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ABSTRACT 

Alkenyl Succinic Anhydride (ASA) is a cellulose reactive size used in 

neutral to alkaline papermaking. Since ASA exists as an oil at room 

temperature, it must be emulsified in cationic starch to make it compatible 

with the aqueous wet end environment. 

The advantages of using a cationic· starch in an ASA sizing system 

include improved retention of fines, filler, and size; improved sizing 

efficiency; and improved strength. Mill and laboratory experience has 

shown, however, that cationic potato starch is superior to corn starch. 

Their are two main differences between potato starch and corn starch: (1) 

potato starch typically has a higher molecular weight and (2) contains more. 

bound phosphate than corn starch. 

The effect of molecular weight and cationic charge of quaternary 

ammonium waxy maize corn starches on the sizing efficiency of ASA 

emulsions was evaluated. The results show that increased molecular 

weight does not contribute to the sizing efficiency of ASA emulsions, and 

may actually reduce the sizing efficiency. The results also show that high 

charged starches are far superior to low charged starches, regardless of 

molecular weight. 



INTRODUCTION 

Alkenyl* succinic* anhydride* (ASA) is* a* cellulose* reactive* size* which*

has* recently* attracted* a* lot* of* attention.* The* efficiency* and* runnability* of*

an* ASA* system,* however,* depends* upon* the*use* of* a* cationic* starch.* Recent*

literature* has* shown* that* quaternary* ammonium-derivatized* potato* starch*

is* superior* to* tertiary* amino-derivatized* common* dent* corn* starch.* The*

differences* between* the* two* starches* include* the* type* of* derivatized* group*

and* the* molecular* weight.* This* thesis* reviews* the* parameters* of* the* ASA*

system* and* evaluates* the* affects* of* molecular* weight* and* cationic* charge* of*

quaternary* ammonium* waxy* maize* corn* starch* on* the* sizing* efficiency* of*

ASA* emulsions.*



WATER AND PAPER 

WETTING OF PAPER 
Internal sizing is an attempt to control the water repellency · of a 

sheet of paper. To accomplish this, however, the papermaker should 

understand the mechanisms involved. 

When water contacts a sheet of. paper several interactions are 

possible. These interactions result from competing liquid-liquid Van der 

Waal's forces (cohesion) and liquid-solid Van der Waal's forces (adhesion). 

The parameters controlling these cohesive and adhesive forces are 

described by equations 1 and 2 below. (1) 

We = 2 o lg 
Wa = l sg + l1g - ¥s1 

( 1) 

(2) 

The work of cohesion and adhesion are We and Wa, respectively, while t sg, 

., 6s1, and 11g are the interfacial excess free surface energies of the 

solid-gas, solid-liquid, and liquid-gas interfaces, respectively. 

The first interaction, wetting, is illustrated in F igures 1 a and 1 b. 

w (� 
Figure 1. Wetting of a Solid where (a) Cohesional Forces Dominate, 

(b) Adhesional Forces Dominate.
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TheP factorsP affectingP thisP interactionP areP relatedP byP theP YoungP equatiqn.P (2)P

i1gPcosP0P=P XPsgP - Ys1P (3)

TheP contactP angle,P e , isP aP usefulP measurementP forP quantifyingP theP wettingP

processP

AccordingP toP equationsP 1-3P aP liquidP willP wetP aP solidP ifP WaP isP greaterP

thanP We,P orP ifP 'tPsgP isP largePandP 'IslP isP smalf.P InP theP caseP ofP aP pureP celluloseP

surfaceP (unsized)P andP water,P t sgP isP veryP largeP dueP toP theP numerousP hydroxylP

groupsP onP theP fiberP surface.P Plus,P /P slP isP veryP smallP dueP toP theP hydrogenP

bondingP betweenP theP waterP andP theP celluloseP so,P B isP smallP andP theP waterP

readilyP wetsP theP fiberP surface,P asP shownP inP FigureP 1Pb.P

FEATHERINGP

FeatheringP involvesP theP spreadingP ofP theP liquidP overP theP fiberP

surfaces.P ThisP interaction,P likeP wetting,P alsoP involvesP aP competitionP

betweenPWaPandPWePasPequationsP4PandP5Pexplain.P (1)P

SP =P WaP - WeP (4)P

SP =P t sgP - (P oPslP +P 't lg)P (5)P

TheP spreadingP coefficient,P S,P isP usedP toP quantifyP theP spreadingP ofP aP liquidP

overP aP solid.P AccordingP toP equationsP 4P andP 5P theP sameP mechanismsP thatP

controlP wettingP alsoP controlP feathering.P

CAPILLARYPPENETRATIONP

UpP toP thisP pointP theP equationsP haveP onlyP appliedP toP ideal,P smooth,P flat,P

homogeneous,P nondeformableP solids,P (2)P butP haveP provenP helpfulP inP

understandingP theP interactionsP thusP farP discussed.P AP sheetP ofP paper,P

however,P isP aP nonideal,P porous,P heterogeneous,P flexibleP structureP thatP

causesP theP paperP toP actP likeP aP sponge.P (3,P 4)P ThisP interactionP isP labeledP

capillaryP penetration.P

CapillaryP penetrationP occursP throughP threeP differentP mechanisms:P

interfiberP penetrationP (transudation),P intrafiberP penetration,P andP vaporP
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penetration. The parameters affecting interfiber and intrafiber penetration 

are related by the Washburn equation. (3-6) 

where 

liquid, 

I is 

dl = 

dt 
t lg; r cos e

4µ1 

the distance of penetration, 

r is the radius of the capillary, 

(6) 

t lg is the surface tension of the

e is the contact angle between the 

liquid and the capillary wall, and µ is the liquid viscosity. Since i lg, r, and

µ are constant for any given system, the driving force for liquid penetration 

is G . If e < goo ' cos e is positive and penetration will occur, but if e >

go 0 , then cos 8 is negative and the water remains on the surface. This 

mechanism produces a duck back effect where the liquid is partially 

supported by the air between the fibers. This increases the apparent 

contact angle. 

Another useful equation is the Laplace equation shown below: 

L\P = tl1g_ cos e
r 

(7) 

where L\P is the vapor pressure differential across the miniscus. If L\P is 

positive, the vapor pressure of the liquid is greater than the vapor pressure 

of the air over the meniscus, and vice versa. Here again, 8 is the main 

variable. If 0 < go0 , cos 8 is positive which makes L\P positive. The lower 

vapor pressure over the meniscus creates a vacuum which pulls the liquid 

into the capillary. (1,2) 

Vapor penetration is also related to equation 7. The lower vapor 

pressure over a concave meniscus causes condensation on the solid surface 1 
at the reduced pressure. (1) This decreases 8 to O which maximizes L\P and 

the rate of penetration. Crow (3) and Nissan (7) both state that this 

mechanism probably proceeds the bulk liquid penetration. 

Other mechanisms of penetration have also been proposed. They 

include liquid movement through the fiber pores, surface diffusion, and 
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diffusion through the fiber wall. (3) The latter mechanism is instrumental 

in fiber swelling and affects the capillary radii of the fiber lumens. (2) 



SIZING 

DEFINITION 

"Sizing is now defined as the process in which a chemical additive 

provides paper and paperboard with resistance to wetting and penetration, 

usually by aqueous liquids. Thus, sizing produces water repellency." (4) "A 

sizing agent should make fiber surfaces hydrophobic (water repelling) so 

that the contact angle with aqueous liquids will be very high." (4) According 

to these statements, sizing is an attempt to reduce l sg and increase t sl.

This would reduce Wa, 0 , S, and the rate of liquid penetration according to 

equations 2 - 7. Unfortunately, sizing does not prevent or retard water 

vapor penetration. (4) 
" 

REQUIREMENTS 

To accomplish the above purposes, a sizing agent must meet certain 

requirements (5): 

(1) Hydrophobic
(2) Retained on the fibers
(3) Distributed on the fibers
(4) Anchored to the fibers

Most sizing agents are organic surfactants that contain a hydrophobic 

carbon chain. These carbon chains must be at least 3 to 4 carbons long to 

impart any hydrophobic characteristics, thus, most sizing agents possess 

carbon chains of at least ten carbons in length 

These organic surfactant sizes also contain hydrophilic polar groups. 

These two sided molecules tend to accumulate at interfaces. At water­

cellulose interfaces these sizes orient themselves so that the polar group is 

attached to the fiber surface. This arrangement produces the lowest free f\ 

energy for the system and is the driving force for retaining these molecules. 

Distribution on the fibers generally occurs by adequately dispersing 

the size in the aqueous phase. 
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Finally, the adsorbed size must be anchored to the fibers. This 

generally occurs through hydrogen or covalent bonding since the forces of 

adsorption are not strong enough to prevent reorientation of the size 

molecules when they contact polar liquids, such as water. This 

reorientation process is suspected for the decrease in sizing of a sheet in 

contact with water for extended periods of - time. (2,5) 

TEST METHODS (4,8) 

Sizing tests can be divided into two catagories: (1) constant time 

tests and (2) variable time tests, but they all measure one or more of the 

following: (1) fluid penetration, (2) absorption, or (3) surface movement. 

The Hercules Size Test (HST) is the most commonly used sizing test · 

method. The HST is a variable time test that measures the rate of fluid 

penetration. A constant volume of test ink is applied to the top of the sheet. 

A photoelectric cell measures the drop in reflectance of the bottom side of 

the sheet due to ink penetration as a function of time. An automatic timer 

stops when the reflectance reaches a preset percentage of the original 

reflectance (usually 80%). 

The standard test ink is composed of a formic acid solution of 

typically 1 %. A green dye which has no affinity for cellulose is used as a 

colorant. 

The test is very reproducible and sensitive since it eliminates much 

of the operator variability. Reflectance verses time curves are also 

possible, which measure changes in the penetration rate as the ink travels 

through the sheet. 



ALKENYL SUCCINIC ANHYDRIDE 

STRUCTUREAANDAPROPERTIESA

AlkenylA succinicA anhydrideA (ASA) isA aA rapidA curingA celluloseA reactiveA

size,A whichA isA fiveA timesA moreA efficientA thanA rosinA size.A ItA hasA beenA provenA

effectiveA inA neutralA toA alkalineA papermaking,A andA isA believedA toA formA aA

covalentA bondA withA cellulose.A (9-12)A

TheA structureA ofA ASAA isA shownA inA FigureA 2.A ASAA isA aA dicarboxilicA acidA

CH 3 (CH 2) x-C H-C H-= CH-( CH 2) 13-x-C H3 
I 

CH-CH2 
I I 

o=c c=o 
'
o
/ x=O to 13 

FigureA2:A TheAChemicalAStructureAofAASA.A

anhydrideA withA aA longA hydrophobicA sideA chain.A ItA isA preparedA byA isomerizingA

theA hydrocarbonA chain.A TheA createdA doubleA bondA migratesA alongA theA chainA

untilA itA reactsA withA maleicA anhydride,A formingA theA ASAA molecule.A (11)A

TheA hydrocarbonA chainA isA typicallyA 16A toA 20A carbonsA longA andA

determinesA theA meltingA point,A solubility,A reactivity,A crystallineA structure,A

easeA ofA emulsification,A andA sizingA efficiency.A TheA meltingA point,A sizingA

efficiency,A andA purchaseA priceA ofA theA ASAA increasesA withA chainA lengthA but,A

theA solubility,A reactivityA andA easeA ofA emulsificationA decreases.A DueA toA theA

doubleA bondA inA theA chain,A ASAA isA aA liquidA atA roomA temperatureA withA aA

viscosityA ofA aboutA 180A cP.A TheA hydrophobicA natureA ofA theA chainA makesA theA

ASAA insolubleA inA water,A requiringA emulsificationA ofA theA ASAA toA makeA itA

compatibleA withA theA aqueousA papermakingA system.A (5,7,A 9-11)A

TheA anhydrideA groupA providesA theA reactiveA siteA throughA whichA theA ASAA

canA anchorA itselfA toA theA fiberA surface.A (5,9-12)A
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REACTIVITY 

ASA is believed to anchor itself to the fiber surface by forming a 

strong ester bond with the hydroxyls on the fiber surface as shown in Figure 

3. Studies have shown that there is no appreciable loss in sizing after three

years and prolonged extraction with polar and nonpolar solvents removes 

only a trace of the ASA. (5,9-11, 13) 

The reactivity of the ASA with the cellulose is strongly dependent 

upon temperature. Research and mill experience has shown that sizing does 

not develop until the dryer section. In the dryers, the retained ASA 

particles spread over the fibers, orienting themselves in a monomolecular 

layer. Once oriented, the heat in the dryers bonds the ASA molecules to the · 

cellulose hydroxyls. Under most mill conditions, sizing development (cure) 

is 80 to 100 percent complete at the reel or the size press. (9-12, 14) 

The cure rate is also dependent upon pH. Below pH 7.0, unusually high 

dryer temperatures are required to cure the ASA on the machine. (11, 14) 

HYDROLYSIS 

Unfortunately, the anhydride group is also very reactive with water 

(hydrolysis) as Figure 4 illustrates. This hydrolysis product (hydrozylate) 

is a dicarboxylic acid. It cannot form a covalent bond with the cellulose at 

mill conditions so it does not anchor t9 the fiber. Subsequently, it is an 

anti-sizing agent. 

Wasser (11, 12) found that uncured ASA at the reel reacts more 

readily with water vapor to form the hydrozylate, than with the cellulose to 

size the sheet. He found that this lowers the sizing of the sheet, even to the 

point where the sheet becomes unsized. 

The same factors affecting the ASA-cellulose reaction, temperature 

and pH, also affects the hydrolysis reaction. Wasser found that at 25° C, 

hydrolysis only occurs at a few percent per hour, with complete hydrolysis 



R' 0 
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I I 
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Figure 3: Reaction of ASA with Cellulose 
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developingD withinD 24D hours.D However,D theD hydrolysisD rateD doublesD forD everyD

1DOD degreeD increaseD inD temperature.D

WasserD alsoD foundD thatD hydrolysisD isD minimizedD belowD aD pHD ofD 4,D butD

doublesD forD everyD 1D pointD riseD inD pHD betweenD5D andD 8.D

InD aD typicalD ASAD system,D withD theD pHD betweenD 7D andD 8D andD theD

temperatureD aroundD 50° C,D hydrolysisD becomesD aD majorD concern.D AtD theseD

conditions,D detrimentalD effectsD dueD toD hydrolysisD occurD withinD severalD

minutes.D Fortunately,D theD ASAD isD subjectedD toD theseD conditionsD forD onlyD 1D toD

2D minutesD byD theD timeD itD reachesD theD dryers.D WasserD (11,D12)D foundD thatD

thereD isD aD sizingD lossD ofD onlyD aD fewD percentD duringD thisD time.D

EMUDLSIDFlDCATIOND

SinceD ASAD isD hydrophobicD andD isD aD liquidD atD roomD temperatureD itD mustD

beD emulsifiedD toD beD compatibleD withD aD papermakingD system.D "AnD emusionD

mayD beD definedD asD aD mixtureD ofD particlesD ofD oneD liquidD withD someD secondD

liquid"D (15)D

AD typicalD emulsifyingD systemD operatesD byD injectingD theD ASAD andD

activatorD intoD aD turbulentD flowD ofD starchD andD waterD toD formD theD emulsion.D

Obviously,D thereD isD aD mechanicalD andD aD chemicalD contributionD toD theD

productionD ofD thisD stableD emulsion.D

AD venturiD isD oftenD usedD toD provideD theD mechanicalD contributionD byD

creatingD theD turbulentD flow.D InD theD venturiD theD ASAD isD mixedD vigorouslyD withD

theD waterD toD breakD theD ASAD liquidD intoD smallD particles.D InD thisD processD theD

mechanicalD energyD elongatesD theD ASAD dropsD intoD cylindersD whichD breakD intoD

smallerD particlesD ifD theD cylinderD lengthD exceedsD itsD circumference.D (15)D

TheD chemicalD contributionD occursD inD theD formD ofD aD chemicalD activatorD

(surfactant)D andD aD cationicD stabilizerD (cationicD starch).D TheD chemicalD

activatorD (CA)D isD similarD inD structureD toD theD ASA, containingD aD hydrophobicD

carbonD chainD andD aD polarD group.D (1D,5,D15)D
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The cationic starch (CS) is a high molecular weight, cationic 

polyelectrolyte. (16) 

EMULSION STABILITY 

An emulsion is considered stable if the emulsion particles remain 

distinct and do not agglomerate or coalesce. A stable emulsion occurs if the 

following factors are met. (1) 

(1) Low interfacial tension
(2) Mechanically strong and elastic interfacial film
(3) Electrical double layer repulsions
(4) Narrow droplet size distribution
(5) Relatively small volume of dispersed phase
(6) High viscosity

Since the CA is a surfactant it accumulates at the ASA-water

interface and arranges itself to lower the free energy of the system. This 

lowers the interfacial tension so less mechanical energy is required to 

make the emulsion. (1,5, 15) 

The CS produces a mechanically strong and elastic interfacial film. 

The positive groups on the CS are attracted to the negatively charged 

surface of the ASA emulsion. Once electrostaticly attached to the emulsion 

surface, the CS forms a protective layer around the emulsion. 

The electrical double layer repulsion is also produced by the CS. The 

positively charged sites on the CS produces a net positive charge to the 

particles. This positive charge electrostaticly repels the particles. (5) 

The optimum droplet siz� __ dis�rib�tion occurs from 0.5 to 3.0 

microns. This size range produces a large interfacial area, which lowers 

the interfacial tension. Larger particles are not adequately repelled by the 

electrostatic repulsion and coalesce easily. Plus they are not distributed on 

the fibers as efficiently, requiring more ASA to size the sheet. Smaller 

particles require a lot more mechanical energy and are more susceptible to 

hydrolysis because of the larger surface area. (5, 11, 12, 14, 15) 
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The last two requirements are not met in an ASA emulsion, but the 

other factors are adequate to maintain the stability. 

There are a few other factors that influence the stability of an ASA 

emulsion. These factors include temperature and pH, which control 

hydrolysis. The hydrozylate increases the interfacial tension, reduces the 

electrical double layer repulsion, and is mechanically sticky. These 

characteristics contribute to the agglomeration and coalescence of the 

emulsion particles. By keeping the pH between 3.5 and 4.0 and the 

temperature below 25° C hydrolysis will be kept to a minimum. (11, 12) 



RETENTION 

Optimum first pass retention is required when using an ASA system 

since the fines will possess the majority of the ASA emulsion particles. 

Failure to retain these fines in the first pass allows the ASA to hydrolyze in 

the recycled white water, resulting in the following problems. (16, 17) 

( 1 ) Reduced Sizing 
(2) Press Picking

(3) Deposits

(4) Felt Filling

(5) Holes

(6) Decreased Production

Retention occurs by two mechanisms: coagulation and flocculation. 

Several mills have found that a combination of these mechanisms provides 

the best retention in an alkaline system. With this dual system a low 

molecular weight, high charge density cationic (LMHCDC) polymer is added 

before a high molecular weight, low charge density anionic (HMLCDA) 

polymer (polyacrylamides). (16) 

The LMHCDC polymer is strongly attracted to the negatively charged 

surface of the fibers and typically adsorbs in dense patches creating 

localized positive areas on the fibers. These positive patches attract the 

negatively charged areas on neighboring fillers and fines which promotes 

coaggulation. More importantly, however, the positive patches attract the 

negatively charged groups on the HMLCDA polymers. These HMLCDA polymers 

act as bridges between the positive patches on adjacent fibers which 

promotes flocculation. (16) 



ALUM 

BENEFITSH

OneH ofH theH advantagesH forH switchingH toH anH alkalineH systemH hasH beenH

theH eliminationH ofH theH useH ofH alum.H TheH disadvantagesH ofH alumH (5,H18 )H

include:H

(1) EquipmentHcorrosion
(2) ReducedHpaperHstrength
(3) MachineHdeposits
(4) LimitedHwhiteHwaterHclosure

(5) EffluentHlimits

However,H manyH millsH haveH foundH thatH alumH contributesH severalH advantagesH toH

anH alkalineH system.H TheseH advantagesH (18-20)H include;H

(1) ImprovedHsizing
(2) ImprovedHdrainage
(3) ImprovedHefficiencyHofHanionicHpolyacrylamideHretentionHaids

(4) ImprovedHpitchHcontrol
(5) ReducedHdeposits,HpressHpicking,HandHpressHrollHcrumbing

ALUMHCHEMISTRYH

AlumH chemistryH hasH beenH wellH documentedH byH ArnsonH (21,22),H

StrazdinsH (19,20),H CrowH (3),H andH othersH (23,24),H soH aH detailedH discussionH isH

notH necessary.H However,H aH briefH discussionH willH proveH helpfulH inH

understandingH theH affectsH alumH hasH onH theH alkalineH system.H

FigureH 5H illustratesH theH distributionH ofH theH variousH aluminumH speciesH

asH aH functionH ofH pH.H

AccordingH toH FigureH 5H thereH areH fiveH speciesH ofH aluminumH possibleH inH aH

waterH system.H ThisH diversifiedH chemicalH activityH isH dueH toH theH highH valentH

chargeH (3+ )H andH theH smallH ionicH radiusH (5.0H nm)H ofH theH aluminumH ion.H ToH

reduceH itsH chargeH density,H theH A13+ actsH asH aH LewisH acidH toH acceptH electron

pairs.H ItH oftenH complexesH withH upH toH sixH ligandsH toH formH anH octahedralH

structure.H TheH complexingH groupsH includeH H2O,H OH-,H SO4
= ,H H2PO4-,H and

ionizedH carboxyls.H (21,22)H
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FigureA 5:A DistributionA ofA 5.0A xA 1Ao-4A MA hydrolyzedA AluminumA (Ill)A asA a
functionA ofA pHA

AboveA pHA 7,A however,A onlyA theA Al(OH)3A precipitateA andA theA negativelyA

chargedA Al(OH)4- ionA areA present.A SinceA mostA alkalineA papermakingA systemsA

operateA betweenA pHA 7A andA 8,A onlyA theA precipitateA isA ofA interestA toA theA

alkalineA papermaker.A

CrowA (3)A statesA thatA aboveA pHA 6A essentiallyA 100%A alumA adsorption

occurs.A HeA attributesA thisA increasedA adsorptionA toA theA formationA ofA theA

colloidalA Al(OH)3Aprecipitate.A AlthoughA theA Al(OH)3A precipitateA isA aA neutralA

species,A ArnsonA andA StrattonA (21,22,24)A claimA itA existsA asA aA positivelyA

chargedA speciesA upA toA pHA 8.5-9.0A dueA toA theA adsorptionA ofA hydrolysisA

productsA ontoA theA precipitate.A ArnsonA hasA foundA thatA theA smallA increaseA inA

theA ionizationA ofA theA celluloseA doesA notA accountA forA theA increaseA inA

adsorptionA ofA theA precipitate.A

ToA furtherA complicateA matters,A theA positionA ofA theA curvesA inA FigureA 5A

areA affectedA byA alumA concentrationA andA theA typeA ofA alumA used.A TheA curvesA

shiftA towardsA lowerA pHA asA theA concentrationA ofA alumA increases.A (21,22)A

Plus,A theA curvesA forA Al2(SO4)3AareA positionedA atA aA lowerA pHA thanA thoseA for
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AICl3NatN theN sameN concentrations.N ThisN shiftN isN dueN toN theN incorporationN of

theN SO4N=N ionN inN theN precipitate,N whichN isN proposedN byN ArnsonN andN StrattonN

(21,22,24)N toN beN Ala(SO4)5(OH)14,

AFFECTSNONNASANSIZINGNANDNRUNNABILITYN

MeyerN (25,26)N foundN thatN withoutN alum,N acceptableN sizingN levelsN couldN

notN beN developedN withN ASA.N HisN resultsN showN thatN atN lowN alumN levels,N addingN

alumN toN theN sizeN emulsionN wasN mostN effective,N whileN atN higherN levels,N itN wasN

moreN advantageousN toN addN theN alumN toN theN virginN stock.N OnN theN otherN hand,N

someN millsN areN currentlyN applyingN ASAN successfullyN withoutN anyN alumN atN all.N

(27,30)N Obviously,N theN conditionsN fromN millN toN millN varyN considerably,N andN

noN generalizingN statementsN canN beN made.N

ScalfarottoN (31)N showedN thatN alumN competesN withN magnesiumN andN

calciumN forN theN hydrolyzedN ASAN toN formN aN nonstickyN precipitate,N unlikeN theN

calciumN andN magnesiumN salts.N

deposits,N andN pressN picking.N

Thus,N alumN reducesN headboxN andN suctionN boxN

ItN mayN alsoN improveN sizingN byN removingN theN

hydrozylateN whichN actsN asN anN anti-size.N



CATIONIC STARCH 

BENEFITS 

Cationic starch (CS) or amphoteric starch (AS) is often added to the 

stock as well as being used in the emulsification of ASA. The advantages 

attributed to CS include: 

(1) Improved retention
(2) Improved sizing efficiency
(3) Improved formation
(4) Improved bonding
(5) Improved strength
(6) Improved drainage
(7) Improved porosity
(8) Reduced steam consumption
(9) Faster machine speeds
(10) Lower BOD loads

These benefits result from the CS acting as an emulsion stabilizer

and as a retention aid for the emulsion, fiber fines and filler. In the emul­

sion the CS is commonly added at a 2:1 to 3:1 ratio of starch to ASA, while 

stock additions of ten pounds per ton of fiber is common. (11, 12,32-36) 

STRUCTURE AND PROPERTIES 

"Starch is a polysaccharide in which the basic repeating unit is an 

anhydro-glucose unit (AGU)." (32) It comes from a variety of sources 

including corn, potato, tapioca, and rice. In its unmodified state, starch is 

nonionic and therefore ineffective for the alkaline system. 

To be effective then, the starch must be modified. This modification 

occurs by chemically adding charged groups to the AGU's. This is called 

derivatization, and determines whether the starch will be cationic, anionic, 

or amphoteric. 

DERIVATIZATION 

"Derivatization is measured in terms of the number of moles of 

reagent substituted or bonded per AGU which is expressed as degree of 
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substitution (OS)." (32) The maximum OS possible is three since each AGU 

contains 3 hydroxyl groups. 

The reagent used in the derivatization determines · the type of 

modified starch. Aminoethylation in an alkaline environment produces CS, 

like those in Figure 6. Phosphorilation, carboxylation, and sulphonation 

reactions produce anionic starches, with phosphorilation being most 

common. Amphoteric starch is produced from a combination of the above 

reactions. (17,32,36,37) 

MECHANISMS 

Addition of these charged groups changes the properties of the starch. 

These changes include: 

(1) Improved hydrophilic nature of the starch
(2) Lower gelatinization temperature
(3) Increased solubility
(4) Increased solution viscosity

These effects are attributed to the charged groups repelling each other 

which increases the chain extension in solution. (33) 

These cationic charges also have a big effect on the adsorption of the 

starch onto the fiber surface. Marton (36) and Maher (33) have done 

considerable work in this area. Marton states that adsorption of CS onto the 

cellulose occurs by two processes: (1) physical adsorption due to 

electrostatic attraction, and (2) chemiphysical adsorption due to hydrogen 

bonding. This combination produces irreversible and 100% complete 

adsorption The factors affecting CS adsorption are the available surface 

area, fiber structure, fiber composition, and fiber surface charge. He states 

that the fiber surface area and the fiber structure depends upon the amount 

of fines and filler present, since they have 6 to 7 times the hydrodynamic 

surface area of the fibers and adsorb about 5 times more of the CS. He 

postulates that the fines, which amount to less than 1/3 of the furnish, 
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adsorb 213 of the CS. 

The fiber composition is affected by the concentration of the carboxyl 

groups on the fiber surface. Lignin concentration also plays a big role by 

contributing anionic sulphonate groups to the fiber surface. 

The fiber surface charge is dependent upon the degree of ionization of 

the carboxylates and the amount of adsorbed ions on the fiber surface, 

particularly alum. Besides reducing the electronegativity of the furnish, 

alum also occupies hydrogen bonding sites, thereby reducing the physical 

and chemiphysical adsorption processes. Halabisky (38) has found that 

alum levels greater than 60 pounds per ton will give the furnish a net 

positive charge. Linscott and Biervliet (17) and Harvey (35) state that AS is· 

not as sensitive to alum adsorption as CS because of the presence of the 

negative groups. Fortunately, at alkaline conditions the alum exists as the 

uncharged precipitate, which drastically reduces its effect on the 

adsorption of CS or AS. Crow and Stratton (23) found that there was a big 

rise in the alum and CS adsorption curve at the pH where the alum 

precipitate forms (pHp). The pHp occurs between pH 4 and 5 depending upon

the alum concentration. They attributed this adsorption rise to the 

formation of the neutral precipitate. They also found that Al2(S04)J does 

not change the charge on the fibers as much as AICl3 since A13+ does not

complex with c1- and retains more of its positive charge. The S04 = ion is 

more efficient at neutralizing the cationic charge on the aluminum cation 

than the hydroxyl groups. They have also found that with Al2(S04)3 above

the pHp, adsorption of cationic polyeletrolytes (CS) occurs onto the 

precipitate, insinuating that the precipitate does not reduce the number of 

bonding sites for the CS. This is of questionable validity. 

The CS affinity for cellulose causes it to act like a retention aid in 

the wet end, while its hydrogen bonding contribution increases the sheet 
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strength. (36) Marton (36) has found that the new hydrogen bonding sites 

produced by the CS are actually stronger then the original fiber-fiber bonds. 

Even though amphoteric starches contain both positive and negative 

charges, they are predominantly positive. This combination of charges, 

however, gives the amphoteric starch some interesting characteristics. Of 

primary significance is the reduced pH and zeta potential sensitivity, which 

increases the useful range of these starches. Of particular importance is 

the ability of the negatively charged groups to tie up soluble cations like 

Ca 2t and Mg2+ . Both of these ions are detrimental to the alkaline system 

since they form sticky buildups on the machine. (32,37) 

The affects of CS on the ASA emulsion have previously been discussed· 

under the emulsion stability section. 

STARCH COMPARISONS 

Several factors affect the performance of cationic and amphoteric 

starches. The factors primarily depend upon the type of derivatized groups 

and the type of base starch . 

. Derivatized amino groups are generally tertiary or quaternary (Figure 

6), depending upon the number of carbon groups attached to the nitrogen. 

Tertiary groups, which have only three carbon groups, have been found to be 

less effective than quaternary groups, which possess four carbon groups. 

This inferiority occurs since the hydrogen on the tertiary group can be 

removed by an hydroxyl in alkaline conditions. This renders the group 

neutral, and like an unmodified starch, very ineffective. The quaternary 

groups on the other hand are not sensitive to pH because the carbon groups 

can not by removed by hydroxyls. (32,35) 

The differences between corn and potato base starches are numerous. 

To begin with there is a big difference in the starch granules. Potato 

granules are larger and bulkier which allows a more uniform and complete 
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derivatization process. The dense corn granules create stearic hinderances 

to the derivatization chemicals, reducing the chemical mobility within the 

granule. 

The composition of the granules also differs. Maher (33) states that 

potato starch contains 21 % amylase where corn starch contains 29%. More 

importantly however, he states that the degree of polymerization (DP) of 

the amylase fraction of the potato starch is 3000 where it is only 800 for 

the corn starch. He claims the binding power of a starch is due to the DP of 

the amylase fraction, suggesting that the derivatization occurs there. This 

would explain the superiority of the potato starch over the corn starch. 

Winters and Best (34) compared an ammonium-derivatized potato · 

starch (A) with an amino-derivatized common dent corn starch (B). They 

compared the starches at different starch pH levels and at different 

addition levels to the stock in the wet end. Their pH results show that 

starch A improved the sizing efficiency at all pH levels but was most 

effective at pH 5. However, starch B was effective only at pH 5. Above pH 5 

the emulsion particles were large and irregular. This proves the starch did 

not adequately stabilize the ASA emulsion at the higher pH. 

In the wet end, starch A was beneficial at all pH and loading levels. 

Starch B, on the other hand, was effective only at pH 5 and at 5 pounds per 

ton. They found that starch B lost its positive charge at the higher pH and 

thus lost its effectiveness. 



LITERATURE SUMMARY 

The purpose of internal sizing is to control the water repellency of a 

sheet of paper. To do this, the surface energy of the solid must be reduced. 

This is most easily accomplished by attaching a hydrophobic material to the 

fiber surface, otherwise known as sizing. 

One of the most efficient sizing a·gents known is alkenyl succinic 

anhydride (ASA). It is composed of a 16-20 carbon chain and an anhydride 

group. The anhydride group readily reacts with the hydroxyls of cellulose or 

water. The reaction with water produces an hydrozylate which cannot bond 

to the fibers and reduces sizing. The hydrozylate is also responsible for 

runnability problems like machine deposits, press roll crumbing, and press 

picking. 

Because of the unacceptable properties of the hydrozylate, the ASA 

must be emulsified at the mill. This emulsification process involves mixing 

the ASA and an activator with a cationic starch (CS) solution. The activator 

lowers the free energy of the ASA-water interface, promoting 

emulsification, while the CS adsorbs onto the ASA particle surface forming 

a strong interfacial film and creating an electrical double layer around the 

particles. These affects contribute to a stable emulsion with particle sizes 

ranging from 0.5 to 3.0 microns. Once made, however, the emulsion must be 

used within 30 minutes and stored below 25° C and between pH 3.5 to 4.0 to 

minimize hydrolysis. 

One of the big advantages for switching to an ASA system has been 

the elimination of alum. However, many mills are finding that they cannot 

develop adequate sizing levels without the use of alum. At alkaline 

conditions the alum exists as a neutral precipitate but is essentially 100% 

adsorbed onto the fibers. It is claimed that the precipitate holds a positive 

charge up to pH 8.5-9.0 due to adsorption of hydrolyzed aluminum. This 

small positive charge promotes adsorption without reversing the charge on 
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the cellulose. 

Alum has also been found to compete with Ca and Mg to form 

hydrozylate soaps. The sticky Ca and Mg soaps have been linked to the 

formation of machine deposits, press roll crumbing, and press picking. The 

aluminum soap, on the other hand, forms a nonsticky precipitate that tends 

to flush out of the system rather than form deposits. 

On the machine, the biggest factor affecting sizing efficiency is 

retention of the fines and filler. The positively charged emulsion particles 

are essentially 100% retained on the fibers, but since the fines and filler 

possess about 6 to 7 times the surface area of the cellulose, the fines may 

adsorb 2/3 of the size. If the fines are not retained, the ASA that they hold 

will hydrolyze during recycling of the white water, which reduces sizing 

efficiency and causes runnability problems. Therefore, a good retention 

system is a must. 

Many millls have found that a dual retention system works best. A 

low molecular weight, high charge density, cationic polymer is added to 

create localized positive areas on the fibers, fines, and filler. A high 

molecular weight, low charge density, anionic polymer is also added to 

bridge between the positive areas on neighboring fibers, holding them 

together. 

Many mills also add cationic starch to the stock to improve retention, 

sizing efficiency, and strength. The positively charged starch readily 

adsorbs to the negatively charge fiber surfaces. The long starch molecules 

act like retention aids by bridging between fibers and by reducing the fibers 

negative surface charge. Besides retaining fines and filler, the starch also 

retains the size particles. It has also recently been discovered that the 

hydrogen bonds formed between the fibers and the starch are actually 

stronger than the fiber-fiber bonds, thereby, strengthening the sheet. 
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Recent literature has shown that potato starch is superior to corn 

starch. A study by Winters and Best (34), in particular, compared 

quaternary ammonium-derivatized potato starch with tertiary 

amino-derivatized common dent corn starch at different pH levels and wet 

end addition levels. They showed that the potato starch improved the sizing 

efficiency at all pH levels where the corn starch was effective only at pH 5. 

The wet end data showed that the potato starch was effective at all loading 

levels and pH levels where the corn starch was effective only at 5 pounds 

per ton and at pH 5. 

They attribute the superiority of the potato starch to its higher 

molecular weight and the ability of the quaternary group to retain its charge 

in alkaline conditions. The tertiary group lost its charge to hydro?(ides at 

alkaline conditions. 



STATEMENT OF PROBLEM 

The preceding literature analysis demonstrates the complexity of the 

ASA sizing system. The use of cationic starch is but a small part of the 

system, yet complexity exists even there. 

Laboratory studies and mill trials have shown that potato starch is 

superior to corn starch. The various reasons for explaining the differences 

include differences in molecular weight, degree of substitution, type of 

derivatized group, and amylase content. Winters and Best (34) attempted a 

study to examine these differences. In their study they chose a quaternary 

ammonium-derivatized potato starch and an tertiary amino- derivatized 

common dent corn starch. They compared the two starches at different pH· 

levels and at different loading levels in the wet end. Their results showed 

that potato starch was superior to corn starch. But, was the superiority due 

to the potato starch or the type of derivatized group, or was some other 

factor, like degree of substitution, responsible? The inability to answer 

these questions proves the need for more work in the area. 

This thesis proposes to study individually the affect of molecular 

weight and degree of substitution on the efficiency of the ASA size to 

better understand the importance of these factors. If time permits, a 

comparison between potato starch and corn starch will also be undertaken. 



EXPERIMENTAL 

EXPERIMENTAL APPROACH 

A water soluble quaternary ammonium potato starch, supplied by 

American Cyanamid, was used to establish a reproducible emulsion and 

handsheet procedure. Once statistically reproducible results were obtained, 

the effect of molecular weight and degree of substitution was studied. A 

set of 15 quaternary-ammonium derivatized waxy maze corn starches 

varying in molecular and cationic charge were available. Four of the 15 

starches were chosen for testing. These four starches possessed the 

extremes in molecular weight and cationic charge and were labeled 1-4. 

Their properties are listed below in Table 1. 

Table 1 

Characteristics of Tested Corn Starches 

Starch Number 

% Ammonium Persulfate 
Molecular Weight Range 
Degree of Substitution 

1 

0.100 
Low 

0.0136 

2 

0.100 
Low 

0.0852 

3 

0.000 
High 

0.0140 

The water soluble potato starch was used as a control and labeled C. 

4 

0.000 
High 

0.0833 

The effect of these starches on the sizing efficiency of the ASA 

emulsion was measured using the Hercules Size Test. 

Experimental Procedure 

Furnish 

The stock consisted of 75% bleached kraft hardwood and 25% bleached 

kraft softwood. The stock was refined to 31 O CSF in deionized water with 

the Valley Beater. The beaten stock was treated with 150 ppm biocide (Betz 

RX-41) and dewatered to 27% consistency with a centrifuge. The dewatered 

stock was stored in a refrigerator at 8 ° C to further preserve the furnish 

during the course of the semester. 
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Starch Preparation 

The cold water· soluble potato starch, Accosize 72, supplied by 

American Cyanamid, was in the flake form. It was prepared at 5.0% solids 

in cold deionized water by mixing with a variable speed mixer for 25 

minutes. 

The corn starches were prepared at 5.0% solids in distilled water. 

Steam was used to heat the starch and water mixture between 180 and 

190 ° F for 20-30 minutes. Once dissolved the starches were cooled below 

room temperature and the water lost to evaporation was replaced, 

maintaining a 5.0% solution. 

ASA Emulsification 

The ASA used in this thesis was Accosize 17, supplied by American 

Cyanamid. The ASA was emulsified in a 5.0% cationic starch solution using 

a waring blender equipped with an 8 ounce glass jar. The following 

emulsification procedure and recommendations were obtained from Richard 

B. Wasser of the American Cyanamid Company. The amounts, however, were

scaled down to accomodate the small size of the glass jar. Wasser claims 

that the particle size of the emulsion produced by this procedure is in the 

optimum range of 1-3 microns. 

The emulsion procedure is as follows: 

1. Add 54.31 grams of 5.0% starch to the waring blender and mix for 1 O
seconds at high speed.

2. Weigh 0.69 grams of ASA by difference in a syringe.

3. Add the 0.69 grams of ASA to the blender and mix at high speed for
2.5 minutes to produce 55 grams of 1.25% ASA emulsion.

4. To prevent hydrolysis of the ASA, adjust the pH of the emulsion
between 3 and 4 and cool below 50°F.

Wasser states the emulsion should be stable for about eight hours. 
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ThisQ emulsionQ wasQ thenQ dilutedQ toQ 0.25%Q ASAQ byQ dilutingQ 50Q gramsQ ofQ

theQ 1.25%Q ASAQ emulsionQ withQ deionizedQ waterQ toQ aQ totalQ ofQ 250Q grams.Q

DilutingQ theQ emulsionQ increasedQ theQ accuracyQ ofQ theQ additionQ rate.Q

ThisQ emulsionQ wasQ preparedQ atQ aQ starchQ toQ ASAQ ratioQ ofQ 4:1Q insteadQ ofQ

theQ typicalQ 2:1Q ratioQ foundQ inQ industry.Q TheQ higherQ starchQ contentQ wasQ usedQ

toQ improveQ emulsionQ retentionQ sinceQ noQ internalQ starchQ orQ retentionQ aidQ wasQ

usedQ inQ theQ handsheetQ procedure.Q

EmulsionQ AdditionQ

TheQ additionQ levelQ ofQ ASAQ wasQ 3.6Q lbs./tonQ (0.18%)Q basedQ onQ aQ 2.50Q

gramQo.d.Q NobleQandQWoodQhandsheet.Q

2.50QXQ0.0018Q=Q0.0045QgramsQASAQperQsheetQ

0.0045QgramsQASAQI 0.25%QASAQemulsionQ=Q1.8QgramsQ0.25%QASAQperQsheetQ

HandsheetQ ProcedureQ

FigureQ 7Q showsQ aQ schematicQ diagramQ ofQ theQ handsheetQprocedure.Q

TheQ stockQ wasQ redispersedQ inQ deionizedQ waterQ atQ aboutQ 1.0%Q

consistencyQ underQ highQ agitationQ forQ atQ leastQ 30Q minutes.Q ThisQ ensuredQ theQ

eliminationQ ofQ anyQ undispersedQ flocks.Q TheQ 1Q%Q consistencyQ stockQ wasQ thenQ

dilutedQ withQ deionizedQ waterQ toQ 0.25%Q consistencyQ inQ theQ NobleQ andQ WoodQ

proportionator.Q

OneQ literQ samplesQ ofQ stockQ wereQ pHQ adjustedQ betweenQ 7Q andQ 7.8Q withQ

NaOHQ andQ thenQ placedQ underQ agitation.Q TheQ variableQ speedQ mixerQ wasQ setQ atQ

500Q rpmQ toQ maintainQ aQ constantQ rateQ ofQ agitation.Q

Note:Q TheQ pHQ ofQ theQ stockQ inQ theQ proportionatorQ wasQ notQ adjusted.Q ItQ wasQ
foundQ thatQ theQ pHQ droppedQ aboutQ oneQ pHQ unitQ everyQ 1QOQ minutes.Q ThisQ
createdQ steadilyQ decreasingQ sizingQ resultsQ dueQ toQ incompleteQ cure.Q

TheQ NobleQ andQ WoodQ sheetQ moldQ wasQ filledQ toQ theQ firstQ dotQ withQ

deionizedQ water.Q

Note:Q ToQ ensureQ aQ constantQ sourceQ ofQ dilutionQ water,Q aQ 55Q gallonQ drumQ wasQ
filledQ withQ deionizedQ water.Q ThisQ waterQ wasQ thenQ pHQ adjustedQ toQ
betweenQ 7Q andQ 8QwithQ NaOH.Q
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3.6d lbs./tond ofd ASAd wasd addedd tod thed stockd underd agitationd andd mixedd

ford oned minute.d Thed stockd wasd immediatelyd addedd tod thed sheetd mold,d mixedd

threed times,d drained,d pressed,d andd dried.d

Note:d Thed variabled speedd dryerd cand wasd setd atd 3.0d whichd correspondsd tod ad 3d
minuted passd throughd thed dryerd cand atd 248°F.d Thesed dryingd conditionsd
ovend driedd thed sheets.d

Onced dried,d thed handsheetsd wered placedd betweend twod sheetsd ofd blotterd paperd

ind and ovend atd 105°Cd ford 30d minutesd tod ensured completed cured ofd thed ASA.d

Handsheetd Testingd Procedured

Thed handsheetsd wered conditionedd ford 24d hoursd atd 50%d relatived

humidityd andd 72° Fd ind thed paperd testingd laboratoryd priord tod testing.d Eachd

sheetd wasd thend cutd intod quarters.d Eachd quarterd wasd testedd ford sizingd

developmentd usingd thed Herculesd Sized Testd atd 80%d reflectanced lossd accordingd

tod TAPPId Methodd Td 530d pm-75.d (39)d Herculesd testd inkd #2d withd 1%d acidityd

wasd used.d

Starchd Comparisond Procedured

Starchesd 1-4d andd starchd Cd wered simultaneouslyd preparedd asd 5%d

solutions.d Fived emulsionsd wered preparedd fromd eachd starchd withind ad 50d

minuted periodd andd labeledd accordingd tod thed starchd fromd whichd theyd wered

prepared.d Threed setsd ofd handsheetsd were maded withd thesed emulsions.d Thed

firstd twod setsd wered composedd ofd twod handsheetsd fromd eachd emulsion.d Thed

thirdd setd wasd similard tod thed firstd twod exceptd threed handsheetsd wered maded

usingd emulsiond 3.d Thed orderd ofd additiond betweend thed fived emulsionsd wasd

randomizedd ford eachd setd tod eliminated systematicd errors.d (seed Tabled 3,d

Appendixd Ill)d
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RESULTS 

The results are presented graphically, showing the sizing level 

(seconds) plotted against some variable (typically handsheet order). The 

average sizing value is represented by a dot through which a line has been 

drawn representing the standard deviation of the average value. 

The t-test (see Appendix I) was u·sed to statistically evaluate any 

differences between handsheets, sets of handsheets, and starches. A two­

way analysis of variance (ANOVA) was also used to evaluate the effect of 

molecular weight and cationic charge on the sizing efficiency of the 

starches. 

Experimental Reproducibility 

Figures 8-12 represent the sizing results of five different sets of 

handsheets and illustrate the reproducibility between handsheets obtained 

with the handsheet procedure described earlier. Except for the first sheet 

in Figure 8, the sizing level from sheet to sheet within a set is statistically 

not different, with standard deviations averaging between 20 and 35. The 

first sheet in Figure 8, however, is significantly lower than all but the fifth 

sheet in Figure 8. 

Figure 13 illustrates the reproducibility between sets of handsheets. 

The points on Figure 13 represent the average sizing results of the five 

handsheet sets illustrated in Figures 8-12. The t-test reveals statistically 

significant differences between the sets with the highest sizing levels and 

those with the lowest sizing levels. The average and standard deviations 

for the sets ranged from 256 to 305 and 25 to 31, respectively, while the 

overall average and standard deviation was 281 and 35. 

Starch Comparison 

Figures 14-18 illustrate the sizing results from starches C-4. The 

t-test shows no significant differences between · sheets for Figures 14, 16,

and 18, representing starches C, 2, and 4, respectively. 
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For starch 1, the t-test shows a significant difference between the 

last sheet and the rest of the sheets. For starch 3, the t-test shows a 

significant difference between the fifth sheet and the rest of the sheets, 

plus a statistically significant difference between sheets 1 and 6. 

Figure19 compares the average siz_ing level for each starch. The 

t-test and the two-way ANOVA both show no significant difference between

starches 1 and 3 and starches 2 and 4. However, both tests show large 

differences between the two groups. The t-test also shows significant 

differences between the potato starch and the corn starches. 
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DISCUSSION OF RES UL TS 

Experimental Reproducibility 

Historically, major problems with ASA sizing reproducibility have 

occurred in the lab. These problems arise from the high sizing efficiency of 

ASA, which is drasticly affected by the particle size, pH, and temperature 

of the emulsion and the retention, formation, and drying of the handsheets. 

The starch and emulsion preparation procedure and the handsheet making 

procedure employed in this thesis demonstrate the attention given to detail. 

This attention to detail has resulted in very reproducible results 

within a set of handsheets as Figures 8-12 illustrate. The significantly 

lower sizing of the first sheet in Figure 8 resulted from adjusting the pH of 

the stock to 8.4, well above the desired 7-7.8 pH range. Increased 

hydrolysis at this pH is suspected for reducing the sizing by about 100 

seconds. The data from this handsheet was not included in Figure 13. 

Even though reproducibility within a set of handsheets was very good, 

reproducibility between sets was not, as Figure 13 shows. The t-test 

reveals significant differences between the two highest and the two lowest 

sets. However, Figures 9 and 10 and Figures 11 and 12 represent 

consecutive sets of handsheets made from the same emulsion. 

Concerning Figures 9 and 10, the first set of handsheets were made 

between 3:20 and 4:00 pm and the second set between 4:20 and 5:00 pm, 

using the same emulsion. The average sizing level decreased from 302.5 to 

256 seconds. This decrease cannot be attributed to hydrolysis for two 

reasons. First, there was only a 20 minute time gap between the handsheet 

sets, while there was a 40 minute gap between the first and last handsheets 

in each set, and Figures 9 and 10 show no consecutive loss in sizing from 

sheet to sheet within the sets. Secondly, Figures 11 and 12 represent a 

similar situation, but the average sizing level increased from 256 to 305 

seconds, the exact opposite of Figures 9 and 10. 
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In each case, the only thing that changed between sets was a new 

batch of stock in the proportionator and new dilution water. Since the stock 

supply was the same and each liter sample was individually pH adjusted, 

identifiable stock changes can be eliminated. In a similar manner, the 

dilution water was taken from the same deionized water source and pH 

adjusted to 7.4, 8.0, 7.2, and 7.3 for Figures 9-12, respectively. 

The amount of ASA addition, agitation rate, agitation time, and drying 

conditions were all identical. Plus, the sheets were conditioned in the 

paper testing lab for the same period of time and each group of sets were 

tested on the same day. 

TAPPI Method T 530 pm-75 and T 1206 os-69 (39,40) state the 

repeatability for the Hercules Size Test between sets of 10 sizing values on 

the same material is 7%. At 280 seconds this allows for a range of ±20 

seconds, which may account for the sizing variation between the sets. This 

in unlikely, however, since the sets were tested consecutively. 

From the sizing reproducibility data, it was concluded that the 

average sizing between sets using the quaternary potato starch is 280 ± 30 

seconds. 

Starch Comparison 

In general, Figures 14-18 show that the average sizing values 

between sheets for each starch were statistically not different, even 

though the sheets were made from three consecutive sets. The statistically 

significant difference in .the last sheet in Figure 15 and the fifth sheet in 

Figure 17 result from the high stock pH of 7.9 and 8.4, respectively. In each 

case, the high pH resulted in a sizing reduction of about 100 seconds. This 

agrees with the results found with the first sheet in Figure 8. The sizing 

values for these sheets were not used in Figure 19. 

The t-test also shows a significant difference between the first and 
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the sixth sheet in Figure 17. This difference results from the unusually low 

standard deviation of the sixth sheet. A standard deviation of 20 (which is 

normally low), instead of 9, would have showed no significant difference 

between the two sheets. Therefore, the difference, if any, is minimal. 

Since no significant differences between sheets from different sets 

were detected with the t-test, the conditions in each set, except for the 

order of emulsion addition, are believed to be the same. This assumption is 

supported by the potato starch's average sizing level of 294 seconds, which 

is well within the range set by the reproducibility data for Figure 13. 

Figure 19 compares the average sizing levels for the different 

starches. The t-test and the two-way ANOVA (see Appendix IV) point out 

three significant results from the data. First, starches 1 and 3 produced 

sheets with significantly lower sizing than starches 2 and 4. Table 2 shows 

that starches 1 and 3 are the low charged starches, while starches 2 and 4 

are the high charged starches. This difference in charge affected the sizing 

efficiency to such an extent that the two-way ANOVA produced an 

F-probability of 0.00 ... 0, which means there is a 100% probability that

cationic charge will affect the sizing effficiency of the ASA emulsion. 

The effect of charge on sizing efficiency may occur for several 

reasons. To begin with, high charged starches would produce high charged 

emulsion particles which would form stable emulsion due to the high 

electrostatic repulsion forces (see Emulsion Stability, page 14). On the 

other hand, low charged starches would produce low charged emulsion 

particles which would tend to aggregate and reduce the sizing efficiency. 

Plus, highly cationic emulsion particles would also be retained more 

efficiently on the negatively charged fibers. The opposite would also be 

true for low charged particles. 

Finally, the high charged starches may also hinder hydrolysis by more 
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effectively covering the negative anhydride groups, reducing their 

availability for hydrolysis. This is not supported by the data, however, 

since the low charged starches did not show a consecutive decrease in 

sizing with time. 

Secondly, the t-test and the two-way AN OVA show there is no 

significant difference between starches 1 a·nd 3 as a group and starches 2 

and 4 as a group. However, this does not mean that the starches within the 

two groups are statistically the same. 

Table 2 shows that starches 1 and 2 are the low molecular weight 

starches while starches 3 and 4 are the high molecular weight starches. 

Since there was no statistical difference between starches 1 and 3 and· 

starches 2 and 4, molecular weight does not significantly affect the sizing 

efficiency of ASA emulsions. In fact, the interaction probability from the 

two-way ANOVA shows that within the limitations of this thesis, molecular 

weight tends to decreases the sizing efficiency of ASA emulsions. 

The t-test reveals the third significant result which shows that the 

potato starch produced a more efficient size than starches 1 and 3, which is 

expected, but a less efficient size than starches 2 and 4. This is unexpected 

since the literature results claim that potato starches are superior to corn 

starches for the sizing efficiency of ASA emulsions. (34) Unfortunately, no 

molecular weight or charge information is attainable on the potato starch, 

but it is likely that the molecular weight of the potato starch is higher than 

even the high molecular weight corn starches. If this is the case, the less 

efficient size from the potato starch may result from its higher molecular 

weight, which agrees with the two-way ANOVA results on the effect of 

molecular weight. However, the significantly lower sizing may also result 

from a lower cationic charge on the potato starch or some other 

unidentified factor. 



CONCLUSIONS 

The following conclusions have been drawn from the data resulting 

from this study. These conclusions, however, may not apply with different 

starches or under different conditions. 

(1) Within the limitations of this thesis, the sizing
efficiency of ASA emulsions is not affected by the
molecular weight of the cationic starch.

(2) The sizing efficiency is, however, vitally dependant on
the cationic charge of the starch. High charged starches
produce more efficient ASA emulsions than low charged

starches.

(3) The development of handsheet sizing with ASA emulsions
is very dependant on stock pH. Above pH 7.9, a loss of
about 100 seconds in sizing over a period of one minute
can be expected.

(4) Quaternary potato starches are not superior to high
charged quaternary waxy maize corn starches for
developing the sizing efficiency of ASA emulsions.



RECOMMENDATIONS 

The9 purpose9 of9 this9 thesis9 was9 to9 study9 the9 effect9 of9 molecular9

weight9 and9 cationic9 charge9 of9 waxy9 maize9 corn9 starches9 on9 the9 sizing9

efficiency9 of9 ASA9 emulsions.9 Even9 though9 several9 significant9 conclusions9

were9 found,9 a9 lot9 of9 work9 still9 remains9 to9 be9 done.9 The9 following9 work9 is9

recommended.9

(1) Inconsistent9 laboratory9 results9 still9 plague9 attempts9 to
achieve9 reproducible9 sizing9 results,9 particularly9 between
handsheet9 sets.9 For9 this9 reason9 more9 work9 needs9 to9 be
performed9 to9 determine9 the9 still9 unknown9 variables9 that
affect9 sizing9 efficiency.

(2) The9 actual9 molecular9 weights9 of9 the9 159 starches9 are9 not
known.9 Careful9 capillary9 viscometer9 measurements9 in
conjunction9 with9 the9 K9 and9 a9 factors9 of9 the9 Mark-Howink
equation9 could9 quantify9 the9 actual9 molecular9 weights9 of
the9 starches.9 This9 information9 would9 contribute9 greatly
to9 the9 significance9 of9 the9 apparent9 negligible9 affect9 of
molecular9 weight9 on9 the9 sizing9 efficiency9 of9 ASA.

(3) Only9 four9 of9 the9 fifteen9 starches9 were9 evaluated9 in9 this
thesis.9 It9 would9 be9 beneficial9 to9 determine9 whether9 the
results9 of9 this9 thesis9 apply9 to9 the9 starches9 possessing
intermediate9 molecular9 weights9 and9 cationic9 charge.
Plus,9 it9 is9 not9 known9 whether9 charge9 affects9 the9 sizing
efficiency9 in9 a9 linear9 manner.9 There9 may9 exist9 a
threshold9 charge9 where9 additional9 charge9 is9 not
beneficial9 or9 there9 may9 be9 a9 threshold9 charge9 that9 is
required9 to9 obtain9 any9 benefit9 from9 an9 increase9 in9 charge.

(4) The9 results9 of9 this9 thesis9 are9 based9 on9 the9 use9 of
quaternary9 ammonium9 waxy maize9 corn9 starches.
However,9 it9 is9 not9 known9 whether9 these9 results9 apply
for9 all9 types9 of9 corn9 and9 potato9 starches.9 Similar9 work
evaluating9 other9 starches9 would9 be9 beneficial.
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APPENDIX I 

Statistical Analysis ( 41) 

Two types of statistical analysis were used to evaluate the 

experimental data. The t-test was used to evaluate the sizing 

reproducibility results and evaluate differences between the quaternary 

corn starches. In addition, the corn starches were also analyzed using a 

two-way analysis of variance (ANOVA).

The t-test is a significance test to evaluate the difference between 

means of two samples. It is performed by letting X1 and X2 be the means of 

two independent samples of sizes n1 and n2 from normal populations, with 

corresponding sample variances (s1 )2 and (s2)2 . The quantity 

t = (X1 - X2)[(n1 + n2 - 2) n1n2]112t{(n1 + n2)[(n1 - 1)(s1 )2 
+ (n2 - 1)(s2)2]} 

is distributed according to the t-distribution with m = n1 + n2 - 2 degrees 

of freedom. A level of significance, E , is selected to evaluate whether the 

samples come from the same normal population. If the value of t calculated 

from the sample exceeds t t , the hypothesis that the two samples come from 

the same normal population would be rejected at that level. Though the 

t-test can determine significant differences it cannot state whether. two

means are equal.

An E -level of 0.01, which corresponds to a 99% confidence limit, 

was chosen. Some t_01 values at different degrees of freedom, m, are listed 

below in Table 2. 

m 
t.01

Table 2

t_01 Values at Different Degrees of Freedom

6 

3.707 

35 

2.724 

58 

40 

2.704 

45 
2.690 
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The two-way ANOVA compares the isolated and synergistic effects of 

two variables, molecular weight and cationic charge, on the tested property. 

A two factorial ANOVA program on a Heath Zenith Z-100 personal computer 

equipped with Monostat software by Ecosoft was employed. 

The two-way ANOVA produces three F-probabilities, one for each 

variable, and the third for the interaction of the two variables. If the 

F-probability is less than the selected ol- -level, the variable listed under 

"source" significantly affects the tested property. 
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APPENDIX II 

Sizing Reproducibility 
Data for Figure 8: Sizing Reproducibility Within a Set of Handsheets. 

Date Made: 11-26-86 
Emulsion Prepared: 2:00 pm, pH = 3.1 
Handsheets Made: 2:20 - 3:30 pm 
Dilution Water: pH = 7.7, Conductivity = 1.93 micromhos 

Order Sheet Stock HST 
� Wt (g) -.Ol:L <�econds) 

*1 2.64 8.45 188, 1 9, 188, 233 
2 2.64 7.4 323, 320, 280, 285 
3 2.63 7.3 297, 251, 286, 327 
4 2.60 7 .5 278, 269, 243, 310 
5 2.61 7.0 297, 294, 222, 269 
6 2.61 7.3 319, 225, 301, 282 

• high pH, data not used in average
t1 ,5 = 3.463; t1 ,4 = 4.230; t2,5 = 1.504 

Avg 

197 
302 
290 
275 
270.5 
2..8.2. 
284 

Data for Figure 9: Sizing Reproducibility Within a Set of Handsheets. 

Date Made: 11-28-86 
Emulsion Prepared: 2:40 pm, pH = 2.85 
Handsheets Made: 3:20 - 4:00 pm 
Dilution Water: pH = 7.4, Conductivity = 0.437 micromhos 

Order Sheet Stock HST 
� Wt (g) pH (Seconds) 

1 2.64 7.4 282, 315, 250, 293
2 2.64 7.7 321, 332, 280, 308 
3 2.58 7.25 273, 337, 271, 319 
4 2.64 7 .45 334, 294, 313, 310 
5 2.64 7 .3 314, 338, 272, 294 

t1 4 = 1.784 ' 

60 

Avg 

285 
310 
300 
313 
304,5
302.5

Stnd 
Q.ey
24
23 
31 
28 
35 
il
31

Stnd 
Om!
27
22 
33 
16 
2..8. 
25 
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Data for Figure 10: Sizing Reproducibility Within a Set of Handsheets. 

Date Made: 11-28-86 
Emulsion Prepared: 2:40 pm, pH = 2.85 
Handsheets Made: 4:20 - 5:00 pm 
Dilution Water: pH = 8.0, Conductivity = 0.429 micromhos 

Order Sheet Stock HST 
Made Wt (g) pH (Seconds) 

1 2.56 8.1 241, 240, 249, 220 
2 2.49 7 .95 282, 246, 269, 254 
3 2.54 7.4 286, 211, 245, 309 
4 2.52 7.45 257, 268, 246, 239 
5 2.52 7.4 302, 276, 240, 248 

t1 5 = 1.904, t1 2 = 2.550' ' 

Avg 

237.5 
263 
263 
252.5 
266.5 
256 

Data for Figure 11: Sizing Reproducibility Within a Set of Handsheets. 

Date Made: 11-30-86 
Emulsion Prepared: 1 :30 pm, pH = 3.0 
Handsheets Made: 1 :45 - 2:15 pm 
Dilution Water: pH = 7.2, Conductivity = 0.606 micromhos 

Order Sheet Stock HST 
� Wt (g) pH (Seconds) 

1 2.48 7.55 271, 289, 250, 230 
2 2.41 7.75 206, 240, 293, 247 
3 2.40 7.4 290, 241, 310, 237 
4 2.44 7 .55 276, 244, 255, 252 
5 244 7.4 250, 204, 258, 273 

t3,5 = 1.003 

Avg 

260 
246.5 
269.5 
257 
246 
256 

Data for Figure 12: Sizing Reproducibility Within a Set of Handsheets. 

Date Made: 11-30-86 
Emulsion Prepared: 1 :30 pm, pH = 3.0 
Handsheets Made: 2:55 - 3:30 pm 
Dilution Water: pH = 7.3, Conductivity = 0.545 micromhos 

Order Sheet Stock HST 
� Wt (g) pH (Seconds) 

1 2.62 7.8 348, 302, 323, 267 
2 2.51 7.8 286, 321, 276, 290 
3 2.64 7.55 286, 337, 285, 358 
4 2.54 7.6 326, 324, 255, 324 
5 2.56 7.6 270, 280, 342, 300 

t2,3 = 1.130 

61 

Avg 

310 
293 
316.5 
307 
2.9..a 
305 

Stnd 
Dev 
12 
16 
43 
13 
28 
25 

Stnd 
Dev 
26 
36 
36 
14 
� 
28 

Stnd 
Dev 
34 

19 
37 
35 

30 
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Data for Figure 13: Sizing Reproducibility Between Sets of Handsheets. 

Figure 
Number 

8 
9 

10 
11 
12 

Av� 
Sizing 

284 
302.5 
256 
256 
.as& 
281 

Stnd 
Dev 
31 
25 
25 
28 

� 
35 

Number 
of Samples 

20 
20 
20 
20 
20 

62 

t 
Values 
t8 9 =

2.077 
tg' 1 o =

5.882 
t11 ,d 2 = 5.340
t8, 1 

= 
3.144 

t8 12 = 
2.177 

t10,12 = 5.611 



APPENDIX Ill 

Starch Efficiency 

Table 3 

Handsheet Order and Experimental Conditions of the Three Sets of 
Handsheets 

Handsheet Order 
Time Made 
Dilution Water pH 
Dilution Water Cond. 
Starch Emulsion Order 

First Set 
Second Set 
Third Set 

First 
_$m_ 

1-2
3:40-4:05 

7.3 
0.970 

Second 
Set 
3-4

5:05-5:40 
7.4 

1.213 

C, 1, 2, 3, 4, 2, 3, C, 4, 1 
4, 3, 2, 1, C, 3, C, 1, 4, 2 
1, 2, C, 3, 4, 4, C, 3, 1, 2, 3 

Data for Figure 14: Control Starch Reproducibility 

Date: 12-4-86
Starch: pH = 8.2 
Emulsion Prepared: 

Order 
� 

1 
2 
3 
4 
5 
6 

t1 ,3 = 2.633

Sheet 
Wt (g) 
3.00 
2.65 
2.46 
2.54 
2.79 
2.72 

1 :35 pm, pH= 3.2 

Stock HST 
Qt:i (SecQ□ds) 

7.3 377, 302, 343, 281 
7.4 259, 376, 335, 246 
7.45 283, 263, 254, 275 
7.1 277, 319, 273, 279 
7.4 312, 277, 245, 296 
7.6 265, 362, 293, 280 

Data for Figure 15: Starch 1 Reproducibility 

Date: 12-4-86
Starch: pH unknown, Color: Brown 
Emulsion Prepared: 1 :50 pm, pH = 3.1 

Order Sheet Stock HST 
� Wt (g) Qt:i (SecQ□ds) 

1 2.55 7.3 234, 274, 186, 230 
2 2.60 7.1 202, 232, 164, 193 
3 2.41 7.5 177, 148, 202, 146 
4 2.46 7.4 130, 215, 178, 198 
5 2.65 7.2 190, 222, 164, 153 

*6 2.47 7.9 102, 108, 91 , 94 

* high pH, data not used in average
t1 4 = 1.976, t1 5 = 2.063, t4 6 = 4.279' ' ' 
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Third 
Set 
5-6,7

6:10-6:40 
8.1 

1.267 

Avg 

326 
304 
269 
287 
282.5 
3.fill 
� 

Avg 

231 
198 
191.5 
180 
182 
a.a 
192 

Stnd 
� 
43 
62 
5 
21 
29 
il 

Stnd 
� 
36 
28 
29 
37 
31 
a 
36 
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Data for Figure 16: Starch 2 Reproducibility 

Date: 12-4-86
Starch: pH = 9.6, Color: Brown 
Emulsion Prepared: 2:09 pm, pH = 2.9 

Order Sheet Stock 
� Wt (q) pH 

1 2.62 7.3 
2 2.51 7.3 
3 2.63 7.45 
4 2.43 7.4 
5 2.62 7.3 
6 2.67 7.55 

t3 4 = 3.172, t1 4 = 3.495 
' ' 

HST 
<Seconds} 

359, 367, 384, 379 
372, 330, 282, 333 
404, 331, 296, 416 
354, 259, 296, 289 
344, 442, 326, 342 
272, 296, 392, 340 

Data for Figure 17: Starch 3 Reproducibility 

Date: 12-4-86
Starch: pH = 10.4, Color: Clear White 
Emulsion Prepared: 2:20 pm, pH = 2.9 

Order 
� 

1 
2 
3 
4 
•5
6 
7 

Sheet 
Wt (q) 
2.55 
2.62 
2.45 
2.46 
2.46 
2.51 
2.55 

Stock 
pH 

7.4 
7.4 
7.25 
7.4 
8.4 
7.3 
7.45 

HST 
(Seconds} 

225, 216, 190, 170 
194, 204, 214, 162 
146, 209, 195, 177 
154, 160, 146, 160 
54, 60, 86, 111 
142, 159, 142, 155 
180, 195, 158, 152 

• high pH, data not used in average
t1 4 = 3.467, t1 6 = 3.801, t5 6 = 5.197

' ' ' 

Data for Figure 18: Starch 4 Reproducibility 

Date: 12-4-86
Starch: pH = 9.7, Color: Clear White 
Emulsion Prepared: 2:27 pm, pH = 2.9 

Order 
� 

1 
2 

3 

4 
5 

6 

t1 ,6 = 3.374

Sheet 
Wt (q) 
2.63 
2.66 
2.87 
2.64 
2.51 
2.56 

Stock 
pH 

7.5 
7.7 
7.0 
7.5 
7.45 
7.2 

HST 
<Seconds} 

337, 383, 406, 349 
315, 356, 342, 326 
276, 398, 301, 315 
328, 354, 325, 319 
305, 332, 302, 284 
303, 329, 269, 301 
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Avg 

372 
329 
387 
299.5 
363.5 
� 
346 

Avg 

200 
193.5 
182 
155 
78 
149.5 
171 
175 

Avg 

369 
335 
325 
331.5 
306 
300.5 
327 

Stnd 
Dev 
1 1 
37 
38 
40 
53 
� 
48 

Stnd 
Dev 
25 
23 
27 
7 
26 
9 
20 
26 

Stnd 
Dev 
32 
18 
34 
15 
20 
� 
35 
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Data for Figure 19: Starch Comparison 

Starch 
Number 

C 
1 
2 
3 
4 

Avg 
Sizrng 
294 
192 
346 
175 
327 

Stnd 
� 
39 
36 
48 
26 
35 

Number 
of Samples 

24 
20 
24 
24 
24 

6 5  

t 
Values 
t
8 

j = 8.943 
t :2 = 4.119 
tc,3 = 12.438
tc 4 = 3.085 
t1 '3 = 1.816 
t2'4 = 1.567
t1 '4 = 12.576

' 



APPENDIX IV 

Statistical Results from the Two-Way ANOVA 

Sum of Degrees of Mean F F 

Sourae Sguaces Eceedom Sguace Ratio Erobability 
Cols • 14036.2 1 14036.2 3.582 0.0617 

Rows 543525.1 1 543525.1 138.703 0.00 ... 0 

Interaction 45907.1 1 45907.1 11.715 0.0009 

Error 344838.1 88 3918.6 

Total 948306.5 91 

* Cols = Molecular Weight, Rows = Cationic Charge
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