-treatrnent agents. compression ratio.

partial crushing of wood chips. and a1so pre-steaming and evacuation prior to chemical

treatrnent as a possible method ofentrapped air removal. Additional process parameters

will be concentration of pulping chemicals. soaking time. and dosage of AQ catalyst.

2. To analyze these experiments in temlS of yield. lignin content. percent screen

rejects. a.ld strength properties.

3. To evaluate the results and determine optimum CMP-AQ pulping conditions for

complete penetration of AQ into wood chips.

4
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CHAPTER II

LITER'-\.TURE REVIEW

2.1 CHAR-\CTERISTICS OF \VOOD

Black spruce wood is used in this study. Sot1woods are more suitable than

hardwoods for conventional pulping processes. \Vith tibre lengths varying from 2­

5mm. they are the preferred wood type for the industry since hardwoods have a denser

structure and shorter and less uniforrn tibres (1-2mm) (1).

Wood structure plays an important role with respect to the ease and speed of

chemical penetration. The vert:cal structure of softwoods is composeu almost entirely

of long. hollow tibres. called tracheids (see Figure 3). These tracheids have tapered

ends which close off the cavities. Transportation between tracheids occurs through

bordered pits of which there are between 50 and 300 pits per tracheid. Penetration of

liquor into the wood chips occurs almost entire1y through the tracheids and connecting

pit pores (2.15).

5



FIGURE 3 DIAGRAl"IMATIC SKETCH OF A SOFTWOOD (SMOOK, 1992)
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Wood, although very difficult to define chemically, has been classified into three

major components: extr.lctives. carbohydrates. and lignino Extr.lctives account for the

various compounds that can be removed with organic solvents (2% to 10% of the wood

weight) (1)0

Carbohydrates are found in the fibre cel! wall and are by far the most important

component of wood in the pulping processo ylaking up 60% to 80% of the total wood

weight. carbohydrates are made up ofcellulose and hemiccllulose. Cellulose determines

the character 0 f the libre ( 1) 0

Wood contains about 25~'o to 35% by weight lignin. which is concentr.lted

mainly between the tibre cells and outer layers. [t acts as a glue which cements the

fibres together. Lignin is an amorphous. highly-polymerized substance of phenyl

propane units linked together in three dimensions (1)0

6
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2.2 ANTHR-\QUI:'iONE AS A PCLP':'iC CATALYST

Quinom:s and their deri\'ati\'cs ho.\'e been studicd by many scientists in acrempts

to impro\'e pulping processcs. In 19ï:. Bach and Fidm 1161 l'ound tlm wood cellulose

was partly prorectcd l'rom alkali Jcgradation whcn trcated with :-anthraquinone­

monosulfonic o.dd ( AMS). It was also no[iccd [ho.t ddignilic::ltion rate acceler:lted.

Although these results were \'ery encouraging. the large dosage of .'\.;\IS required

made it impractico.l in industry. This rcsearch prompted other scientists to get involved

in finding practico.l applications lor quinonoid additives as pulping catalysts. Holton

(6) then discovered in 19ïï tho.t o.nthro.quinonc accelero.ted delignilication in :ùkaline

pulping of both hardwoods and softwoods. even with relo.tively smo.ll doses (0.1 % on

oven-dried wood).

Nomura and Nakamura (1 ï) were the tirst to use anthraquinone as 0. sulphite

pulping co.talyst. Their results showcd a reduction in total lignin content and

improvements in strength properties when compared to control cooks \~ith no

anthraquinone addition. at a given pulp yield. Cameron (18) then reported in 1981!hat

the anthraquinone catalyst produced el'fcctivc results in the neutral sulphite semi­

chemical (NSSC) process. Virkola et al. (19) demonstrated tho.t neutro.!-sulphite­

anthraquinone pulping couId produce liner board \\ith qu:ùity comparable to the

conventional. lower yield kraft process. Fleming et al. (5) conlirmed the virtues of

sulphite-AQ pulping using black spruce in 1984. Today AQ is used as an additive in

a number of kraft. soda and sulphite mills C~O).

ï



•

•

The: v:lrious be:nt:lilS of quinon.: :lddilions te :llkaline:. sulphile:. and NSSC

proccsscs have: include:d shone:ned cook cycles. reduced chemical consumption. higher

yidd for a given lignin content. b.:ner ble::lch:lbilily. improved pulp strength propenies

and reductions in rcline:r ene:rgy re:quiremt:nts (3·] ~). Howe:ver. most of these results

arise l'rom lowe:r yicld (up to i5%) pulping processe:s whe:re the: cooking liGuor pH

excee:ded 1O.

ln 1978. Fleming el al. (~) proposed a reduction-oxidation cycle for

anÙlr.lquinone in alkaline pulping where AQ is reduced by carbohydrates and re­

oxidized in the oxidatÎve c1eavage of lignin (Refer to Figure 4). Se:veral scientists

(Lowendahl and Samuelson. 1978 (21): Algar et:lI.. 1979 (22)) contirmed these results

and since then. many pape:rs were published on the degradation of lignin by the reduced

forms of AQ. Keskin (23) then studied the kinetics of sulphite pulping v,;th and

without the AQ catalyst in the laboratory of the McGill Pulp and Paper Research

Centre. Her results. which were obtained by pulping black spruce wafers \V;th and

v,;thout the addition of soluble anthraquinone. indicated evidence that anÙlr.lquinone

functions as a redox c:ualyst also in sulphite pulping.

UCNIH ·s· REDUCED
IN WOOO REDUCTIDN 0' l1CNIN

ACTIVE SITES •

REOUCEO SPECIES
l [o,ID

OXIOIZEO SPECIES
AC 1 0' n

•

"---/
r-~O::X:-::IO::IZ-:'(\~O-"""'\r--:W~OO:-:::D--'

c:.:.R80HVORATE$ CARIOHYDAAT[S

FIGURE 4

AQ REDOX MECHAi'lISM FOR ALKALINE PULPING OF WOOD

(Fleming et al.. 1978)
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2.3 THE R0LE Of CHIP THICK:'IIESS ON I:\IPREG:'IIATlON

Screen rejects arc thc n:sult of inadeljuate diffusion of cooking chemicals to the

centre of oversized wood chips and may bc takcn :lS :l mc:!Surc (,f impregnationo Hanon

(24) showed that screen rcjects. in con\'ention:ll pulping proccsses. are controlled by

wood chip dimensions. ln addition. Cameran ct :lI. (1S) and :'vlorin 125) showed that

anthraquinone diffuses much more slowly into chips than sodium sulphite. and Falk et

al. (3) showed that anthraquinone diffuses much more slowly into chips than sodium

hydroxide.

In anempts tO determine which wood chip dimension contrais screen rejects.

\Vearing (26) used hand-cut Balsam Fir chips and found that in alkaline sulphite­

anthraquinone pulping. screen rejects are controlled by wood chip thickness. \Vearing

also discovered that only chips thinner than 3mm produce rejects lower than 1% in AS­

AQ pulping. but that in practice. slightly thicker chips may gi\Oe similar results since

mill chips have surtboce lamellations. cracks and tissures which may act to lessen the

diffusion path.

2.4 THE ROLE Of PRETREAnIENT AGE:'IITS ON IMPROVING

IMPREGNATION

During impregnation. the following sequence of events occurs: 1) the pulping

reagent diffuses to the reaction site in the wood chip. 1) the reagent reacts \\ith the

lignin. and 3) the reaction products diffuse out of the chip (17). A homogeneous and

uniform pulp is obtained when the reaction within the wood is rate controlling.

However. when the ditTusion of the pulping reagent is rate controlling. the outer fibres

undergo extended delignitication before the inner portions of the wood chip has had the

chance to react. This leads to nonuniformly pulped wood. and hence a poorer quality

pulp (27).
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:Vlinor and Springer (:ï) found that when wood chips were pretreated with

alkali. the rat<: of diffusion into and out of the internai wood structure was increased

signiticantly. producing a mueh more uniform pulping. Theil' experiments used

matchstick-sized pieces of wood which were pre-treated with alkaline solutions and

pulped with aciditied peroxymonosulphate solutions. The pulped tibres were separated

from the incomplctdy pulped core by placing the wood stick in water. pressing it. and

stirring it with a glass rod and the extent of tiberization was measured. As a control.

water-soaked sticks were used. It should be notcd here that most of their experiments

were carried out using hardwoods (aspen. red oak).

Theil' work proved that when hardwood stieks were pre-treated with alkali. the

rate and uniformity of the peroxymonosulphate pulpmg was signiticantly impro\"ed

when compared to the water-soaked control (Refer to Tables 1 and :!). \Vhen the same

experiments were carried out using sotiwood (slash pine and white pinel. the pre­

treatrnent effect was not as clear sine<: the earlywood of softwoods is more easily

penetrated than the denser lat<,wood. An uncooked core was not readily detinable atier

pulping. even \\;th the control sticks. The ehemical penetration appeared to be more

uniform. however. through white pine than through slash pine and ddignitication \Vas

faster in the white pine sticks which were pretreated with alkali when eompared to the

control (see Table :!).
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TABLE 1 EFFECT OF PRETRL\nlE~T 0:-; PEROXY:\IO~OSl"LPH.-\ TE

PULPI:-;G OF .-\SPE~ (\I\~OR ;\~D SPRl~GER. 1993)

Pretre:l!ment Pulping Time Extem Lignin Content Yidd (%l
(hl Fiberized 1"" l (%l

NaOH 15 a >15.5 i6
24 54 6.2 (eorel 68

3.6 {tiberl
39 100 4.6 63
48 100 2.9 62

\Vater Soak 48 20 12.0 (inner core) ïï
(Control) Î.Î

l.l (liber)

Il
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TABLE 2 EFFECT OF PRETREAT:"IE:-;T ON PEROXY:\IONOSULPHATE

PULPI:-;G OF VA.RlOlS SPECIES (:\I1NOR A:'iD SPRlNGER. 1993)

Pretre:ltIuent Effec! 1%)

1

:-.;aOH Pretre:ltment
1

\Vater Soak

Lignin
Pulping Content

Species Time E:I."tent Lignin Extent
(h) Yield Fiberized Content Yield Fiberized Core Fiber

Red Oak 4S 55.1 100 Î.I 69.3 .... 20 9.4-.)

140 53.ï 100 - 64.1 55 - -

Honey 24 - 100 Î.5 . 0 16.7 -
Locust

Slash 164 59 100 3.1 60 100 - 5.3
Pine

\Vrute -., - - 15.5 . 0 19.9 -1-

Pine 100 - - 13.Î - 0 IS.3 -

., ­_.::> THE ROLE OF CHIP COMPRESSION AND CHIP CRUSHING ON

IMPREGNATION

•

ln CMP pulping. prex-impregnation (pressing the wood chips alter prestearning

using pressure by either a piston or a screw) \Vith cooking tiquor enhances the

distribution of chemical into the wood chip structure when compared to that obtained

by soaking alcne. In consequence. higher strength properties are observed (2S).
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.-\lthough compreSStLm rJ.tlos USt.:J Ir: industri;j,j :-'cn.:\\ ft.:::.it.:r:-\ and chemical

imprt::gn~tors =trc: usually in the r:mgt: ùf:: [\) :. -:! I:q l. il \\;.L.... riJunJ th~t impn:gnation

of Gme/ina Arhvrt:u using j, comprc:ssilln r~ri~) l'( ..:..~: l prL1duc::~ pulps with hight:r

H.:itn.:r .:t al. (31) us.:d high compn:%!lln '.ltIl1 pr~,,-impr~gn:ltion of black

spruce chips with sulphite and r~comm.:nd Cl1mpression ratills in the range of -+: 1 tO S: 1

foIlow.:d by Iiquid ph= cooking and dise n:rining tll imprlw,: t.:ar index and w.:t w.:b

prop.:Itks. High compression can ha..e ad..erse arreclS on physical prop.:rti.:s. in

panicular t.:ar ind.:x. as shown by :-'!ich;ùowicz 1321. Hll\\e...:r. using photomicrographs

of cross-sections of black spruc.: chips thal were either soak impregnat.:d or press­

impr-.:gnated. H.:itn.:r et al. (31) showed lhat e"en at the extreme cl1mpression ratio of

S: 1. the fibr.: wall was ddorm.:d consid.:r.lbly anJ the Iibre~ partially separated. but no

.:..idenc.: of tibre cuning was obser...:J (SCC Figures 5 and 6).

~ ""- ...
~ •

.~
..

..." , r -
Y~ - 1 ,. ,
Ji. .,-\,

I~, 1 . -...

FIGURE 5

SOAK-IMPREG:",\TED CHIPS

Heitner et al•• 1985

FIGVRE 6

HIGH CO~IPRESSIO:-; PREX-I~IPREG:-;.-\TED CHIPS

Heitner et al.• 1985

•

Wood chip thickn.:ss is th.: cnlica! dim.:nsion in producing uniform p.:n.:lranon

into chips in ::Ùk::Ùin.: pulping (26). Fissur.:s and micro-cracks present in the wood

structure improve penelration by increasing the a..ai!able surfac.: area of \,,\:Od in

contact \Vith th.: cooking liquor (33). Colombo el al. (34) passed wood chips throll~h

compression rolls pnor 10 kraft pulping. This improved ::ùk::ùi p.:nelraùon. in=d

screen.:d pulp yield. and reduced cooking time. without atTt:cting physic::ù pulp

properti.:s.

13
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2.6 THE ROLE OFCHIP STE.üIING AND EVACUATION ON

IMPREGNATION

\Vood is generally in a three-phase state: wood substance. water. and air. Air

is the most difficult phase ta penetrate with cooking liquor. Air. a non-condensable gas.

will be compressed as the cooking liquor proceeds inside the chip and will create an

increasing back-pressure during impregnation until mass penetration ceases altogether

(35). It is therefore vit:l1 to remove or displace the air as completely as possible in

order to achieve complete penetration. This is most commonly accomplished by either

steaming the wood chips or by wood chip evacuation (35).

Presteaming is defined as a flow of saturated steam. either at atmospheric or

superaOIlospheric pressure. through the vesse! containing the chips (35). Steaming the

wood chips is the most common method of air removal (1). This causes thermal

expansion of the air in the wood chips. removing about 25 percent of it. The increased

vapour pressure \\iIl further aid in expe!ling air from the chips. The increased

temperature also he!ps in the outward diffusion of air and the inward diffusion of water

vapour. Additionally. presteaming facilitates liquid flow and diffusion through the

wood structure by opening pit membrane pores (35).

A practical presteaming temperature is about 105 or 110 degrees Celsius.

Higher temperarures (above 120"C) would be beneticial for penetraùon. but leads to

hydrolysis of carbohydrates and condensation of lignin. both undesirable effects to pulp

quality (36).

Alm and Stockman (37) and AureIl et al. (38) used spruce heartwood chips in

sulphite pulping and found th:1t a suitable combination of steaming and pressure

impregnaùon gives the best penetration and will allow a shorter cooking ùme and more

uniform pulping.
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Experiments have shown that evacuation ~reatly increases penetration velocity.

This is because. as the wood chips become void of air. back-pressurc of the entrapped

air is eliminated. Aiso. a resulting pressure differential causes forced liquid flow.

Numerous studies have indicated that evacuation is the most efficknt method for

removing air from wood chip voids (2.39.-10). However. very low pressures (i.e. below

40 mrnHg) must be used to achieve aimost complete penetration. y!any impregnators

and digesters are not bui!t to withsrand vacuum. and therefore this method has remained

at the laboratory stage.

2.7 THE ROLE OF CHEMICALS ON IMPRO\llNG PULP PROPERTIES

Impregnating wood chips \Vith sulphite improves physical pruperries of rermer

mechanical pulps (41). Atack et al. (42) found that when black spruce is treated with

different types of sulphite liquor. its softening temperature is reduced. Therefore. at a

given refiner energy input. pulps produced l'rom sulphonated black spruce should have

superior characteristics to those of corresponding unchemically treated black spruce.

Heimer and Hatrula (43) pulped Norway spruce wooù chips in sodium sulphite

solution at concentrations in the range of 63-126g/L for 30 minutes at temperarures

beLWeen 130 and 160 degrees Celsius. They conc1uded thatthe softening temperarure

and irreversible softening of lignin incrcased th~ extent of tibre collapse and interfibre

bonded area (see Figures 7 :!I1d 8).

Heimer and Hatrula conc1uded that when the sulphonate content is increased to

325mmol/kg. the handsheet density and breaking lcngth double. These results \Vere due

to the fivefold increase in breaking length of the long tibre fractions.

15



•

•

•

FIGURE 7 LOW SULPHONATION CMP HANDSHEET EXHIBITS LARGE

AMOUNT OF UNCOLLAPSED AND PARTIALLY COLLAPSED FffiRES

Heitner and Hattula, 1988

FIGURE 8 mGH SULPHONATION CMP HANDSHEET EXHIBITS

MOSTLy FULLY COLLAPSED FIBRES

Heitner and Hattula, 1988
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2.8 THE ROLE Of SOAKING TIME ON IMPROVING

IMPREGNATION

After preste:llm:d wood chips :lrc comprcsscd :lnd submcrgcd into the

impregnating liquor. chemicals can impregnare the wood structure by penetration and

diffusion. Penetration is a fast process and it takes place tirst. fol1owed by a much

slower diffus;on process.

Morin (25) showed that more than 50% of the overall impregnation was reached

after only two seconds of liquor soaking. After the rapid mass penetration was

completed. chemicai intake slowed and diffusion dominated. Therefore. after the initial

2 seconds. the impregnation rate slowed substantially.

However. bcre:>sing the soaking time improved the average AHQ and sulphite

penetration. Morin found that this improvement was the result of a longer lime aIlowed

for diffusion but that after 20 minutes. the soaking time effect was no longer significant.

17
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CHAPTERID

MATERIALS AND METRODS

3.1 EXPERIMENTAL PARAMETERS

3.1.1 WOOD

Black spruce wood containing 29.3% lignin was used in this study. It arrived at the

Pulp and Paper Research Institute ofCanada (pAPRICAN) and had been harvested !Tom one

single geogtaphical10cation. TIùs limited the variations in the species due to different growth

soi1s or growth c1imates. The wood was debarked, chipped and screened to Iemove over­

sized chips (greater than 8mm thick), under-sized chips (Iess than 2mm thick) and knots.

Wafer wood chips.(less than 1mm thick were also made !Tom this supply.

A portion ofthe wood chips was c1assified using a Domtar chip classifier into four

categories: less than Imm thick chips (wafers, screened for pin chips and sawdust), 2-4mm

thick chips, 4-6mm thick chips and 6-8mm thick chips. These four denominations were used

to observe the effects of chip thickness in the CMP-AQ pulping process. For ail other

experiments, 2-8mm thick wood chips were used, which is typical ofindustrial chip thickness

ranges.

18
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3.1.2 PULPING LIQUOR

Most articles have reported sodium sulphite concentrations in the range of 63gIL

to 126gIL (8,12,13,14,43,46) during CMP pulping. In this study, impregnation and

cooking liquor concentration was maintained constant at 80gIL NaHSO) (for all

experiments except when the effect of liquor concentration was investigated with

concentrations of 60gIL NaHSO) and 10gIL NaHSO). When analyzed for sulphite. the

composition ofthe pulping liquor was 80.23gIL N~SO). This liquor concentration would

ensure a high driving force for diffusion and almost complete sulphonation. in agreement

with the work of Heitner and Hattula (43).

The pH of pulping liquor was adjusted to 7.9 with laboratory grade caustic

(NaOH) pellets. It has been observed in a previous study (14) that AQ does not behave

as a catalyst in CMP pulping below pH 7. For this reason. the neutral pH was chosen.

Most importantly, sulphitelquinone pulping at pH 7 to 8 reveals promise for producing

a betler quality chemi-mechanical pulp with respect to sulphonation of wood and

brightness of pulp (14). For experiments where caustic and borol pretreatment agents

were used, the liquor pH after impregnation rose to 10.6 and 10.9, respectively.

Soluble anthraquinone was used in the form of alkaline solution of disodium salt

of 1,4-dihydro-9,10-dihydroxyanthracene ( DDA ) and its concentration was set at a

0.07% charge on oven-dried wood (for all experiments except when the effect of AQ

dosage was investigated with charges of 0.2% and 0%). Nomura and Nakamura (17)

showed beneficial effects ofAQ catalyst on CMP with 0.02% charge on oven-dried wood,

and Wang (14) proved the catalytic effect of AQ with as little as 0.01% charge on oven­

dried wood when pulping CMP black spruce wafers. However, when investigating the

effects on regular spruce chips (2-8mm) the higher AQ dose of 0.07% on wood was

chosen to observe its catalytic effect on the pulping process. The liquor-to-wood ratio

was chosen to be 6:1 on oven-dried wood. This approaches the higher extreme oftypical

industrial ratios (4:1 to 6:1) (8,12,13,17,42,43,45), butensured that the volume ofcooking

chemicals would not be a limiting factor with respect to wood penetration and difiiJsi.on.
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3.1.3 eOOKING TIME AND TEMPER~TURE

The literature (8.12.1 3.14. 31.42.43.44.45) indic:lles typical CMP pulping

temperatures in the range from 135"C 10 1i5 ne. The pulping temperature and time in

this study were maintained constant at 1iO degrces Cdsius and 30 minutes respectively.

Wang (14) found that decreasing the cooking temperature from liOoe to 150°C

produced a similar quality of pulp. However. this resulted in a slower reaction rate.

Therefore. this higher temperature was chosen to favour the chemical reaction rate and

to shorten the cooking time since low temperatures require longer cooking times which

results in a low productivity of the digester.

3.1.4 eHIP PRETREATMEi'H AGENTS

Pretreating wood chips with alkali or alcoholic solutions should increase the

permeability of the wood and hence improve the penetration of water soluble chemicals

into the wood structure. Black spruce wood chips of thicknesses ranging from 2=

to 8mrn were soaked ovemight in a 10% caustic charge on oven-dried wood. or a 10%

caustic charge contained in borol solution. Borol solution is a proprietary mi'CtUre

containing sodium hydroxide and sodium borohydride (NaSH.). a reducing agent which

may increase the catalytic etTect of AQ. Sodium borohydride \Vas also proven to

produce strong. bright chemi-mechanical pulps from both hardwood and softwood by

Ruffmi (46).

Above stated conditions were chosen based on the work of Minor and Springer

(26). They tound that changing the sodium hydroxide pretreatrnent charge between 1%

and 10% did not influence the results tor peroxymonosulphate pulping of aspen. Sïnce

they also found that softwoods (slash pine and white pinel experienced penetration

problerns in the dense latewood of the species. the stronger extreme of the sodium

hydroxide pretreatrnent charge (10%) \Vas chosen tor black spruce pretreatment.
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3.1.5 COMPRESSION R-\TIO

The extent of compression is usually measured as a compression ratio. For

example. a compression ratio of 2: 1 means that the tina! ,'olume of wood chips after

compression is hall' that of the initial volume. Compression ratios used in industrial

pulping systems are usually in the range of 2: 1 to 2.7: 1 (31). However. Heitner et al.

(31) found that impregnation of black spruce chips by sodium sulphite at compression

ratios in the range of 4: 1 to 8: 1 improved wet web properties and tear index ,~ithout

any fibre damage. A compression ratio of 4: 1 was maintained throughout the

experiments except when the eITect of compression ratio was investigated and a control

with 1: 1 compression \Vas tested along with very high compression using a hydraulic

press.

3.1.6 HYDR-\ULIC PRESSING OF THE WùOD CHIPS

It has been shown that any method which would purposely introduce cracks and

fissures into a normal chip supply would be beneticial to enhance liquor penetration

(33.34). To improve penetration. crushing the wood chips using a hydraulic press (See

Figure 9) which would open up the wood chip structures by compression should be

proven to be etTective. Pre-steamed wood chips \Vere placed in the press and :mer

compression. the chips absorbed the cooking liquor as the pressure \Vas released. A

41400 kPa hydraulic pressure \Vas used (9729 kPa on wood) and using a micrometer.

the corresponding compression ratio of 9: 1 \Vas noted.
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3.Li PRESTE.HUNG AND EVACC.HION

Wood chip steaming and evacuation have been studied as pretreatment methods

to remove non-condensable gases l'rom the wood chip structure (35--+0\.

It is of interest to compare the action of steaming the wood chips to the action

of evacuating them for chemi-mechanical-anthr::lquinone pulping. A ten minute

steaming lime at 138 kPa was maintained throughout ail experiments except when the

effect of steaming lime was investigated where no steaming and a 30 minute steaming

time were compared. Tay et al. (13) used 10 minutes steaming when investigating

sulphitelquinone chemi-mechanica! pulping of jack pine. Heitner et al. (31) used 20

minutes steaming at atmospheric pressun: when invesligating high compression chemi­

mechanical sulphite liquor impregnation of black spruce. Heitner and HanuIa (43)

steamed Norway spruce chips three limes at 300 kPa for 3 minute durations. Alm and

Stockman (38) varied steaming time l'rom 5 minutes to -+5 minutes when investigating

the penetration of sulphite cooking liquor into industrial spruce chips and found an

increase in screened pulp yield with increasing the steaming time.

SlUdies have shown that evacumion 1bdow 40 mmHg) is the most efficient

method of air removal from wood chip voids (2.39.-+0). Alm and Stockman (3ï)

investigated evacualion limes between 5 minutes and -+5 minutes but found that

evacuation had litùe effect when using moist chips. Theretore. evacualion experiments

of air-dried black spruce chips \\;th evacuation times varying from 0 tO 30 minutes

\Vere carried out. Air-dried spruce chips were placed in a tiltering tlask and vacuum

\Vas applied. Upon reaching the desired evacuation time. the liquor was torced in under

the vacuum. and soaked for 30 minutes prior to cooking.
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3.1.8 SOAKING TIME AND TDIPER-\TüRE

After presteamed wood chips are compressed o.nd submerged into the

impregnating liquor. two distinct mecho.nisms occur: The tirst one is a rapid

penetration of liquor through voids o.nd capillaries. while the other is much slower

diffusion of the chemicals through the cell \Valls. Penetration takes place fU'St. and

diffusion then takes over in the liquid penetrated areas.

To avoid diffusion as a limiting factor in the impregnaùon process. a lengthy

soaking ùme of 30 minutes was used throughout the course of experiments. Since this

is an infeasible duration for industrial purposes. soaking times of 15 o.nd 5 minutes were

also investigated to observe the effect of this variable on optimizing the pulping

process. The soaking temperature '.Vas set at 90 degrees Celsius. Woods (35) showed

that under similar presteaming conditions and using distilled water as a penetrant. the

rate of penetration was greater at 90"C tho.n at 60"C or 30"C.

3.2 IMPREGNATION AND PULPING EQUIPMENT

3.2.1 THE SPROUT-BAUER LAB IMPREGNATOR

The Sprout-Bauer Laboratory Impregnator (See Figure 10) has a liquor pre­

heater o.nd a thermostat which eo.n be operated at the desired temperature. Wood chips

are charged into the compression chamber o.nd the compression piston is advo.nced unùl

the piston closes the charging opening. The wood chips are now pre-steamed by

opening the pre-I'>eat stearn valve. Stearn at this location softens and moistens the wood

chips to prevent their brittle fracture during compression. The moisture o.nd elevated

temperature also enhance diffusion of liquor during impregnaùon.
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• After pre-ste:uning. the compression piston IS operated umi! the de~ired

compression ratio is achieved. TIlen the valves t'rom the lil.juor pre-heater to the

impregnator are opened to till the impregnator to the dcsired liquor-to-wood ratio. The

compression piston is then udvanced t0 the leti and this pushes the <:llmpressed chips

into the impregnating liquor. \\nen the chips uœ immersed in liquor. the penetr:lôon

of Iiquor through the wood voids and capil!aries. und diffusion of the chemicals through

the cel! walls occur.

After the chips have been impregnated for the desired time. the impregnator is

dcpressurized and the wood chips and liquor are col!ected.
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T : TEMPERATlJR:E SENSOR
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1 : UQUOR TANK
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3 : FILLING COMPARTME,"'ï

4 : COMPRESSION PISTON
5 : STOP PISTON

6 : PRE-STEA..'\1lNG & COMPRESSION COr.1PARTM:E:"'ï

•

• FIGURE 10: THE SPROUT-B.-\UER LABOR-\TORY IMPREG"'ATOR

(Morin. 1993)
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• 3.2.2 THE L.-\BOR.HORY OIGESTER

The cooking of the wood chips was c:uTied out in a pilot scale b:ltch digester

(See Figure 11). The digester consists of six 2.0 litre autoclaves moumed on a rotating

drum and immersed in an electrically-he:lted glycol bath. The drurn routes at 3.5

revolutions per minute which provides homogeneous cooking and optimum heat

transfer. A computer controls the temperarure of the digester and cooking time. Cooles

may be performed in two ways: \\ith a heat-up period (where time-to-cooking

temperarure is an important factor). or isothermally (where the glycol bath is preheated

to the desired cooking temperarure and the autoclaves are inserted into the digester).

•

T : 1L\fPERATURE SENSOR

1: CONDENSER

2:Ye.T

3: RarATING DRUM

4: AtrrOClAVE or 80MB

S: MOTOR & GEARSEr

6: GLYCOL BAni

7: ELEcrRICHEATER

G GASSING
VALVE

•
FIGURE 11: THE L.-\BOR.-\TORY DIGESTER

(Morin. 1993)
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ExperimenlS in this thesis were perfonned under isothermal conditions. since

pulp and paper miIls normally send impregnated wood chips 5traight to the heated

digester. The absorption of heat l'rom the glycol bath by the autoclaves lowered the

digester temperature slightly. but this was corrected by pre-heating the digester a few

degrees higher than the operating temperature. Within 3 ninutes. the digester

temperature was brought to the operating temperature.

3.2.3 THE SPROUT-WALDRON L-\.BORHORY REFINER

In mechanical pulping. dise retiners convert wood chips to pulp using

removable. rotating plates that have pronounced radial bar and groove patterns. The

Sprout-Waldron Lab Refiner is a single-rotating. 12-inch dise refiner operating under

atmospheric conditions where the rotor disc rotates against a fixed stator dise (See

Figure 12). Plate clearance is of critical importance in refiner control. A serewfeeder

introcluces wood into the op;:n eye of the refiner. As the material moves through the

refïn..:.,g zone towarcls the periphery. it is separated into ilS individual tracheicls and the

outer wall layers (lamellae) of the fibres are removed. The fibre wall structure is now

made flexible.

i i

• FIGURE 12: THE SPROUT-WALDRON L-\BOR-\TORY REFINER

(Smook. (992)
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ChellÛcaI pulps are nonnally beaten in a PFI llÛU (Norwegian Paper Industry Institute)

which is a laboratory pulp beating device. The purpose of beating is to mechanically

condition the fibres for papermaking in order to produce the greatest change in pulp

properties for a given change in freeness. However, mechanical pulps are stiff and do not

respond to the PFI mil! beating. Il was for this reason that the pulps were mechanical!y

conditioned by refining.

The refiIÙng process in this study consisted ofIWO steps, or passes, with the disc plate

clearance set at 0.023 and 0.004 inches, respectively, and three additional passes where the

dise plate clearance was set at 0.003 inches. Pulp yield was measured after the second pass.

The subsequent three passes were used tO prepare the pulp at three different freeness levels

for physical testing.

3.2.4 THE WARING BLENDER

Refiner rejects are considered to be a good measure ofchip impregnation ifthe refiner

operation can be precisely control!ed. However, a reliable operation ofa laboratory (12 inch

diameter) refiner, available for this study, was affected by man factors, such as fluctuations

in water temperature, refiner plate clearance, f10w ofchips into refiner and therefore also the

pulp consistency during refining. Instead, the method using a laboratory Waring blender for

screen rejects determination has been adopted. The cooked wood chips were blended at a

known consistency for a known period oftime and resulting pulp was then passed over a fiat

vibrating sereen, and the amount ofrejected pulp was measured.
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The conditions of blending were chosen such that the worst-case impregnation

e.xperiments (chip thickness of6-8rnm) should give about 50% rejects. A consistency of 15.3

grams ofoven-dried, impregnated and cooked wood chips in 1 litre ofdistilled water, and a

blending time of 2 minutes on the blender "medium setting was used. This gave the 6-8mm

chip thickness experiment 49.9% rejects and set precedence for aIl other experiments. From

these results, "percent sereen rejects" could be determined and used as a basis ofcomparison

for extent impregnation from experiment to experiment. This test for extent offiberization

as a measure ofimpregnation was relative, but was appropriate for this study because ofthe

considerable difference obtained between the results ofwafer wood chips and 6-8mm thick

wood chips.

3.3 ANALYTICAL METHODS

3.3.1 YIELD

Pulp yield was determined by collecting aIl pulp from the digester and measuring the

moisture content according to CPPA Standard A9. The amount ofoven-dried pulp obtained

from the initial oven-dried wood charge gave the total yield.

3.3.2 SCREEN REJECTS

To measure the rejects from the Waring Blender, the sample was placed in a reservoir

whose sereen base contained slots ten one-thousandths ofan inch thick. The vibrating motion

ofthe sereen and constant f10w ofwater into the reservoir ensured proper moong ofthe pulp

slurry. The fibres that passed through the screen and the fibres that remained on the sereen

were oven-dried and weighed. This determined the percentage ofscreen rejects.
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3.3.3 LIGNIN ANALYSIS

The analytical method for determining lignin in this study was carried out in

accordance with the CPPA Standard G.9.

3.4 PHYSICAL TESTING OF THE PULP

To characterize the pulp sampies in terms ofstrength, the traditional technique is to

compare strength test results at specified reference freeness levels, typical levels being

between 500 and 300 Canadian Standard Freeness ( CSF). Physical testing ofthe pulp was

performed on test handsheets prepared in accordance to CPPA Standard CA.

3.4.1 BREAKING LENGTH

Breaking length is the maximum (or ultimate) tensile force required to rupture the

paper test strip in terms ofa fietitious length. Breaking length is defined as the length ofa

strip ofthe paper sample that, when suspended unàer gravitational forces, would break under

its own weight. That is, the weight of the sample is equivalent to the force that would break

it. This length is reported in kilometres. Breaking length analysis was carried out in

accordance to CPPA Standard 0.6.

3.4.2 TEARING STRENGTH

Tearing strength uses a faIIing pendulum to continue a tear in the paper sample. The

force ofthe pendulum aets perpendicular to the plane ofthe sheet. The loss in energy ofthe

pendulum is related to the force required to continue the tear. Tearing strength analysis was

carried out in accordance to CPPA Standard 0.9.
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3.4.3 BURSTING STRENGTH

The principal function of t.'1e bursting test is to measure the resistance of a paper

sample to rupture. Bursting strength is determined by c1amping the sample over a rubber

diaphragm through which pressure is applied at a gradually increasing rate until rupture. The

pressure at rupture is noted. Bursting strength analysis was carried out in accordance to

CPPA Standard D.S.

3.4.4 BRIGHTNESS

Brightness is the reflectance value ofblue light with a specified spectral distribution

peaking at a wave-length of 457nm compared to that of a perfectly reflecting, perfectly

difiùsing surface. Since no physical material has such a surface, a reference material thus

ca1ibrated establishes the sca1e ofAbsolute Brightness. Brightness analysis was carried out

in accordance to CPPA Standard E.l.

A general f10wsheet outlining the experimental procedure is presented below.

Wood Chips Stearning Compression Impregnation

•

Cooking

Retining

Yieid Test

Physical Testing
.......-- ofRefined Pulp

31
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CHAPTER IV

RESULTS AND DISCUSSION

·U INTRODUCTION

The purpose of this chapter is to present the results from the experiments carried

out in this project. and to discuss the resulting pulp characteristics when process

variables are changed. Tables 3 and 4 presented below indicate the constant pulping

conèitions and pulping variables. respectively. Following these tables are the graphical

results for the pulping variables and a discussion of these results in attempts to

investigate facilitation of AQ penetration into wood chips and to study the parameters

affecting CMP-AQ pulping conditions in order to obtain a high yield and better quality

of pulp. It should be noted here that when a pulping variable produced little change

in yield. lignin content. and rejects. srrength properries were not investigated. For this

reason. srrength properries were not reported for replicates and experiments when the

following variables changed: prestcaming time. concentration of pulping chemicals.

and soaking time.

TABLE 3: CONSTAJ."iT PULPING CONDITIONS

1 Parameter
1

Condition
1

pH of Cooking Liquor 7.9

Liquor to Wood Ratio 6: 1

Presteaming Pressure 138 kPa

Soaking Temperature 90· Celsius

Cooking Time 30 minutes

Cooking Temperature 170· Celsius

..,
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TABLE 4: PULPING VARIABLES

Parameter Constant Parameters Variables

Wood Chip Thickness. mm
1 2-8 -: 1. 2-4. 4-6. 6-8

Pretreaunent Agents 1 - caustic. boro!

Compression Ratio 4: 1 1:1. 4:1. 9:1

Hydraulic Pressing. kPa - 40900

Presteaming Time. minutes 10 O. 10.30

Evacuation Time. minutes - O. 15. 30

NaHSO, Concentration. glL 80 10. 60. 80

AQ Dose. % on o.d. wood O.Oi% 0.2%. 0.Qi%. 0%

Soaking Time. minutes 30 5. 15. 30

4.2 REPRODUCIBILITY OF RESULTS

When severa! steps are in\'olved in any process. it is important to determine the

repeatability of results. Three experiments were carried out under identical conditions

on different dates. The agreement between these results is vital before any conclusions

may be drawn trom al! other experiments. Aecording to Figures 13a to 13d. agreement

between replicate experiments is quite good with respect to total yield. total lignin

content. and percent screen rejects.

A statistical evaluation of these replicates is in Appendix B. The results of this

analysis show that for a 90% Contidence Limit Oimits \Vith a given degree of

probability). the total yield is accurate to within ±0.96%. the total lignin content is

accurate to within ±0.23%. and the percent screen rejects is accurate to within ±2.81%.

Using this statistical evaluation. a basis of comparison between experiments may be

drawn to detennine whether the various pulping variables produce effects on the results.
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4.3 EFFECT OF WOOD CHIP THICKNESS

The tot:ll yidd and the [otal lignin eontent of the pulps bath show a direct

relationship ta wood ehip thiekness: as \\ood ehip thiekness inereases. sa do the yield

and lignin content when treated under identical eonditions (see Figures 1..0. and l"b).

The percent of screen rejects also tllllows this direct rdationship. Good impregnation

is a function of wood chip thickness: betler chemical impregnation occurs with thinner

wood chips.

It is evident l'rom Figure l''c that the thickest wood chips (6-Smm) were poorly

impregnated. Figure l"d shows screened yidd (total yield minus percent screen rejeclS)

versus wood chip thickness. As expected. the walÏ::r wood chips produced the greatest

screened yield. They were almost completely tiberized under the blending conditions

outlined in Chapter Ill. lt appears l'rom the n:sults demonstrated in Figures Pa ta l''d

that screen rejeclS are contralied by wood chip dimensions which continns the tindings

of Hanon (:2..J.

If controlling the levels of total lignin and percent screen rejeclS were the only

concerns. then it would appear that the thinner wood chips produce the best pulp.

However. this advantage does not adhere ta pulp strength propenies. Thinner wood

chips (less than Imm thickl rcceive greater tibre damage and cutting when being made.

Furthennore. when these wood chips are treated chemicaUy and are retined into separate

fibres. the pulp contains mostly shon. cut libres. Such fibres negatively affect breaking

length. tear and burst indices. as evidenced in Figures l"e. l"f. l''g. and l''h. Wood

chip thicknesses of :2mm ta 6mm produce the strongest pulp becausc of the longer

tibres and the acceptable level of chemical impregnation. The larger wood chips (6mrn

to Smm) produce weaker pulp because. although long tibres are present. the benefit

trom chemical impregnation is los!.
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Brightness decreases as chip thickness increases. as shown in Figure 14i. It may

be concluded. then. that brightness corresponds to rejects: as the rejects leve1 increases.

the brightness decreases. or. the brighter pulps characteristic of the thinner wood chips

presumably n:sulted from betler chemical .penetration.

The results t'rom these experiments show that impregnation is enhanced greatly

when thinner wood chips are used. but wafer wood chips. although very well

impregnated. produce weaker pulp when compared to the slightly thicker

denominations. most likely as a result of fibre damage when being made and pulp that

cont:lÏns mostly short. cut fibres. For best overall results. wood chip thicknesses of

2mrn to 6mrn should be used since an acceptable Ievel of chemical impregnation is

achieved and the long liber content maintains pulp strength.
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·U EFFECT OF PRETREADIE:\T AGE:\TS

Pretre:l!ing black spruœ \\ith caustic signitic:mtly impro\cJ tht: ,:lIt: :md

uniformity of C\lP pulping \\hcn comparcd III lhat undt:r i..h:mica! pulping conditions

\~ith no pretre:llment. Figures 15a to l5d c1early show that causlic pretreatment

produces pulps that arc e:lSily dctiberized in the Waring Blender. with a significantly

higher screened yield and Iower lignin content.

Pretreating wood chips with caustic undoubledly swelled the wood structure and

incre:lSed the permeability of pulping chemicais into the wood chips. This may be due

tO a tàciliuted p=ge of the pulping chemicals to the individual wood libres and

incre:lSed permeability oi the individual libre walls.

Borol pretreatrnent had litt!e effect on pulp properties. This is surprising since

it W:lS expected to incre:lSe the catalytic effect of anthraquinone due to the high

reducing power of sodium borohydride. Perhaps such a strong reducing agent did not

a1low anthraquinone to become oxidized and terminated the reduction-oxidation cycle

for anthraquinone.

Tear index. burst index. :md breaking length arc also improved duc to the caustic

pretreatment (Figures I5e to 15h). This is expeeted since the enhanced penetration

effect produced homogeneously impregnated wood chips :md pulp with relatively low

lignin content.

Unfortunately. Figure 15i demonstrates that when pre-treatment agents are used

(particularly pure eaustic) the brightness decre:lSes signitic:mtly. eompared to the same

pulp with no pre-trcatment. Sodium hydroxide reacts with lignin and produces

chromophores which darkens the pulp. Though the alkaline pretreated pulps sulTer in

terms of brightness. the pulps could be bleached \vith sodium hydrosulphite (27).
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The results from these experiments show that caustic pretreatment greatly

improves the homogeneity of pulping by improving the diffusion of the pclping

chemic:tls to the reaction sites. \Vhen this pretreatmem agent is used. pulps ,\ith lower

percent screen rejects. lower Iignin coment. and considerably higher strength properties

are produced.
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4.5 EFFECT OF COMPRESSION RATIO AND HYDRAULlC CRUSHING

Increasing compression ratio during impregnation from 1: 1 to 4: 1 to hydraulic

pressing at 9: 1 improved the rate and uniformity of CMP pulping. and hence pulp

properties. Total lignin content and percent screen rejects decrease "ith increasing

compression as evidenced by Figures 16b and 16c. Although Figure 16a shows a

reduction in total yield \\ith higher compression prex-impregnation. the benefits of

compression are more clearly seen by Figure 16d where screened yield is plotted

against total Iignin content. ft is obvious from this graph that a better quality of pulp

is produced when high compression is lIsed since a higher screened yield is obtained

with a lower total lignin content. 1t should also be notcd here that the compression

ratio of 9: 1 was obtained using the hydraulic press and the isothermal soaking

temperature of 90·C could not be maintained with this device. Woods (35) showed that

the rate of penetration of cooking liquor during impregnation is grea:er at 90·C than at

60·C or 30·C.

To observe whether fibre damage had occurred with high compression

impregnation (whieh would negatively affect strength properties). scanning electron

microscope photographs of both the surtàce and cross-section of a crushed wood chip

and a soak-impregnated wood chip are presented (Figures 17 to 20). \\Iben compared

to the soak-impregnated wood chip (compression ratio 1: 1). it is obvious that the

crushed wood chip exhibits partial separation of tibres and fibre wall deformation.

Sorne fibre cutting and damage is observed.

Heitner et al. (3 I) state that there are two distinct regimes of impregnation which

may be defined as the low and high compression regimes. Compression ratio of 2: 1

is a low compression prex-impregnation whereas high compression prex-impregnation

is achieved at compression ratios in the range of 4: 1 to 8: 1. They discovered that pulps

produced within the high compression rcgime (4: 1 to 8:1) have improved tear index and

breaking length compared to pulps produced within-:the low compression regime (2: 1

or soak-irnpregnated). In liddition. they showed that no loss in strength occurred as the
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compression ratio increased from 4: 1 to 8: 1 (31) .

Figures 16e 10 16h compare strength properties for compression ratios of 4: 1 and

9: I. :-.10 observable improvement in strength properties is noticed within this high

compression prex-impregnation regime. However. the benefits of a higher screened

yield pulp with a lower lignin conten, is achieved with partial crushing of the wood

chips.

It may be concluded from these experiments that compression ratios in the range

of 4: 1 to 9: 1 improve the penetration of impregnating chemicals when compared 10 soak

impregnated experiments. Scanning electron microscopie photographs of hydraulically

crushed wood chips to a 9: 1 compression ratio show tibre detormation and partial

separation \\ith sorne fibre damage. A 9: 1 compression ratio produced a b,mer qua~ity

of pulp. with a higher screened yield for a given lignin content. but without

improvement in strength properties.
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FIGURE 17: SURFACE SEM PHOTOGRAPH FOR CRUSHED WOOD CHIP

FIGURE 18: SURFACE SEM PHOTOGRAPH FOR SOAK IMPREGNATED WOOD CHIP
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FIGURE 19: CR05S-SECTIONAL SEM PHOTOGRAPH FOR CRUSHED WOOD CHlP

FIGURE 20: CROS5-SECrtONAL SEM PHOTOGRAPH FOR SOAK-lMPREGNATED WOOD CHIP
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4.6 EFFECT OF PRESTEA2"UNG TIME

\Vhen the presteaming time \Vas \"aried from lOto 30 minutes. pulp properties

remained the same. as seen in Figures 21 a to 21 d. I-1owever. when pulp \Vas produced

under identica! conditions with no presœaming. rejeclS content increased. as did lignin

content. Therefore. presteaming does enhance the impregnaùon of cooking chemica!s.

but benefits of exœnded presteaming \Vere not observed in the lOto 30 minute

presteaming interva!. This is in agreement with the findings of Alm and Stockman

(37). They discovered that percent screenings on wood was reduced significantly when

presteaming increased from 5 minutes to 20 minutes. I-1owever. increasing presteaming

trom 20 minutes to 45 minutes had very liule effect on percent screen rejects and

screened yield.

One possible explanation for these results would arise trom the mechanisms

involved in air remova! from the capillary structure of the wood chips during

presteaming. Entrapped air expands during heating which creates an interna! pressure

in the capillary structures. opening up sorne closed pit membrane pores and sorne air

is expelled. Air a!so becomes displaced by evapor:ued water. and undergoes diffusion.

either through steam or through waler. The diffusion coefficients through steam and

through water are 3.7·10·~ m~/s and 13'10'· 111=ls. respectively. at 115uC. Therefore.

diffusion through steam would dominate. l-Iowever. only part of the air can be removed

by diffusion through steam because condensing steam immediate1y tarms a water film

on the surface of the wood chip.

From tllese experiments it may be eoncluded that presteaming is beneficia! in

improving penetration of cooking liquor into black spruce wood chips during CMP-AQ

pulping. but that presteaming seems only beneticia1 during the heating-up of the chips

where air expansion and displacement occur. .-\ 10 minute presteaming time seems tO

be adequate.
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".7 EFFECT OF EVACUATION TIME

lmprovemems in C:vIP-amhraquinone pulping of black spruce are observed with

increasing evacuation time as seen by Figures 22a to 22d. A 30 minute evacuation

period significamly rcduces percem screen rejects. thcreby increasing the screened pulp

yield. This suggests that as evacuation time increases. back-pressure of the emrapped air

is reduced and the pressure differemial causes a greater forced liquid flow of

impregnation chemicals imo the wood chips.

It is surprising that. when analyzed for pulp strength properties. significant

improvements in tear. burst. and breaking length were not observcd. as shown in Figures

22e to 22h. A possible explanation tor these results may pertain to the use of air-dried

wood chips since evacuation is most effective in removing entrapped air when the wood

chips are dry (37). It has been tound that moisture content of wood chips is considered

important in sulphite pulping. Most mill experience indicates that interior quality pulp

is obtained \Vith dry wood (47). \Vhen wood chips lose moisture. the fibres collapse

which is an irreversible process. For best pulp strength properties. wood chips of 30 to

40 percem moisturc or more should be used (47). Perhaps rhe use of air-dried chips for

the evacuation experimems was detrimental to pulp strength.

It may be concluded that evacuating black spruce wood chips tor 30 minutes is

an effective method tO improve the extem impregnation. However. since evacuation has

Iittle effect \vhen using moist chips (:'> 7). and very low pressures must be used. significant

modifications to existing pulping equipment would be required to implemem this air­

removal technique in industry. Pulp strength properties appear to be negatively affected

with the use of air-dried wood chips.
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4.8 EFFECT OF PVLPING CHEMICALS CONCENTR.\T10N

The bisulphite ions (HSO;) comained in the cooking liquor combir•.: with lignin

to soften it and to render it more hydrophilic. However • a portion of sulphonated lignin

cleaves imo smaller and more solubie molecular fragments (lignosulphonates).

Bisulphite ions 0.150 hydrolyse hemicellulose imo soluble sugars. It would therefore

appear that increasing the chemical charge would also incrcase 0.11 of these reactions.

Figure 230. to 23d show that a lOgiL sodium bisulphite concentration produces pulp

high in screen rejects and lignin content. and lov," in screened yie!d when compared to

pulps produced by impregnation \Vith 60g/L or SOg/L sodium bisulphite concentrations.

This mild sulphonation undoubtedly produced very weak pulp with a large amount of

stiff. poorly collapsed tibres which comributed 10 the excessively large rejects content.

Increasing the sodium bisulphitc concentration from 60glL to SOgiL had very

Iinle effect on yield. rejects content and lignin content. Heitner and Hattula (42)

reported that with high pulping t-::mperatures. almost complete sulphonation is achieved

in the 63g!L to l26g1L sulphite concentration range. The yield of moderate to highly

(275mmoUkg to 325mmolikg) sulphonated softwood fibres depends primarily on the

temperature and pH of the sulphite treatment and is virtually independent of sulphite

concentration.

From these experiments it may be concluded that impregnating wood chips with

60g/L sodium bisulphite produces pulp with significantly fewer rcjects and Iignin

content when compared to impregnation under identical conditions with 10g/L. Unie

improvement in pulp properties are observed when this concentration increases to

SOglL.
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4.9 EFFECT OF SAQ DOSE

Total pulp yidd is dt:pt:ndent on SA.Q addition as shown in Figurt: 24a. Yield

1055 with SAQ addition is in part related lO prt:l<:rential delignilÏcation (see Figure 24b).

Peret:nt screen rejects (Figure 24c) a1so decreases with SAQ addition. Figure 24d

clearly shows the benelÏts of SAQ with respect to screened yield and totallignin content

As SAQ dose increases. a pulp of unusually high screened yield was ob,ained for a

given lignin content which agrees 'W;th the results of\Vang (14). Keskin (23) and Morin

(25).

Although the FDA restricts the arnount of S:\Q used in the pulp and paper

industty (6). 0.2% SAQ charge on oven-dried wood was tested as a ma:"imurn exrreme.

The pulp prcd.lced was tested only lor yield. lignin. and percent screen rejects for

comparison \Vith 0.07% SAQ charge anù control. As expected. the results showed a

dramaùe improvement in these pulp properties with this large dose.

Strength properties at 0.07% on oven-dried wood show improvements in burst

index. breaking length. and tear index tor a given freeness and for a given breaking

length (Figures 24e to 24h) compared to the control cook where no SAQ was used.

Addition of SAQ produees stronger pulps. This is because lignin. which interferes with

hydrogen bonding of the libres. is preferentially removed (13).

A 0.07% SAQ dose on oven-dried wood had a negligible effect on pulp

brightness. Brightness results at 400mL Canaùian Standard Freeness were reported at

46.49% and 46.96% lor pulps treated with and without SAQ. respectively. This agrees

with the work of Wang (14) who lound that neither the treatment temperature nor

presence of AQ had any effects on pulp brightness and that only increased alkalinity of

the pulping liquor darkens the pulp.
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There are several ways these results may be exploited in industf}'. depending on

the product being produced. SAQ addition benetits include shortened cooking rimes.

improved pulp strength properties through preferemial delignitication. and increased

screened yield.

63



• • •
Effect of SAQ Dose

26, 192

90
::l!0

:2 88
QI

>=
- 86
~...

84

82
0-

"""
Figure 24a

Control 0.07% 0.2%
SAQ Dose, % on oVlln-drled wood

Effetl of SAQ Dose 00 Total Yleld

;,l!

~ 25

~8 24
.!:
~23

:J
]j 22
{?

21

ftgure 24b

Control 0.07% 0.2%
SAQ Dose, % on oven·drled wood

Eltccl of SAQ Doso on Talai Lignin Coolenl

20 35
Control 0.07% 0.2%

SAQ Dose, % on oven·drled wood
Figure 24d: Effetl of SAO 0058 on SCleened Yiekl and Total Ugnin Conlenl

60, 1

;,l! 55
'Ii
;; 50
'ri
QI
c 45
QI

2!
~ 40

Control 0.07% 0.2%
SAQ Dose, % on oven·dr/ed wood

FiglH8 24c: Elfeel of SAQ Dose on Pel'Cent Saeen Rejeds

50, 1

;,l! 45

~ 40
QI..,.,
~ 35
ce30
u
en 25



• • •
Effect of SAQ Dose

,"
,,,

, .,,

4 5 6 7 8 9 10 11
Breaking length, km

'. '.7X
Q.l

-g 6

5

4 , ,
3'

3

....
m
Q.l
1-

,11 l """

10
0>
N 9
E
z 8
E

",

", .
",

",

./

",".'"",

7

6

5

4

3'/ 1

o 200 400 600 800
Canadian Standard Freenees, ml

11

1~ 1 / •
",

",
/ ",81

",

C>-C\I
Ez
E
x
Q.l
"0

0- CV, -....
m
Q.l
1-

No SAQ 0.07% SAQ. ...
No SAQ 0.07% SAQ. ...

Figure 24e: Effecl of SAQ Dose on Tear Index
Tear Index vs Canadian Slandard Freeness

Figure 24f: Effecl of SAQ Dose on Tear Index
Tear Index vs Breaking Lenglh



• • •
Effect of SAQ Dose

•
,

, ,

,,

, , ,

, ,

.', ' ..',

o 200 400 600 800
Canadian Standard Freeness, ml

5.5

0> 5
-..
N
E 4.5
CO
0-
..l<:: 4
X
ID
"0 3.5
c
..... 3~
:::J

CO 2.5

2

.....•

.....
.....

.....
.....

...........

.....

7

6

5

4

3 1 1
o 200 400 600 800

Canadian Standard Freeness, ml

11 L~-----------' 1

10

~ 9
..c:
15> 8
c
~
Cl
C
~
co
~

a:J

'"'"

No SAQ 0.07% SAQ. ...
No SAQ 0.07% SAQ. ...

Figure 24g: Effect of SAQ Dose on Breaking Length
Breaking Length vs Canadlan Standard Freeness

Figure 24h: Effect of SAQ Dose on Burst Index
Burst Index vs Canadian Standard Freeness



•

•

•

~.lO EFFECT OF SOAKING TIME

Aft.:r subm.:rging prcswamed and cllmpressed wood chips into the cooking

liquor. two mechanisms occur: penetr:ltion or liguor through voids and capilbries. and

diffusion of the ch.:micals through thc cdl walls. Since diffusion occurs in 0. liquid

saturatcd environment. penetration must take plac.: initially. The residence time of the

wood chips in the soaking liquor prior to cooking is signiticant. A 5 minut.: soaking

time produced pulp high in percent œjects and lignin content. Soaking times of 15 and

30 minutes produced similar results with respect to total yie1d. total lignin content.

percent screen rejects and therefore. screen.:d yield.

Morin (43) show.:d that over 50% of the ovcrall impregnation was achieved mer

the initial tWO seconds of liquor soaking. After the penetration was completee!.

chemical intake slowed and diffusion dominated. Theretore. after the initial 2 seconds.

the impregnation rate slowed substantial1y. l\'lorin found that al'ter 20 minutes. the

soaking time effect was no longer signilicant. Figures 250. to 25d show that a 15

minute soaking time is adequate. allowing ample time lor the cooking liquor to diffuse

through the cell walls.

These results contirm the work pertormed by N.\. \Voods (1956), where he

investigated percent penetration tor varying presteo.ming time and varying soaking time.

For 10 minutes presteo.ming at 138 kPa and 90"C impregnation with distilled water. 90

percent penetration was reached after 15 minutes soaking. Additionally he fOWld that

the last 10 percent of penetration may be achieved with higher prestcaming pressures.

ln conclusion. percent penetration consists of mass penetration. which is

completed in the initial seconds of soaking. and diffusion which takes place

subsequently. The benelits l': extending soaking time is signiticant in the tirst 15

minutes. After this time. diffusion slows dramatically and is no longer significant.

67



• • •
Effect of Soaking Time

30 minutes

6 minutes
21

6 minutes 16 minutes
Soaklng Tlme, minutes

FigUle 25<1: Effect of Soaking Tune on SCteened YMlId

60

16 minutes 30 minutes
Soaklng Tlme, minutes

FtgUI825b Erreel of SoaJt:ing TIlll8 00 Total Ugnin Coolenl

26. 1

;;!:
"tÏ 46

~ 40
'C
2! 36
QI

l!! 30
u

1/)
26

20

::l!o

126

8 24

.=g, 23
:::i
B22
(!.

6 minutes

6 minutes 16 minutes 30 minutes
Soaklng Tlme, minutes

Effett of Soa.... .g Tlffi8 on fOial Y.ekl

16 minutes 30 minutes
Soaklng Tlme, minutes

Fig",e 250: Effecl of SoaIOOg Tome on Percenl sa.en R.jecl.

::l! 60
o

~ 46
QI
'Qi' 40
Ir:
c 36
QI

l!! 30
u

1/) 26

20

92

90
::l!0

:Ë 88
QI

>=
J9 86
0...

84

82
0-
00

figure 25a

66



•

•

•

CHAPTER V

CONCLUSIONS

5.1 CONCLUSIONS

The effects of sorne pulping variabks wcre in'-esligaled 10 improve the

penetration of chemicals during CMP-AQ pulping. The conclusions of this sludy may

be summarized as follows:

1) Impregnation is enhanced greatly when lhinner wood chips are used. bUl wafer

wood chips. although very weIl impregnaled. produce weaker pulp when compared to

the slightly thicker denominations. mosl likely as a result of libre damage when being

made and pulp that contains moslly short. CUI libres. For besl overaIl results. wood

chip thicknesses of 2mm to 6mm should be used sinc.:: an acceplabk level of chemical

impregnation is achieved and the long liber conlent maintains pulp strength.

2) Caustic pretreatment greatly improves the homogeneity of pulping by improving the

diffusion of the pulping chemicals 10 the reaction siles. When this pretreatrnent agent

is used. pulps with 10wer percent screen rejecls. lower lignin contenl. and considerably

hig.l:Ier strength properties are produced. Borol pretrealmenl had linle effect on pulp

properties. Perhaps the strong reducing agent sodium borohydride in borol solution did

not allow anthraquinone to become oxidi""J and terminaled the reduction-oxidation

cycle for anthraquinone.
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3) Compression ratios In the range of 4: 1 to 9: 1 improve the penetration of

impregnating chemicals when compared to soak impregnated cxperiments. Scanning

electron microscopic photographs of hydraulically crushed wood chips to a 9: 1

compression ratio show fibre deformation and partial separation v.ith some fibre

damage. A 9: 1 compression ratio produced a better quality of pulp in terms of screened

yield and total lignin content. but no improvemem in stregnth properties was observed.

4) Presteaming is beneficiJ.! in improving penetration of cooking liquor into black

spruce wood chips during CMP-AQ pulping. but presteaming seems only beneficial

during the heating-up of the chips where air expansion and dispiacement occur. A 10

minute presteaming time seems to be adequate.

5) Evacuating black spruce wood chips for 30 minutes is an effective method to

improve the extent impregnation. However. since evacuation has little effect when

using moist chips. and very low pressures must be used. significant modifications to

existing pulping equipment would Ge required to implement this air-removal tecldque

in industry. Pulp strength properties appear to be negatively affected with the use of

air-dried wood chips.

6) Impregnating wood chips with 60g/L sodium bisulphite produces pulp \\ith

significantly fewer rejects and lignin content when compared to impregnation ur.der

identical conditions with IOgfl. Little improvement in pulp properties are observed

when this concentration increases to SOg/L.

7) Yield loss with SAQ addition is in part related to prefe[.~ ... tial delignification. As

SAQ dose increases. a pulp of unusually high screened.yield is obtained for a given

lignin content. Improvements are apparent in burst index. breaking length. and tear

index compared to the control cook wher( no SAQ WJ'. used. Pulps treated with SAQ

showed very little change in brightness.
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8) The benetits of extending soaking rime is signific;mt in the tirst 15 minutes. After

this lime. diffusion slows dramatically ;md is no longer significam.

5.2 CONTRIBUTIONS TO K:'iOWLEDGE

The effects of wood chip thiclmess. pretreatrnent agents. compression ratio. pre­

steaming and evacuation. sulphite charge. SAQ dose. and soaking time on CMF pulp

properties w :., me:lSured. Optimal conditions for liquor penetration into black spruce

wood cmps. ..:.Jm the results of this study. would involve the following:

- the use of thinner wood chips

- pretreatrnent with caustic solution

- prex-impregnation in the high compression regime

- presteaming for a 10 minute duration

- sulphite impregnation with 60glL sulphite solution for a 15 minute soaking

period at 90·C.

The use of SAQ catalyst may be exploited several ways in industry. depending

on the product being produced. SAQ addition benetits have included reduced refiner

energy requirements. shortened cooking times. improved pulp strength properties

through pre±èrential deligr.:tication. and increased screened yield.
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APPE:'iDIX A: EXPERIMENTAL RAW DATA

Effeer of Wooù Chip Thickncss

Chip Lignin: Yidd R~j~cts Scrc~n~d Yidd
Thickncss Klas~n+UV=Total ~/o ~:o %

wafers 20.ï3--1.49=22.22% 8..1.5% 4.4%
1 80.1%

2-4mm 21.39+2.48=23.8ï% 86.8% 21.3% 65.5%

4-6mm 21.53+2.63=24.16% 8ï.3% 34.0%. 53.3%

6-8mm 22.53+2.53=25.06% 88.9% 49.9% 1 39.0%

Effeer of Pre-Tre:lrrncnt Agents

Prerre:ltmenr Lignin: Yi~ld R~jects Screened Yield
Agent Klas~n+UV=Total % ~/o %

Caustic 19.52--2.11=21.63% 82.9% 23.6% 59.3%

Borol 21.35+1.43=22.ï8% 84.5% 34.2% 50.3%

No Pre- 22.36+1.02=24.38% 86.ï% 36.ï% 50.0%
Treatm~nt

Effect of Compression Ratio

Compression Lignin: Yiclù R~j~cts Scr~en~d Yield
Ratio Klasen+UV=Total '" 170 %d'

1:1 23.04+ 1.8ï=24.91 % 87.9% 41.7% 45.6%

4: 1 22.36+2.O:!=24.38% 86.ï% 36.'7"10 50.0%

9: 1 21.14+2.06=23.20% 85.4% 33.30/0 52.1%
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Effeet of Presteaming Time

Pre-Ste:uning Lignin: Yidd Rejects Screened Yield
Time Klasen-L'V=Total 1),' ~/o '%,"

30 minutes 21 A9+2.87=2...36% 86.5% 35.7% 50.8%

10 minutes 22.36+2.02=24.38% 86.7% 36.7% 50.0%

ominutes 23.25+1.86=25.11 % 88.2% 42.1 ~Ia 45.6%

Effect of Evacuation Time

Evacuation Lignin: Yidd Rejects Scrcened Yield
Time Klasen+UV=Total % % %

30 minutes 20.84+2.22=23.06% 8...3% 25.6% 58.8%

15 minutes 21.26"'"2.55=23.81 % 86.8% 32.8% 50.0%

ominutes 23.02+2.08=25.10% 87.6% -+4.1% 42A%

Effect of NaHSOJ Concentration

NaHSO) Lignin: Yidd Rejects Screened Yield
Concentration Klasen+UV=Totai % ~'O %

10 g/L 25.43+2.41 =27.84% 90.2% 82.3% 7.98%

60 g/L 22.88+1.95=24.83% 86A% ..2.0% 44.4%

80 g/L 22.36+2.02=24.38% 86.7% 36.7% 50.0%
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Effeet of AQ Dosage

AQ Dosage Lignin: Yidd Rejects Screened Yield
% on od wood KI::tsen.,.UV=Total ", %> 1%"

0.2% 19.61-1.79=21.-+0% 84.1% 2ï.9~'b 56.2%

0.07% 22.36.,.2.02=24.38% 86.7% 36.7% 50.0%

0.0% 23.21 +2.09=25.30~';' 89.2~'O 48.6% 40.6%

Effeet of Soaking Time

Soaking Lignin: Yield Rejects Screened Yield
Time KI::tsen+lJV=Total ~/o %) 'Va

30 minutes 22.36.,.2.02=24.38% 86. ï'~/o 36.7% 50.0%

15 minutes 22.15-2.32=24'-+7% 86.5% 39.40/0 48.1%

5 minutes 22.32-3.01=25.330/0
1

50.3% 38.2~1l88.5%

Replicat~'S

Replicate Lignin: Yield Rejects Screened Yield
Number Kl::tsen+UV=Total ~/o % %

1 22.36+2.02=24.38% 86.7% 36.7% 50.0%

2 20.76+3.84=24.60% 87.1% 40.0% 51.1%

3 21.67-2.68=24.35% 85.9% 36.0% 49.9%
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APPENDIX B: STATISTICAL ANALYSIS OF REPLlCATES (49)

\Vben making a statistical evaluation for replicates. one must assume that the

few replicate experimental results gathc;red are a tiny. but represen!atÏ\'e fraction of an

infinite number of results that could be collected if one had infinite time. This smaii

set is a SAJ\1PLE and is viewed as a subset of a population of data.

Nomenclature for Statistical Analysis:

x= sarnple mean

ll. = population mean

s = sarnple standard deviation

cr = population standard deviation

N = number of experiments

z = statisticai pararneter for population confidence limits

t = statisticai pararneter for sarnple contidence limits

One can only talk about the sarnple mean (X) since the population mean would

be taken from this infinite number of experiments (population mean = ll.).

j N
sarnple standard deviation. s = .~(xi-x):/(N- 1)...'

For yield. s=0.5683 and x=86.07

For lignin results. s=0.1366 and x=24.44

For rejects results. s= 1.6703 and x=38.50

Statisticai theOl'y allows one to set limits around an experimentally determined

mean x and the true mean ll. lies \vithin these limits \\;th a given degree of probabili<y.

These are known as CONFIDENCE ::'IMITS (CL).

CL for ll. = X±(zcr)/~N (for 95% Contidence. z=.l.96)

For yieid. ll.=86.07±(1.96·0.5683)/..I3= 86.07±O.64

For lignin results. ll.=24.44±(1.96·O.1366)L,p = 24.44±O.155
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For rejects results. J.l=3~.50±( 1.96'1.6703)/.13 = 38.50=1.89

This means that the chances are 95 in 100 that the population yield mean is

located between 85.43% and 86.71%. the population lignin mean is located between

24.285% and 24.595%. and the population ~ejects mean is located between 36.61 % and

40.39%. Note that this was ca1culated assuming the sample standard de\"iation. s. is

equal to the population standard de\"iation. cr. T0 be more precise. where one assumes

that cr is not accurate1y knO\\TI. CL for J.l = x± rs.:.jN" where the parameter t is similar

to the statistical z parameter. but with broader boundaries.

Then for 95% Contidence Limit. t=4.30 and:

yield = 86.07=1.41%

lignin resul!s = 24.44±0.339°.

rejects results = 3~.50=4.14%

CA sure knowledge of cr (population de\"iationl signiticantly decreases the Contidence

Inter"a!).

Similarly. for a 90% Contidence I:lter,al:

yield = 86.07±(2.92·0.5683H 3 = 86.07±0.96%

lignin ,'esults = 24.44±(2.92·0.1366)!J3 = 24.44±0.23%

rejects results = 38.50±(2.92·1.670);~3 = 38.50+"'.81%

The chances here are 90 in 100 that the population yie1d mean is located

between 85.11% and S7.03%. the population lignin mean is located between 24.21 %

and 24.67% and the population rejects mean is located between 35.69% and 41.31%.
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