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Abstract

Preparation and characterization of methylcellidofem some annual plants
were investigated

Miscanthus, cardoon, and eucalyptus pulps weyduced by Impregnation Rapid
Steam Pulping (IRSP) process and bleached by Ttiiaride Free (TCF) sequences
using hydrogen peroxide and sodium hydroxide. Wath increase of pulping
severities, accessibilities and reactivities of ableed pulps increased while
viscosities and kappa numbers decreased. A nowide fimethylation was developed
in order to prepare methylcelluloses from wood aadnual plants. Each
methylcellulose of TCF bleached pulps wagthesized in isopropanol slurry with
iodomethane at 8CQ for 22 hours after the TCF bleached pulp was arired in
40% NaOH solution for 1 hour. The mercerization amethylation were repeated in
order to obtain a higher degree of substitution )(C”urier Transform Infrared
(FTIR) spectra showed OH groups of cellulose weestiglly substituted by
methoxyl groups. Supramolecular substitution pastef methylcelluloses were
determined by™*C nuclear magnetic resonance (NMR) spectroscoplyinsic
viscosities of methylcelluloses were measured stiléid water, 4 NaOH solution,
or dimethyl sulphoxide (DMSO). Rheological propestiof methylcelluloses were
measured in DMSO, 4% NaOH solution or distilled @vain which the synthesized
methylcelluloses had similaproperties as commercial methylcelluloses. Water
soluble and alkali-soluble conterd$ methylcelluloses were determined by solvent
extraction.

We used iodomethane to synthesize mettwylosés from Elemental Chloride
Free (ECF) bleached abaca, hemp, flax, jute, asal pulps via heterogeneous and
homogeneous methylations. The heterogeneous mitimylavas carried out in
isopropanol with iodomethane at %60 for 22h after a ECF bleached pulp was
mercerized in excessive 50% NaOH solution for ooerkat ambient temperature.
The homogeneous methylation was carried out in thiyhesulfoxide with
iodomethane at 3C€ for 48h using a methylcellulose of low degreesabstitution.
Fourier Transform Infrared (FTIR) spectra of thentbgsized methylcelluloses
showed the existence of methoxyl groups on methylose molecules. The degrees
of substitution of the synthesized methylcellulosese measured b{’C Nuclear
Magnetic Resonance (NMR) spectroscopy. The molecwkEghts of the water-



soluble methylcelluloses were determined by Sizecliswon Chromatography
(SEC). Intrinsic viscosities of the synthesized mgletelluloses were measured in 4%
NaOH solution. Methylcelluloses with better propest such as greater degrees of
substitution, molecular weights, viscosities, anttimsic viscosities, were prepared
from the pulps with higher accessibilities and te#ees. The factors influencing the
preparation of methylcelluloses from these pulpgevagscussed.

Pretreatments (water-soaking, pre-mercerigatimercerization under a pressure
of 15 bars, and steam explosion) were used to weptbe accessibilities and
reactivities of celluloses of bleached flax, hemigal, abaca, and jute pulps for the
synthesis of methylcellulose. Glucose and xylosatats of these pulps were
determined by High Performance Liquid Chromatogr@dRLC) after hydrolysis.
Degrees of crystallinity of these pulps were deteed by X-ray Diffraction (XRD)
spectra. Figures of Scanning Electron MicroscogeMBshowed that their fibrils
had different morphological structures. The iodaaksorption accessibilities of these
pulps were low and accessible fractions ranged foB% to 5.2%. Accessible
fractions in amorphous cellulose were calculatedhi@a 5% to 18% range. The
accessibilities of these pulps were hemp pulp % flalp > sisal pulp > jute pulp >
abaca pulp. Fourier Transform Infrared (FTIR) speshowed that mean hydrogen
bond strengths were weakened and relative crystgliindexes were decreased by
pretreatments. The accessibility and reactivityhaf abaca pulp were improved by
water soaking, mercerization under 15 bars pressateam explosion and
preliminary mercerization, of which steam explosénd pre-mercerization were the
best treatments. Species was the main factor éoathessibility and reactivity.

We studied the factors that influenced the emwalar weights (Mw) of water-
soluble methylcelluloses prepared from annual plaamd juvenile eucalyptus.
Miscanthus and cardoon stalks, and bleached pulpbara, jute, sisal, hemp, and
flax were used as the annual plant materials. Adrgconcentration of NaOH
solution during the impregnation led to a springdoan methylcellulose having a
lower molecular weight. As the impregnation timesreased, so did the molecular
weights of the water-soluble methylcelluloses dfirgp cardoon. The impregnation
conditions had less influence on the methylcellesosf summer cardoon than on the
methylcelluloses of spring cardoon. As the cookiilges increased, so did the
molecular weights of miscanthus methylcelluloses. Ioder pulping severity
increased the molecular weight of eucalyptus me#ilyllose. The preliminary
treatments (water soaking, pre-mercerization, meaon under pressure and
steam explosion) improved the molecular weights wéter-soluble abaca
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methylcelluloses. The steam explosion method was ldbst of the preliminary
treatments for the abaca pulp. Different specigésdalifferent molecular weights for
methylcelluloses synthesized from ECF bleached spugmd these were further
improved by preliminary mercerization. The moleculaeight of a-cellulose
methylcellulose changed as the ratio of the metioylareagent was varied. In order
to synthesize an optimum Mw of methylcellulose, diféerent raw materials can be
chosen, the pulping parameters adjusted (includmgegnation and cooking), the
cellulose pretreated, and the methylcellulose dard changed. The plant species is
the decisive factor for the Mw of methylcellulose.

The pulping parameters, the methylation conditiontke species, the
pretreatments, and the morphological structurepudiis influenced the degrees of
substitution of the methylcelluloses prepared fridme annual plants. A higher
impregnation severity, a higher pulping temperatwed a longer pulping time
caused a higher degree of substitution. An increéseethylation reagents led to an
increase of degree of substitution. Methylcellutosef different degrees of
substitution were synthesized from the pulps ofed#int species when a same
methylation condition was used. The pretreatmemniseased the degrees of
substitution of methylcelluloses.

This investigation contribweo find appropriate conditions for the productmh
methylcellulose from annual plants. The presenestigation demonstratehese
annual plants have the capacities to produce updradnd high quality
methylcellulosse for varied applications, such as additives of ®atbnstruction,
pharmaceutics, polymerization, paints, and detésgetc. The industry can utilize
these annual fast-growth plambd produce methylcelluloseshereforea lot of wood
will be savel.

Keywords: abaca, accessibility, annual plants, amamd degree of substitution,
eucalyptus, flax, hemp, IRSP pulping, jute, mettgla methylcellulose,
miscanthus, molecular weight, sisal, steam expigsibCF bleaching.
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Resumen

Este trabajo presenta los resultados devistigacion sobre la preparaciy
caracteriza@n de las metilcelulosas a partir de las plantaslasu

Las pastas del miscanthus, el cardo, guedlipto, se prepararon mediante el
proceso IRSP lifhpregnation Rapid Steam Pulpihy se blanquearon con las
secuencias del TCFTd@tal Chloride Freg¢ que usan perdxido de hidrogeno y
hidroxido de sodio (NaOH). Con el aumento de laesdad del proceso de
obtencion de las pastas, la accesibilidad y latiredad de las pastas aumentaron
mientras que la viscosidad y el nimero dkdppadisminuyeron. Se desarroll6 un
nuevo y sencillo método de metilacién para preplasametilcelulosas a partir de la
madera y las plantas anuales en el laboratorioa @aetilcelulosa de las pastas
blanqueadas con las secuencias del TCF se singetizina mezcla de isopropanol
con metano de yodo a %D durante 22 horas después la pasta del TCF serizérc
en una soludn del hidréxido de sodio al 40% durante 1 horarmleacerizacion y la
metilacion se repitieron para obtener un grado wdgitacion (DS) mas alto. Los
resultados de la espectroscopia infrarroja de foemada de Fourier (FTIR)
(Fourier Transform Infrared Spectroscgpynostraron que los grupos del OH de la
celulosa habian sido sustituidos parcialmente pgvag del metoxil. Los modelos de
sustitucion supramolecular de las metilcelulosas degerminaron mediante
espectroscopia de resonancia magnética nucleacatbbno-13. La viscosidad
intrinseca de las metilcelulosas se midi6é con atpstilada, una solucién al 4% de
NaOH, o DMSO. Las propiedades reoldgicas de ladamleiosas se midieron con
DMSO, una solucién al 4% de NaOH o agua destildds metilcelulosas
sintetizadas tenian unas propiedades similares mddilcelulosas comerciales. Los
volimenes hidrosolubles y alcalinosolubles de ldiloetulosas se determinaron
mediante extraccion con disolventes.

Las metilcelulosas se prepararon a partiradggs de lino, yute, cafiamo, sisal, y
abaca mediante metilaciones heterogéneas y honamériestas pastas se
blanguearon mediante el proceso EE&feknental Chlorine Frée La metilacion
inhomogénea de las pastas blanqueadas mediantecesp ECF se sintetizd en una
mezcla de isopropanol con metano de yodo°& 6flirante 22 horas después la pasta
del ECF se merceriz6 durante 1 hora en una solud&rNaOH al 50%. La
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metilacion homogénea de la pasta blanqueada med#DF se realiz6 en DMSO
con metano de yodo a%Ddurante 48 horas. Para esta metilacién homog#nead
una metilcelulosa con un grado de sustitucibn mag, bque se disolvid
completamente en DMSO. La espectroscopia infradejaransformada de Fourier
(FTIR) de las metilcelulosas mostro la existen@agdupos de metoxiles sobre las
moléculas de metilcelulosa. Se utilizd la espectpm de resonancia magnética
nuclear del carbono 13 para medir los grados detstidén de las metilcelulosas.
Los pesos moleculares de las metilcelulosas hitlioles se determinaron con la
cromotagrafia de exclusion por tamafos (SEC). Liasosidades intrinsecas se
midieron en una solucién de NaOH al 4%. Las médtilosas preparadas a partir de
pastas de elevadas accesibilidades y reactividedan las mejores grados de
sustitucion, pesos moleculares, viscosidades ypsidades intrinsecas

Se investigaron las accesibilidades y redeides de las pastas del ECF. Los
volumenes de glucosa y de xilosa de estas pastdstseninaron mediante HPLC
(High performance liquid chromatographydespués de la hidrélisis. Las
accesibilidades de adsorcion de yodo de estasspasia bajas y sus fragmentos
accesibles estaban entre el 1,31% y el 5,16%. Eegian amorfa, sus fragmentos
accesibles estaban entre el 5% y el 24%. Las ineggeel SEM $canning Electron
Microscopy mostraron que sus fibrillas tenian distintasuestiras morfoldgicas.
Los resultados de la espectroscopia infrarrojaralestormada de Fourier (FTIR)
mostraron que, después de los pretratamientosarhaidminuido tanto la media de
la intensidad de los enlaces de hidrégeno cominttises de cristalinidad relativos.
Sus reactividades aumentaron significativamentepudss de la mercerizacion
preliminar. Las accesibilidades y reactividadedadpasta del abaca se mejoraron
con los tratamientos de impregnacion con aguamedecerizacion a 15 bares de
presion, la explosion de vapor y la mercerizag@dgliminar. La desintegracion, el
incremento de los huecos, el debilitamiento denkenisidad de los enlaces de
hidrogeno, la depolimerizacion, y la decristalibacson esenciales para mejorar las
accesibilidades y las reactividades, pero el fadtgisivo es la especie de la planta.

Hemos estudiado los factores que influgerel peso molecular (Mw) de las
metilcelulosas hidrosolubles preparadas a partipldetas anuales. El tiempo y la
temperatura de impregnaciéon y las condiciones aei@o influyeron de manera
diferente en el peso molecular (Mw) de metilcelatopreparadas a partir de los
cardos recogidos en primavera y en verano, el milsga y el eucalipto. Se
compararon los efectos de los pretratamientos rfipregnaciéon con agua, la
mercerizacion preliminar, la mercerizacion con jorey la explosion de vapor) en la



pasta del abaca. Cuando se pretrato la pasta aeh,adu metilcelulosa hidrosoluble
consiguié un peso molecular mas alto. De entreptefratramientos analizados, la
explosion de vapor resultdé el mas adecuado. Parsegair metilcelulosas con un
peso molecular mas alto deben perfeccionarse ladiatones de la preparaci de
las pastas blanqueadas mediante ECF. La espelas diantas es el factor decisivo
para conseguir el peso molecular mas alto de léifcetelosas y para seleccionar los
pretratamientos mas adecuados.

Los parametros del proceso de obtencién de paktascondiciones de la
metilacion, las especies de las plantas, los paetientos, y la estructura
morfologicas de las pastas influy6é en los gradosud#itucion de las metilcelulosas
preparadas a partir de plantas anuales. Una sadedielimpregnacion mas alta, una
temperatura del proceso de obtencidén de pastasliaas un incremento del tiempo
del mismo proceso consiguieron grados de sustiiugids altos. Un aumento de
reactivos de la metilacibn caus6 un aumento deogdid sustitucion. Las pastas
obtenidas de distintas especies produjeron grad®ssustitucion diferentes,
trabajando con las mismas condiciones de metilacibos pretratamientos
aumentaron el grado de sustituciéon de las metltusdis.

Esta investigagn contribuye a encontrar las condiciones apropigo@as
metilcelulosas disefiadas a medida, sintetizadaart&r ple plantas anuales. Esta
investigacion demuestra que estas plantas tienesplacidad de ser preparadas para
conseguir metilcelulosas de alta calidad y de afabor aptas para distintas
aplicaciones, como la industria alimentaria, ladaleonstruccion o la farmacedutica.
La industria puede utilizar estas plantas anuatesrecimiento rapido para producir
metilcelulosas, con lo que, ademas, se evitaraetia madera.

Palabras clave: abacd, accessibilidad, b&menediante TCF, cafiamo, cardo,
eucalipto, grado de sustitdoi, lino, metilacion, metilcelulosa, miscanthus, @es
molecular, plantas anuales, proceso de obtencifrasta IRSP, sisal, yute.
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1. Introduction

1.1. Introduction
1.1.1 Annual plants

The total global production of paper andpgrboard increased from
268,515,320 metric tons in year 1994 to 328,065,0%lric tons in year 2004
(FAOSTAT data, 2004), in which wood is the dominaesource. Combining
overproduction of agricultural crops and shortafyeaod, non-wood materials, such
as annual plants and agricultural residues, reqaime attention in recent years for
produce of pulp, paper, paperboard, and cellulosevatives. In fact, non-wood
materials had been used to produce cellulosic mtsdaince the invention of
papermaking by a Chinese, Cai Lun (Atchison and Ma®, 1987).

Wood is not available in sufficient quaies in many countries because of the
increasing consumption of furniture, constructipaper, paperboard, and cellulose
derivatives (Atchison, 1996; McCloskey, 1995; Nignd Emmanuel, 2000).
Alternative new non-wood raw materials need torbestigated and exploited for
the potential substitution of wood. Therefore, ts#lulose industry is investigating
such new resources as overproduced crops, agraiNtaste, unconventional plants
and common wild plants to decide whether it is ifdasto use them to produce
paper, paperboard and cellulose derivatives, sadair-designed methylcellulose
as an additive for cement, food and drug.

Annual plants are considered as potergsburces because of overproduction
of agricultural crops (Pande, 1998; Hon, 2000)jrthagher yield of cellulose than
wood (McDougall et al., 1993; Atchison, 1996; Ha9®98), lower lignin contents
and consumption of less pulping chemicals and gn@igDougall et al., 1993; Han
and Rowell, 1996; Oggiano et al., 1997). Annuahidahave same main chemical
components as/oody plants, i.e., cellulose, hemicellulose, lignand extractives.
Annual plants have less lignin contents and lofibeit structure than wood. Thus,
cellulose can be obtained from them by a mild puyggrocess, which consumes less
energy and chemicain a shorter cooking time (Patt et al., 1986). Th&stment on
producing processes redgcat the same time. Annual plants can be planted
cultivated, and harvested every year. These spebmactes were the dominant



direct importance for their development.

However, the annual plants have some spepifiblems as raw materials of
cellulosic products (Patt et al., 1986). Harvesisimited to only a few weeks of a
year. Annual plants are planted and scattered myramall fields that thus cause the
difficulty of transportation and collection. A sigient store capacity is needed to set
up to ensure an all-year supply. Most annual plaats attacked easily by
microorganisms (Patt et al., 1986). To minimizerddgtion, these plants should be
stored as dry as possible.

Transportation of wood was more expensive difficult than annual plant
(McDougall et al., 1993; llvessalo-Pfaffi, 1993)nder the consideration of the
economical objectivethe environment influence, the sufficient supplpdathe
higher yield of cellulose, annual plants are nowdgially substituting woalas
alternative resoursaf cellulosic products

1.1.1.1. Miscanthus, cardoon, and eucalyptus

Miscanthus sinensis (elephant grass) imiasduced into Europe from China
and Japan as an ornamental plant during the 19888santhus is usually planted
and cultivated to produce energy because of itsgiasvth, high yield, and few soil
and cultivation demands in Europe (Nick and EmmBr2@®0). It has been reported
to yield between 20-26 dry tons per hectare, depgnoh the condition of the soail.
This grass contains 87% of small parenchyma oghg;h leads to a high content of
primary fines in the pulp and secondary fines durthe beating (Fukuda and
Hishikawa, 1996). Investigations have shown thatcamthus sinensis is a promising
source of pulp in the Mediterranean area (Iglestaa., 1996; Oggiano et al., 1997).
It has been shown to be an effective bioenergy enmug a high-quality source of
paper (Oggiano et al., 1997; Iglesias et al., 199&uda and Hishikawa, 1996;
Barba et al., 2002). Nowadays, miscanthus’ inngeativestigations concentrate on
achieving higher yield, better selectivity, and noyed quality with sulphur-free
pulping technologies, chlorine-free bleaching, aed applications.

Annual cardoon (Cynara cardunculus) is abdmsous perennial plant belonging
to the Compositae family (Antunes et al., 2000; Gdra et al., 2001). It is originally
from the Mediterranean region and usually grows iwarm, temperate climate. It
can also survive arid situations (http://www.nf-R0frg). Cardoon is scattered over a
wide region in Spain, France, Italy, and other Nldanean countries. It has been



used in regional food dishes (e.g. in soups armadsal but mainly as an enzymatic
source for milk coagulation in traditional cheesaking (Pereira et al., 1994,
Dalianis et al., 1996; Antunes et al.,, 2000; Goroirgt al., 2001). Its average
production is 20 tons/ha per year, with about 4G%ks, 25% leaves, and 35%
capitula (Fernandez, 1992; Fernandez and Curt,)199%ecent years, cardoon has
been shown to be a potential pulping and energgures in southern Europe
(Dalians et al., 1994; Pereira et al., 1994; Failearand Curt, 1995; Benjelloun et
al., 1998; Antunes et al., 2000; Piscioneri et20Q0; Gominho et al., 2001).

Cardoon is perfectly adapted to Spain’s cmamial conditions (Dalians et al.,
1994; Pereira et al., 1994; Fernandez and Curtb;18@njelloun et al., 1998;
Antunes et al., 2000; Piscioneri et al., 2000; Gdmi et al., 2001). The Spanish
government plans to promote renewable energy, & dhe promoting a plantation
of 1 million hectares of energy crops to substitgetroleum in the future
(Fernandez, 1998). Cardoon has been selected asf ®he potential crops. If this
plan gets under way, cardoon will be planted argdsted to a considerable quality
in Spain, so new applications of cardoon other tloarenergy would be marketable
and feasible and have sufficient supply.

Eucalyptus is originally from Australia budapts well to cultivation in many
climates. Today over 13,000,000 Hectares of eutadymre planted in over 70
counties (Davidson, 1993; Montagu et al., 2003% &hcalyptus is usually cultivated
to produce energy and pulps or for domestic apjpdieg, since it grows quickly and
does not require best soil conditions or much ation (Nick and Emmanuel,
2000). Pulps or cellulose made from a young twa-ypda eucalyptus improve land
utilization and produce higher cellulose yieldsnthea usual eucalyptus of several
years.

Higher valued methylcelluloses, which wereoduced from the annual
miscanthus, the juvenile eucalyptus of two years thie annual cardoon planted in
marginal and set-aside lands, of course will upgrélte low-grade plants and
improve the utilization of lands (Fernandez, 19%2Zrnandez and Curt, 1995;
http://www.nf-2000.0rg). In this dissertation, tareew challenging materials, the
annual miscanthus, the annual cardoon (harvestidimgpring and in summer) and
the juvenile eucalyptus, would be exploited andleatad their feasibility for the
production of methylcelluloses, which were for fhist time to be investigated.



1.1.1.2. Five commercial pulps of annual plants

We used five commercial pulps of abaca, flax, hejme, and sisal. These five
annual plants can be used to produce methylcediald¥e and Farriol, 2005b).
Annual plants can be used to produce methylcekyltdsough the quality depends
strongly on the source (Modrzejewski and Kierucoemk 1950; Ye and Farriol
2005a, b). The cellulose contents of abaca (56-63¥al (47-62%), hemp (57-
77%), flax (43-47%) and jute (45-63%) are highemtithat of woods (38-49%) (Han
and Rowell 1996). The lignin contents of abaca¥a);Ssisal (7-9%), hemp (9-13%),
flax (21-23%) and jute (21-26%) are lower than tbatvoods (23-34%) (Han and
Rowell 1996). The high cellulose content and logwnin content make these annual
plants valuable for producing cellulosic produdtsii and Rowell 1996). As Table 1
and Table 2 (http://www.fao.org, 2004) shows, theody yields and stable
productions of these annual plants in recent ygaake it feasible to try to exploit
them as alternative new resources of methylcelisos

Table 1. World production of some annual plantstfMeons)

Year 1999 2000 2001 2002 2003 2004

Jute 2592893 2662360 2929993 2861483 2749747 2773642

Flax 474179 479135 610697 762161 748369 750640

Sisal 353891 413050 305177 287142 301367 306667
Abaca 99840 104430 98320 100230 100230 100230
Hemp 61140 50618 62917 74054 83290 83290




Table 2. Yield of some annual plants (Hg/Ha)
Year 1998 1999 2000 2001 2002 2003 2004
Jute 18165 19070 19369 20420 20221 20664 20256
Hemp 11629 10168 8674 9874 10985 12357 12357

Sisal 8053 9514 10944 8180 8345 8387 8352
Flax 8716 9854 10954 11985 16436 15603 15667
Abaca 7728 7598 8233 7705 7769 7769 7769

In this dissertation, five commercial dissoty pulps (abaca, flax, hemp, jute,
and sisal) were used to prepare methylcelluloses.synthesis would concentrate on
the accessibilities and reactivities of ECF bledcpelps. Different pretreatment
methods would be used to improve the properties tlé synthesized
methylcelluloses. The main properties of the sysieel methylcelluloses would be
characterized: alkali-soluble and water-solubletents, DS and DS distribution
along the glucose units, degrees of polymerizagioth molecular weights, rheology
and solubility in water and 4% NaOH solution. Bdtie pulp species and the
pretreatment methods would be compared.

1.1.2 Methylcellulose

Methylcellulose is one of important cellulose eth@xikitin, 1962; Greminger,
1979; Brandt, 1986; Just and Majewicz, 1985; Hod &hiraishi, 1991; Donges,
1990; Krassig, 1993; Coffey and Bell, 1995). Meti®jlulose has very wide
applications (Donges, 1990; Greenway, 1994; Co#feg Bell, 1995; Guo et al.,
1998). Building industry uses about 47% of worldevidroduced methylcellulose
(about 70000 t/y) (Greminger, 1979; Greminger amdnikel, 1981; Donges, 1990;
Greenway, 1994). Paints, wallpaper paste, cosmatidspharmacy, detergents and
polymerization industry consume about 21%, 14%,atb 5% of methylcelluloses,
respectively (Donges, 1990). Methylcellulose isduas a surfactant because of the
presence of both hydrophilic OH and hydrophobic @GjHoups on its chains
(Brandt, 1986). Cement and gypsum formulationsewbaised paints, and wallpaper
adhesives use methylcellulose because of its extelWater retention properties
(Brandt, 1986). Methylcellulose is used as a doigdat eye iliness. Methylcellulose



is used as an additive of drugs, food and cosmeiicsvhich methylcellulose
functions as a component of coating, a drug releas&oller, a viscosity controller,
a filler of tablet and capsule etc (Donges, 199fke@Gway, 1994; Coffey and Bell,
1995; Guo et al., 1998).

Suida synthesized methylcellulose for the firsteti(®uida, 1905; Croon and
Manley, 1963). Methylcellulose is synthesized by Williamson etherification with
iodomethane, methyl chloride, or dimethyl sulfatik{tin, 1962; Greminger, 1979;
Fengel and Wegener, 1984; Brandt, 1986; Just arjdvitaa, 1985; Donges, 1990;
Brandt, 1986). Commercially produced methylcellebsiave two types: (1) water-
soluble methylcelluloses with degrees of substtufDS) ranging from 1.4 to 2.0
(usually 1.8), (2) alkali-soluble methylcellulosesth degrees of substitution (DS)
ranging from 0.25to 1.0 (Brandt, 1986). Methyloklse is made in different
viscosities ranging from 4 to 100,000 mPas in 2%eags solution at 2G with
20rpm. Methylcelluloses of different DS and vistpsisatisfy their diverse
applications.

Mercerization of dissolving pulp with a cemtrated NaOH solution causes the
cellulose to swell, to degrade, to decrease theedegf crystallinity, and, the most
important, to yield the alkali cellulose, which ceawith methyl halide to produce
methylcellulose. The reaction of alkali cellulogelanethyl halide is carried out as a
nucleophilic substitution through the interactiointioe oxonium sodium hydroxide
complexes on three accessible hydroxyls of the @migyucose unit (Krassig, 1993).
When the bleached pulp is used to synthesize nuetliylose rather than the pure
cellulose, the William etherification mechanism, mdmned with the macro
heterogeneous methylation of pulp (Timell and PsirvE951; Rebenfeld, 1954),
causes the methylation to become more inhomogersmudisncomplete because of
the difficulty of reagent diffusion, competitiveaetions of lignin and hemicellulose,
the inaccessible fibril interiors, and the crystal cellulose interiors (Rebenfeld,
1954; Krassig, 1993). Synthesized methylcellulesefien comprised of un-reacted
fibrils, methylcellulose with an inhomogeneous ulxttion of the methoxyl group,
and salts.

Currently, the synthesis of methylcell@dscuses on the essential properties:
the degree of substitution, the molecular weighttf® degree of polymerization),
and the distribution of the methoxyl group alonghbthe anhydroglucose unit and
the methylcellulose molecule chain. The methyldeda can be dissolved in cold
water when the degree of substitution is betwe&nahd 2.0 (Croon and Manley,
1963). For a given degree of substitution, the mdbe weight is the deciding factor



of methylcellulose for its solubility and applicati (Timell and Purves, 1951).
Properties such as the number average moleculaghtyethe weight average
molecular weight, the polydispersity, and the degrepolymerization constitute the
essential characteristics for the optimal synthesid application of water-soluble
methylcellulose.

Methylcelluloses of viscosities higher thah)0 mPas in 2 % aqueous solution
at ambient temperature are produced from cottdarrbecause cotton has a degree
of polymerization as high as 10,000 (Brandt, 198@gthylcelluloses of lower
viscosities are produced from sulfite-processed dvpalps (Brandt, 1986). The
pulps for production of methylcelluloses are regdias almost free of lignin, highly
purified and higha-cellulose contents of more than 86 % (Brandt, )98&ilfate-
processed wood pulps are less used (Brandt, 188&hylcelluloses can also be
produced from annual plant pulps (Ye and Farrio03).

The molecular weight of methylcellulose neédsbe kept within a particular
range by carefully choosing the raw materials amdgss parameters the present
research, methylcellulose was prepared from plaikss and bleached pulp$he
experimental process consisted of impregnatiorpipg) bleaching, mercerization,
and methylation. Pulps of different plants havdetént morphological structures
and chemical compositions (Hon and Rowell, 1996), tse methylcellulose
produced from different species will have differgmoperties even though the
methylation conditions may be the same (Ye andi®ar2005b). Therefore, the
species is the most important factor in the pradacof methylcellulose (Ye and
Farriol, 2005b). Pulping conditions played a vemyportant role in adjusting the
properties of the pulp (e.g. the lignin contenk tthegree of polymerization, the
accessibility, and the degree of crystallinity) r{§el and Wegener, 1984; Ye and
Farriol, 2005a). In addition, bleached pulps ofteave different chemical and
physical compositions (Ye and Farriol, 2005b), whaetermine whether the pulp
needs preliminary treatments for its accessibiatyd reactivity to be improved
(Krassig, 1993; Ye and Farriol, 2005W)/hen the accessibility of pulp is low, the
pulp needs physical and chemical preliminary tresis (Krassig, 1993; Ye and
Farriol, 2005b). During the heterogeneous methylation, the meragsizaand
methylation conditions also greatly influence theleaular weight of the synthesized
methylcellulose (Brandt, 1986; Krassig, 1993).



1.2. Objective

The object of thiglissertationis to exploit the studied annual plants as new
alternative resources for the production of metldtoses. In this dissertation,
methylcelluloses were prepared from miscanthusjamar, eucalyptus, flax, hemp,
jute, sisal, and abaca. The parameters of preparand the resulting intermediate
products as well as the final products, methyléedles, were characterized and
compared at each experimental step. The presestirods concentrated on the
conditions of preparation (pulping, bleaching anethglation) and the factors that
influenced the main properties of methylcellulo§ascosities, intrinsic viscosities,
molecular weights, and degrees of substitution).etExperiments were done
according to the following six steps.

1. Impregnation;

2. Rapid steam pulping;

w

TCF bleaching

4. Improving accessibility and reactivity of bleachmdps;

o1

Methylation of TCF and ECF bleached pulps;

6. Characterization of synthesized methylcelluloses.

1.3. Organization of the dissertation

This dissertation has five important chaptétach chapter explains a specific
topic of the present investigation.

The chapter 1 is a short introduction, whinciefly describes the studied raw
materials, investigated topics, and the objectivibis dissertation.

The chapter 2 is a literature review abdwt fundamental knowledge, the
progress and current development of the topic tisatinvestigating in this
dissertation. This chapter begins with a reviewtlba importance of the annual
plants, their compositions and fiber morphologg plulping and bleaching processes
that are suitable for annual plants, and finallylubese derivatives including
celluloses esters, cellulose ethers, and the nmogortant methylcellulose in this



dissertation. In this chapter, the synthesis, naaiaracteristics, and applications of
methylcellulose are emphasized and described.

The chapter 3 is an experimental process pdnich in details describes the
materials, equipment, procedures to prepare maeailhylloses, separation and
purification, and characterization methods that us$e current advanced
technologies.

The chapter 4 describes the obtained experimeata) the interpretation of these
dada, and comparison of obtained results with mamti reference data. This chapter
is the most important in this dissertation. Thisyufler consists of seven important
sections.

(1) The first section is a short introduction, whiemphasizes the originality, and
the innovative points of the present investigatiothis dissertation.

(2) The second section describes the developmeatraivel facile methylation
method, which is suitable for annual plants anddgoo laboratories.

(3) The third section describes the preparation adracterization of
methylcelluloses from miscanthus, cardoon, and lgpttes. This section includes
the following parts: chemical composition, impregoa, steam pulping, TCF
bleaching, methylation of miscanthus pulps, andhgiation of cardoon and
eucalyptus pulps. The potential applications oftlsgsized methylcelluloses are
discussed.

(4) The fourth section describes the preparatioml aharacterization of
methylcelluloses from the commercial ECF bleachkdca, flax, hemp, jute and
sisal pulps. This section includes three partsp@res of pulps, accessibilities and
reactivities of pulps, and preparation and chareetgon of the synthesized
methylcelluloses.

(5) The fifth section describes the factors thétuance the molecular weights of
methylcelluloses: pulping conditions, pretreatmenisthylation conditions, harvest
time, and species.

(6) The sixth section describes the factors thdluence the degrees of
substitution of methylcelluloses: pulping condigpnpretreatments, methylation
conditions, and species.

(7) The seventh section discusses the course dfyfagon of bleached pulps,



which includes mercerization, methylation, effettle bleached pulps, and finally
the factors that influence the properties of metiijdiloses.

Based on the results described in the chdptire chapter 5 is a summary of the
most important conclusions.

Finally, the chapter 6 lists cited references
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2. Literaturereview

2.1. Introduction

In recent years, natural lignocellulosicoweses have been investigated as
alternative raw materials for energy and chemicalss is mainly because of the
limited reserves of petroleum and coal, the highepof natural gas (Lee, 2004) and
the need for sustainable development (Hartley, 1%8Acer, 2000). Since 1983,
several potential industrial woods and annual hesogh as eucalyptus, willow,
miscanthus, cardoon, flax, and jute, have beerstigaged in European countries for
energy and chemical production (Mangan, 1995).

Lignocellulosic materials can partially sutde fossil resources for producing
energy (Hartley, 1990) and chemicals (Goldstein/81@ and b, 1980; Koukios
catalytic steam reformation, chemical or enzymahyidrolysis, fermentation (Linko,
1987) or other chemical, biological and physicacte®ns (Saddler and Mackie,
1990). The main components of lignocellulosic mater are cellulose,
hemicellulose, and lignin. Many higher value-addeabducts that have been
produced from cellulose, lignin, and hemicellulobave diverse applications
(Koukios and Valkanas, 1982).

Currently, about 55% of the feedstock floe fproduction of pulps is virgin
wood, 9% is non-woodgources, and 16% is recyclpdper (FAOSTAT data, 2004)
The main woods for cellulosic products are froapid growth species such as
eucalyptus and pine. Agricultural crops (especiathaws and bagasse) and natural
plants can be alternative sources to forest wabtieey can be foundn sufficient
supply, in a proper plantation area and with slatabchnology for obtaining the
cellulose. Other lignocellulosic residual resourbase not yet been wedixploited.
These are industrial residues (wastes from theyotaxh of pulp andumber), forest
residues, agricultural residues (residues of fruitseals, textile fibers and excess
production of crops)and urban residues (waste paper, paperboard anithrsi
material3 (Barba, 2002)

The most important annual plants for the pulgustry are agricultural residues
(bagasse and cereal straws) and naturally cultdviagenboo and reeds (Patt et al.,
1986). Other important annual plants, such as mibkaa, flax, kenaf, sisal, jute,
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hemp, and cotton, are valuable raw materials fer gloduction of special pulps,
special papers, and cellulose derivatives (Pa#tl.et1986; Ye et al., 2003; Ye and
Farriol, 2005b).

2.2. Annual plants

Annual plants are an opportunity both foriagtural farmers and cellulosic
industries (Foeher, 1998). Cellulose has been pextifrom annual plants for a long
time (Marshak, 1933; Orlov, 1934; Jayme et al.,894About 8% of the world’s
cellulosic products are made from annual plantuess (Leminen et al., 1996)

Plant species used for cellulosic products fioen the botanical division
Spermatophytéseed plants), which has two class&sgiospermadseeds enclosed
within the fruit) andGymnospern{naked seeds) (Nimz et al., 1986ymnosperm
has Coniferae (Figure 1) Angiospermaehas two classesMonocotyledonand
Dicotyledon(Figure 1). The most common plant species useddiulosic products
are coniferous trees (softwood trees) of Bgmnospermand deciduous trees
(hardwood trees) of thBicotyledon.Grasses and leaf fiber plants are examples of
Monocotyledon(Nimz et al., 1986)Bast and fruit fiber plants are examples of
Dicotyledon(Nimz et al., 1986).

Spermatophyte
Angiospermae Gymnosperm
Monocotyledon Dicotyledon Coniferae
Grasses, cereals, ree Hemp, flax, jute, Softwood trees.
abaca, and sisal. kenaf, hardwood trees

and fruit fiber plants.

Figure 1. The taxonomy of lignocellulosic plantsé€ssalo-Pfaffli, 1995)
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Annual plants have several advantages weed resources. Firstly, they grow
to maturity much more quickly than wood speciesmidecan be harvested within
three to four months. Other annual plants sucht@svsflax, abaca etc. can be
harvested yearly. This brings quicker profits foe tfarmers and obtains a higher
cellulose yield. Secondly, crop residual fibershsas bagasse, straw, flax, jute, and
wild plants can be used, so profits are higher ipriblanks to these low-value
lignocellulosic sources. Thirdly, annual plant sm# are usually chipped to smaller
sizes (about 4 cm in length) than wood chips inpihie digester. Annual plant stalks
have more porous fiber structures and weaker fitier-lignin deposits (Brandt,
1986). This requires less cooking energy and lese.tBagasse and straw, for
example, cooks within 10 to 15 minutes, which savet of energy in a short time.
Finally, fewer cooking and bleaching chemicals ased for annual plants than for
wood chips (Brandt, 1986).

Annual plants generally hadewer lignin contents, higher pentosan contents,
higher hemicellulose contents, and higher ash cts&(especially silica) than woqds
while thecellulose conterstare almost equivalent (Atchison and McGovern, 1987;
Han and Rowell, 1986). So far these plants have loe¢én used the manufacture of
textiles and papeproducts that constantly compete with synthetid aood fibers
(Brandt, 1986)The feasibility of usingannual plant fibers in other applications has
not been widely researched or developed (Valadet,e1999; Idarraga et al., 1999;
Beard et al., 2002a). The most widely availableuahrplants are the straws of
cereals the stems of corn and sugar cane, which are listethble 3 (Atchison,
1994) and Table 4 (FAOSTAT, 2004).

13



Table 3. Worldwide availability of annual plantdits

Fiber Type

Potential Availability for
Pulping (Million BDMT)

Agricultural Residues
Wheat Straw

Other Cereal Straws

- Barley Straw

- Oat straw

- Rye straw

- Rice straw

Grass Seed Straw

Seed Flax Straw

Corn Stalks

Sorghum Stalks

Cotton Fibers

- Cotton Staple Fiber

- Cotton Linters (First and Second Cut)
- Cotton Stalks

Sugar Cane Bagasse
Nonwoody Crop Fibers
Stem Fibers

- Jute, Kenaf, Hemp, etc.

Leaf Fibers
- Sisal, Henequen, Maguey, Abaca

Natural Growing Plants
Reeds (Estimate)
Bamboo (Estimate)
Papyrus (Estimate)
Esparto Grass (Estimate)
Sabai Grass

600.0
290.0
195.0
55.0
40.0
360.0
3.0
2.0
750.0
252.0
89.0
18.3
2.7
68.0
102.2

13.9

0.6

30.0
30.0
5.0
0.5
0.2

*. Source: Atchison J. and McGovern J., 1987.
**: Fibers available for delivery to pulp mills. Be Dry Metric Ton (BDMT).
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The jute has a wider plantation area aedtgr production than the other most
cultivated annual plants, such as flax, sisal, eanasbaca, and hemp (Table 4,
FAOSTAT data, 2004). Table 4 shows the supply ads¢h annual plants for
cellulosic products. The research and developmémbaihylcelluloses from these
plants will therefore be both significant and féési Some annual plants, such as
miscanthus, hemp, and kenaf, have higher fiberpail yields than straws of wheat
and rice, which are shown in Table 5 (Pierce, 199ahd can therefore be better
utilized by planting fast-growing annual plants.e$k data highlight the need to
exploit these annual plants for the production efilcellulose.

Table 4. Worldwide plantation of some annual plamt2004

Area (Ha) Yield (Hg/Ha) Production (Mt)

Jute 1,369,311 20,256 2,773,642
Flax Fiber and Tow 479,115 15,667 750,640
Jute-Like Fibers 315,340 12,840 404,883
Sisal 367,178 8,352 306,667
Ramie 128,600 20,941 269,300
Abaca 129,020 7,769 100,230
Hemp Fiber and Tow 67,404 12,357 83,290

*: Source: FAOSTAT data, 2004
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Table 5. Average annual yields of some raw maggrial

Plant Fiber yield Pulp yield
(Tonneslyear/ha) (Tonnes/year/ha)

Scandinavian 15 0.7

softwood

Fast-growing 8.6 4

softwood

Temperate softwood 3.4 1.7

Fast-growing 15 7.4

hardwood

Wheat straw 4 1.9

Rice straw 3 1.2

Bagasse 9 4.2

Bamboo 4 1.6

Kenaf 15 6.5

Hemp 15 6.7

Miscanthus 12 5.7

Canary grass 8 4.0

* Source: Pierce, 1991.

2.2.1. Chemistry of annual plants
2.2.1.1. Chemical components of annual plants

The dry cell walls of annual plants mainfynsist of cellulose, hemicellulose,
and lignin combined with extractives, protein, sharand lower quantities of
inorganics (Han and Rowell, 1996). The chemical position varies from species to
species, and within different parts of the samecigge(Han and Rowell, 1996). It
also varies within a species from different geoprapplantation locations, ages,
climate, and soil conditions (Han and Rowell, 1996) they are exploited
appropriately, they can be used in the researchdawedlopment of cellulosand
cellulose derivatives with innovative propertiesd ativerse applications (Maddern
and French, 1995).
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The cellulose contents of annual plantgeainom 43% to 90 % (Table 7). This
is highly variable and greater than that of softdidoees. The lignin contents of
annual plants range from 7 to 24 %, which is maetel than that of woods (23—-39
%) (see Table 7). Less energy and less chemicauoagption will therefore be
expected during the production of cellulose fronmwal plants. The hemicellulose
contents of annual plants range from 15 to 32 %chvis much higher than that of
woods (7-26%) (see Table 7). The smallest compenehtannual plants are
extractives and inorganics, which are usually taas 10% of the total weight of the
dry fibers.

Cellulose

Cellulose, the chemical formula of whiah (GH100s),, is an unbranched
homopolymer consisting of B-D-glucopyranose units linked by (1 —4) glycosidic
bonds (Purves, 1954). As the main component of wabhk photosynthesized
biomass, cellulose is the most abundant biopolyameaiable in wood, annual plants
and other minor resources (Krassig, 1993)4m'* tons of cellulose is
photosynthesized annually (Kréssig, 1998).NMR spectroscopy showed that the
B-D-glucopyranose adopts the “Cy chain conformation, which is the lowest free
energy conformation of the molecule (Krassig, 1998\us, the hydroxyl groups are
arranged in the ring plane (equatorial), while ftiydrogen atoms are in the vertical
position (axial) (Krassig, 1993). Each glucose wiitcellulose has three hydroxyl
groups at the C-2, C-3, and C-6 atoms, which commiith the oxygen atoms of
both the pyranose ring and the glycosidic bond dionf strong inter- and intra-
hydrogen bonds (Sarko, 1978; OSullivan, 1997). mtamber of glucose units in a
cellulose molecule is referred to as the degrepobfmerization (DP). The average
DP of plant celluloses, which depends not onlylandpecies but also on the process
used, ranges from about 50 for a sulfite pulp touatl0,000 for cotton (Stamm,
1964).

Cellulose is a biopolymer of glucose (Krassig93Q The structure of glucose is
shown in Figure 2. Two glucose molecules reactotonfa cellobiose (Figure 3),
which is the basic chemical unit of a cellulose esale (Figure 4) (Kréssig, 1993).
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Figure 4. Structure of a cellulose chain
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Hydrogen bonds of cellulose

Both intra- and intermolecular hydrogen boesst in cellulose. This causes the
crystalline cellulose, a different morphology ofllgl®se, and an assembly of
elementary fibrils (Krassig, 1993). The hydrogemd® between O-3-H and O-5’ of
the adjacent glucopyranose unit and O-2-H and @-6iative crystalline cellulose
(Figure 5) can be observed by X-ray diffraction, RMand IR spectroscopic data
(Liang and Marchessault, 195%rassig, 1993; Sarko and Muggli, 1974). The
intramolecular hydrogen bonds are highly relatetth whe single-chain conformation
and stiffness of cellulose (Krassig, 1993). Thesnmiolecular hydrogen bonds are
highly related with the crystallinity and morphojo@f cellulose (Sarko, 1978;
Osullivan, 1997). The intermolecular hydrogen bohdsveen the OH group at the
adjacent C-6 and C-3 positions of cellulose molesare located on the same lattice
plane (020 planes) (Osullivan, 1997).

Figure 5. The hydrogen bonds of cellulose

Crystallinity of cellulose

Because of the strong hydrogen bonds and weak de Wall's forces, the
celluloses are in fact a mixture of amorphous amdtalline celluloses (Meyer and
Mark, 1928; Meyer and Misch, 1937). The speciesm@odess determine the ratio of
amorphous cellulose to crystalline cellulose, erdiegree of crystallinity (Fink et al.,
1995). About 93% of Valonia is crystalline cellubo$600—1000 parallel chains may
exist in a microfibril of Valonia (Osullivan, 1997Bacterial cellulose has a degree of
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crystallinity of about 75% (Kulshreshta and Dwelt®,73) and a crystallite width of
about 5-6 nm. Cotton has a degree of crystallioit40-45% and a crystallite width
of 4-5 nm (Morosoff, 1974). The density of crystad cellulose in a single crystal is
1.59 g/crd. In contrast, the density of pure natural fibdiudese is only 1.55 g/cth
(Hermans, 1949).

Model of cellulose

Several models have been proposed to explagn structure of cellulose
(Osullivan, 1997). Because of strong hydrogen bamu$ a weak van de Wall's
force, adjacent cellulose chains form elementdrilé with an average thickness of
3.5 nm that contain both crystalline and amorphoogecules (Frengel, 1971). The
elementary fibrils are cellulose aggregates oforezilengths and widths that depend
on the source and processes (Figure 7) (Osullin®97). Hemicelluloses are
enclosed in the elementary fibrils or exist betwdba elementary fibrils. The
hemicelluloses form a looser structure than thenetgary fibrils (Frengel, 1971).
According to Fengel and Wegener (1989), severamefgary fibrils with
hemicellulose can associate with one another tm fimicrofibrils, which also have
diverse lengths and widths (Frengel, 1971). Sevaratofibrils are held together to
form fibrils about 30 nm wide, which are enclosaedaimatrix of hemicellulose and
lignin (Figure 9) (Fengel and Wegener, 1989). Thmemsions of these models are
described in detail in the following paragraphs &gdres (Osullivan, 1997).

(1) Cellulose macromolecules (Figure 6)

The distance between individual glucose mdés is about 6 angstroms and the
distance between individual chains is about 5.4stioms (Fengel and Wegener
1989).

(2) Elementary fibrils (Figure 7)

An elementary fibril is the basic unit ofllaese, which is about 30 x 30
angstroms in cross section and about 300 angstrofeagth (Fengel and Wegener
1989; Osullivan, 1997).

(3) Microfibrils (Figure 8)

A microfibril is approximately 120 x 120 gstroms in cross section and an
indefinite length, and is composed of a bundle lefmentary fibrils (Fengel and
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Wegener, 1989; Osullivan, 1997). When viewed irssfgection, its appearance is
much like that of the fibril.

(4) Fibrils (Figure 9)

A fibril is composed of bundles of microfilsr (Fengel and Wegener, 1989;
Osullivan, 1997). It is approximately 2000 angstsamwidth (Fengel and Wegener
1989; Osullivan, 1997). Fibrils are of indefinitengths. When viewed in cross-
section, they appear as organized blocks withiraaixof hemicelluloses and lignin
(Fengel and Wegener, 1989; Osullivan, 1997).

& Angstroms
i Y.

OH OH OH OH OH OH
o] HO 0 HO 0 HO
o 0 0
OH OH OH oH OH

=

5.4 Angstrom

OH OH OH
Yo o S Ho
OH

OH

Figure 7. An elementary fibril (Osullivan, 1997)

21



3 nm

cellulose elementary
fibril

-+ hemicellulose

._:I'-Lt}( lignin

NEERITE
9 L=
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Figure 9. A fibril model (Osullivan, 1997)
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Figure 10. Brunow's softwood lignin model (Brun@901)

Lignins (Figure 10) are cross-linked amorphoaromatic polymers of
phenylpropane units (Sjostrom, 198A)l plant lignins consist mainly of three basic
building blocks of guaiacyl, syringyl, anpd—hydroxyphenyl moieties, although other
aromatic type units also exist in many differenpey of plants (Sjéstrom, 1981).
Structures of lignins vary a lot within differentapt species. Lignins in plants
contain significant amounts of constituents othantguaiacyl- and syringyl-propane
units (Sarkanen and Ludwig, 1971). Coniferous wdigdin consists mainly of
guaiacylpropane (4-hydroxy-3-methoxyphenylpropang)its (Sjostrom, 1981)
Deciduous wood lignins contain more than 50 % aingyl (3,5-dimethoxy-4-
hydroxyphenyl) groups (Sjostrom, 1981). Grass hgréontain more than 30 % of p-
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hydroxyphenylpropane (Sjostrom, 1981). Corn lignaontains vanillin and
syringaldehyde units along with substantial amouwftp -hydroxybenzaldehyde
(Sjostrom, 1981). Bamboo lignin is a mixed dehyidratpolymer of coniferyl,
sinapyl, andp -coumaryl alcohols (Bhargava, 1987). Kenaf lignontains a very
high amount of syringyl groups (Han and Rowell, @99

Hemicelluloses

Hemicelluloses are amorphous polysaccharalelower molecular polymers,
which have degrees of polymerization (DP) of 50-20®jdstrom, 1981).
Hemicelluloses mainly contain  D-xylopyranose, Degipyranose, D-
galactopyranose, L-arabinofuranose, D-mannopyrarawgkED-glucopyranosyluronic
acid with minor quantities of other sugars (Figdr®) (Han and Rowell, 1996).
Bamboo hemicelluloses consist of a backbone polymer of D-xylopyranose, linked [3-
(I-4) with an average of every eight-xylose-unintoning a side chain of D-
glucuronic acid attached glycosidically to the Zigon of the xylose sugar
(Bhargava, 1987). Kenaf hemicelluloses contain a&klbane polymer of D-
xylopyranose with side chains of D-galactose amardbinose (Cunningham et al.,
1987).

Galactoglucomannan is the main hemicellulcgsogt 20%), with a linear or
possibly slightly branched chain with B- (1-4) linkages (Sjostrom, 1981), in which
glucose and mannose make up the backbone polynthr wainches containing
galactose. Another major hemicellulose in softwood5-10%) is an
arabinoglucuronoxylan consisting of a backbone of - (1-4) xylopyranose units with
(I-2) branches of D-glucopyranosyluronic acid oe #verage of every 2—10 xylose
units and the (I-3) branches of L-arabinofuranaos¢he average of every 1.3 xylose
units (Sjostrom, 1981). The major hemicellulosei¢gronoxylans) from hardwoods
contains a backbone of D-xylose units linked - (1-4) with acetyl groups at C-2 or
C-3 of the xylose units, on an average of 7 aceqigis10 xylose units (Sjostrom,
1981). The xylan is substituted with side chaing eD- methylglucuronic acid units
linked to the xylan backbone through a link (I-2ithwan average frequency of
approximately 1 uronic acid group per 10 xylosgsusjostrom, 1981). Hardwoods
also contain 2-5% of a glucomannan composed of B-D-glucopyranose and (-D-
mannopyranose units linked (1-4) (Sjostrom, 19&8hge major hemicellulose from
kenaf is similar to a hardwood xylan (Duckart ef 4988). The major hemicellulose
from bamboo is composed of a backbone of - (14) D-xylopyranose residues whose
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every eighth xylose unit on average contains a sitin of D-glucuronic acid
attached glycosidically to the 2-position of théase unit (Bhargave, 1987). Table 6
shows the sugar unit compositions of several anplaaks (Han and Rowell, 1996).
The composition of these plants is highly variadre xylose is the main sugar unit
in the hemicellulose.

Table 6. Carbohydrate composition of some annweitpt

Fiber Glucose Arabinose Galactose Rhamnose Xylose Mamnose
Jute core 39.09 0.11 0.41 0.38 17.35 0.91
Flax 31.21 1.17 1.77 0.62 1229 1.13
Rice hull 33.89 1.52 0.85 0.05 13.95 0.16
Bagasse 43.10 1.93 055 O 24.19 0.18
Kenaf core 33.45 0.49 0.83 0.29 1424 1.01
Jute fiber 56.87 0.11 0.49 0.16 12.17 0.50
Abaca 52.69 1.83 1.03 0.16 12.81 0.89
Kenaf 43.32 2.04 0.46 1.25 10.80 1.25
Chinese hemp 0.40 83.81 1.34 2.11 0.79 1.92
Sunn hemp core O 41.46 0.26 0.73 0.27 17.08
Sunn hemp bast 0.23 56.38 1.08 2.05 0.29 1.97

*» Source: Han and Rowell, 1996.

Figure 11. Partial structure of glucuronoxylan (Herd Rowell, 1996)
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Extractives

Annual plants contain 1-10 % extractivesar{Hand Rowell, 1996). Higher
contents of extractives have been found in cetigias of cardoon with green stalks
(Ye et al., 2005a). The extractives consist ofrgdanumber of low molecular weight
compounds, which can be extracted from annual plavith organic solvents
(terpenes, fats, waxes, and phenols) or water i(tanand inorganic salts). The
extractives are chemicals mainly consisting of ,fdtgty acids, fatty alcohols,
phenols, terpenes, steroids, resin acids, rosiresyaetc., which exist as monomers,
dimers and polymers (Han and Rowell, 1996)

Inorganics

The inorganic content of a plant is usuadtferred to as its ash content, which is
an approximate measure of the mineral salts aner atlorganic matter in the fiber
(Han and Rowell, 1996)Annual plants contain 1-10 % ash, which are mostly
mineral components (Han and Rowell, 1996). Welkokxl annual plants usually
have a much greater silica component than wood¢twhauses problems during
pulping and papermaking (Patt et al.,, 1986). Thaemal components are mainly
carbonates or glucuronates of calcium (40 - 70 potassium (10 - 30 %),
magnesium (5 - 10 %), iron (up to 10 %) and sodi@ther metals, such as
manganese and aluminum, are also present in snagifartities (Han and Rowell,
1996). Oxalate, phosphate, and silicate anionseadsd (Han and Rowell, 1996).

2.2.1.2. Chemical compositions of annual plants

The chemical compositions of annual fibeasy greatly, not only according to
their species, plantation location, and growth emment but also to their harvest
times (Han and Rowell, 1996). Studies have repartady varieties in fiber sources,
fiber ages, and determination methods (Han and Rdl@96). Data on the chemical
composition of several common plant fibers are showTable 7 (Han and Rowell,
1996). Generally, about 40 to 50% of the weigh&mfiual plants is cellulose (which
is the maincomponent of these plants), except for cotton, vihnas a much higher
cellulose content. About 10 to 30% of the weighaphual plants is lignin and 20 to
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30% is hemicellulose. The ash content varies greAtinual plants have a much
higher ash content than woods (Han, 1998).

The chemical compositions in Table 7 show #@ilh&nnual plants have similar
chemical properties, such as lower lignin contenigher pentosan or hemicellulose
contents and higher ash contents than woods. Témichl properties of stalk fibers
are similar to those of hardwoods. The main difieeeis that these annual plants
have higher ash and silica contents. Leaf andfitiest usually have higher cellulose
contents, lower lignin contents and higher pentosantents than stalk fibers.
Oilseed flax bast fiber has similar chemical prdipsrto those of hardwoods. Cotton
contains very pure cellulose, which is suitablegmyducing highly viscous cellulose
derivatives.
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Table 7. Chemical composition of natural fibers*

Fiber source

Cellulose a-cellulose Lignin (%) Pentosans Ash (%) Silica (%)
(%) (%) (%)
Leaf fibers
Abaca 56-63 7-9 15-17 1-3 <1
Sisal 55-73 43-56 8-9 21-24 0.6-1 <1
Bast fibers
Ramie 87-91 5-8
Hemp 57-77 9-13 14-14 0.8
Jute 45-63 39-42 21-26 18-21 0.5-1 <1
Kenaf (bast) 47-57 31-39 15-18 21-23 2-5
Kenaf (core) 34 17.5 19.3 2.5
Oilseed flax 43-47 31-39 21-23 24-26 2-5
Textile flax 76-79 50-68 10-15 6-17 2-5 <1
Seed hull fibers
Cotton 85-96 0.7-1.6 0.8-2 <1
Stalk fibers
Canes Bagasse 49-62 32-48 19-24 27-32 1.5-5 0.7-3.5
Bambo 57-66 26-43 21-31 15-26 1.7-5 0.7
0
Cereal Barley 47-48 31-34 14-15 24-29 5-7 3-6
straw  Qat 44-53 31-37 16-19 27-38 6-8 4-7
Rice 43-49 28-36 12-16 23-28 15-20 9-14
Rye 50-54 33-35 16-19 27-30 2-5 0.5-4
Wheat 49-54 29-35 16-21 26-32 4-9 3-7
Grasses Arundo 29-33 21 28-32 4-6 1.1-1.3
donax
Esparto 50-54 33-38 17-19 27-32 6-8 2-3
Sabai 22 24 6
Switchg 43 34-36 22-24 1.5-2
rass
Reeds Phragm 44-46 22-24 20 3 2
ites
commin
is
Wood
Coniferous 53-62 40-45 26-34 7-14 1 <1
Deciduous 54-61 38-49 23-30 19-26 1 <1

*> Source: Han and Rowell, 1996.
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2.2.2. Morphological structure

Unlike wood fibers, which take years to grawfull size, most common annual
plant fibers are harvested yearly and the entmetpjrows within a very short time.
Plant species, climate, soil conditions, and fagmativities influence the fibers.
Softwoods contain over 90% tracheid fibers, ang @P6 stubby ray cells and other
fines (Patt et al., 1986). Hardwoods contain oridpw 50% tracheid fibers and a
large number of vessel cells and ray cells (Pa#l.et1986). Annual plants contain
various fibers and cell types (Han and Rowell, J998onocots such as cereal
straws, sugarcane bagasse and corn stalks arearstmihardwoods but they are
much more heterogeneous and contain a large propart thin-walled cells, barrel-
shaped parenchyma cells, and vessel and fine empadlerells in a wide range of
dimensions (Han and Rowell, 1996). Dicots suchlas $traw, kenaf, and hemp
contain two different fiber types: an inner coresbbrt fibers surrounded by a layer
of longer bast fibers (Han and Rowell, 1996). Chibers typically contain more
lignin and are more difficult to pulp (Han and Rdw&996).

The morphological characteristics of fibessch as length and diameter, are
important for the manufacture of cellulosic produdh fibers for paper production,
the ratio of fiber length to fiber diameter is ab@00:1, whereas in textile fibers it is
more than 1000:1 (Hurter, 1988; Hunsigi, 1989; Muball et al., 1993). In
coniferous trees, this ratio is 60-100:1, and icidleous trees, it is 2—60:1 (Hurter,
1988; Hunsigi, 1989; McDougall et al., 1993). Thieef length and diameter of
annual plants depends on the species and paredglamt from which the fiber is
obtained (Han and Rowell, 1996). The average arpiaat fiber length ranges from
1 to 30 mm (Table 8) (Hurter, 1988). The average raf fiber length to fiber
diameter ranges from 50:1 to 1500:1 (see Tabléi8jtér, 1988).

The average dimensions of various annwdtgulp fibers are listed in Table 8
(Atchison and McGovern, 1993). These data showntlde range of characteristics
of annual plant fibers. Many annual plant fiberg aimilar to the short fiber
hardwoods, while others are so long that they rhasshortened to produce paper.
These fiber dimensions provide an idea of the piatiensefulness of these pulps in
pulp and papermaking as well as cellulose derivatwhere fiber morphology
influences accessibility and reactivity. In factorh the technical and quality
viewpoints, any grade of cellulose derivatives barproduced from annual plants if
the proper processes and technologies are used.
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Table 8. Fiber dimensions of some plants*

Length (microns) Diameter (microns) L/D

Fiber source X . . - .
Maximum Minimum Average Maximum Minimum Average ration

Bast fibers
Hemp 55000 5000 20000 50 16 22 1000
Jute 5000 500 2000 68 8 20 100
Kenaf (bast) 7600 980 2740 20 135
Oilseed flax tow 45000 10000 27000 30 16 22 1250
Textile flax tow 55000 16000 28000 28 14 21 1350
Core fibers
Kenaf (core) 1100 400 600 37 18 30 20
Leaf fibers
Abaca 12000 2000 6000 36 12 20 300
Sisal 6000 1500 3030 17 180
Seed hull fibers
Cotton staple 50000 20000 30000 30 12 20 1500
Cotton linters 6000 2000 3500 27 17 21 165
Stalk fibers
Canes Bagasse 2800 800 1700 34 10 20 85
Bamboo 3500-9000 375- 1360- 25-55 3-18 8-30 135-175
2500 4030
Cereal Wheat 3120 680 1480 24 7 13 110
straw mixed
rice 3480 650 1410 14 5 8 175
Grasse Esparto 1600 600 1100 14 4 9 120
S Lemon 1320 9 145
Sabai 4900 450 2080 28 4 9 230
Switchgr 1370 12.5 110
ass
Reeds Arundo 1180 15 78
donax
Papyrus 8000 300 1500 25 5 12 125
Phragmit 3000 100 1500 37 6 20 75
es
commini
S
Stalks Corn 2800 680 1260 20 10 16 80
Cotton 2000 700 860 19 45
Woods
Coniferous 3600 2700 3000 43 32 30 100
Deciduous 1800 1000 1250 50 20 25 50

*: Source: Hurter, 1988.
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2.3. Pulping of annual plants

The cellulose derivatives industry use esiolely cotton and wood pulps.
Currently only about 8% of annual plant fibers sed for cellulosic products. Their
use for such products is only growing in countudeere wood resources are limited
and annual plants are sufficiently available (Had Rowell, 1996).

Pulping is the most common way to obtaifiut®se from wood and annual
plants. Pulping is a process of delignification,.endby lignin is partially eliminated,
and a process of defibrillation, whereby aggregditetils are disintegrated. Pulp is
actually a collection of the cellulosic fibers, whiare liberated from the plant
material, and contains less lignin and hemicelkil@iermann, 1993). The fibers in
the plant material are separated by physiochertrieaiments with alkali, sulphite, or
organic solvents, which partly eliminate the lignemd other non-cellulose
components. Further processes, such as washingcaeehing, improve the quality
and homogeneity of the pulps.

The pulping process compssseveral stages (Singh, 1979; Fengel and
Wegener, 1984; Garcia et al., 1984). These arergatetent of raw materials,
cooking (pulping), washing, and screening. Sinc@&uah plants have similar
chemical components and morphological fiber stmeéstuto those of wood, wood
most pulping processes can be used. The pulpingnotial plants uses a lower
temperature, a shorter cooking time, less chenoitalge and, of course, less energy
as well as newer pulping technologies. For theotlissy pulping process, pre-
hydrolysis is often used to eliminate hemicelluloBer the production of cellulose
derivatives, the pulping conditions should be medifto suit the specifications of
the final cellulose required (molecular weight, iprash content, lignin content
residual hemicellulose content, etc.) (Casey, 19aikurek et al., 1989; Abdul-
Karim et al., 1994; Hinck et al., 1995).

2.3.1. Pretreatment of annual plants

The fibers of annual plants contain morstddirt, and leaves than those of
wood. Annual plants must be thoroughly cleaned ieefooking in order to remove
adhering soil and other impurities. For materiaihwa high pith content, especially
sugarcane, a pith removal process must be camedezause parenchyma pith cells
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are unsuitable for subsequent use (Paavilainen8)19Bhe material is usually
chopped in a chipper to lengths of about 4 cm (Raaen, 1998). In the pulp mill,
leaves, dust, and dirt can be removed by air fraation before cooking.
Fractionalization produces a chip fraction mainfyrdernodes for pulp production,
and another fraction of leaves and sheaths, whachbe used in the production of
bioenergy (Paavilainen, 1998). Because of the latgeber of fines (small particles
other than fibers), the dewatering ability of arinplant pulps is inferior to that of
wood pulps (Patt et al., 1986; Wisur et al., 198&avilainen, 1998), so drainage time
is longer.The quality of pulps is improgkeby partially eliminating silica and other
useless patrticles in the fibers.

2.3.2. Pulping processes

There are many pulping processes (see Tabl&hese include mechanical
pulping, semi-mechanical pulping, chemical pulpiagd biopulping (Fengel and
Wegener, 1984). The pulping processes suitablarfoual plants are listed in Table
10. The most common commercial method for annuahtppulping is the soda
method (Sadawarte, 1995). There are also severl phgsiochemical methods
(Table 10) with good potential for producing highatity pulp from annual plants
(McDougall et al., 1993). The kraft and neutraffisellprocesses are less used. The
acid sulfite process is not used because it pradieitle pulps with high ash
contents and inadequate strengths (Patt et al§)1%8®r higher yield pulping, the
chemi-refiner mechanical pulping process is useeciMnical pulps are suitable for
newspaper but not for cellulose derivatives, wmeled celluloses of high purity to
ensure high quality (Brandt et al., 1986).

The pulping processes concentrate not onlpmiimizing pulp quality but also
on improving pulp vyields, reducing energy consuomti reducing chemical
consumption (and improving the recovery procesdeth® chemicals), reducing
pollution and developing sulfur-free pulping proses and chlorine-free bleaching
sequences (Fengel and Wegener, 1984).
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Table 9. Pulping processes and yields*

Pulping process Chemical treatment Mechanical treatment  Plant** ield 6)
M echanical pulping
Stone groundwood None Grindstone S 93-99
Steamed groundwood Steam Grindstone S 80-90
Refiner mechanical None Disc refiner A 'S 93-98
Thermomechanical Steam Disc refiner (Pressure) A, S 91-98
Asplund Steam Disc refiner A 'S 80-90
Biopulping White rot fungi Disc refiner AH, S

Ceriporiopsis Disc refiner A H,S

subvermispora
Chemimechanical and Chem-thermomechanical pulping

Chemigroundwood Neutral sulfite Grindstone H, S 80-92
Or Acidic sulfite H, S 80-90
or NaS + NaOH H, S 85-90
Chemi-refiner mechanical pulp  NaOH or NaHSQor Disk refiner A H,'S 80-90
Alkaline sulfite or Acidic
sulfite

Chemi-thermomechanical pulp ~ Steam +,8& + NaOH  Disc refiner (pressure) A, H, S 65-97
Semimechanical pulping

Neutral sulfite NaSO; + NaCO; or Disk refiner A H 65-90
NaHCG
Cold soda NaOH Disk refiner A H 65-90
Alkaline sulfite NaCO;, N&S, NaOH Disk refiner AH 'S 65-90
Sulfate NaS + NagOH Disk refiner A H 65-90
Soda NaOH Disk refiner A H 65-90
Green liquor NsCO; + N&S Disk refiner A/ H 65-90
Nonsulfur NaCGO; + NaOH Disk refiner AH 65-90
Chemical Processes
Kraft (High yield) NaS + NaOH Disk refiner AH, S 55-65
Sulfite (High yield) Acidic sulfite (Ca, Na, Disk refiner A H 55-70
Mg)
Or Bisulfite (Na, Mg)
Kraft (+AQ) NaS + NaOH (+AQ) Mild to none A H 'S 45-55
Kraft (Polysulfide) (NaS + NaOH)x None A H S 45-60
Soda NaOH None A H 40-55
Soda-AQ NaOH + AQ Mild to none A H 45-55
Soda-oxygen NaOH, O Disk refiner A H 45-60
Acidic sulfite Acidic sulfite (Ca, Na, Mg, Mild to none A'S 45-55
NH3)
Bisulfite Bisulfite (Na, Mg, NH) Mild to none A H, S 45-60
Neutral sulfite Neutral sulfite Mild to none AH'S 45-60
Magnefite Mg-bisulfite Mild to none A H,'S 45-60
Muti-stage sulfite Ng50; + NaHSQ/SO, None AH, S 45-55
or NaHSQ+S0O,/Na,COs
Alkaline sulfite NaSO; + NaOH None
Dissolving Processes
Acid sulfite Acid sulfite (Ca, Na) None A H, S 3542
Prehydrolysis Kraft Prehydrolysis + kraft None A H, S 30-35
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*: Source: Fengel and Wegener, 1984.
**: A: annual plants; H: hardwood; S: softwood.

Table 10. Pulping processes for annual plants

Pulping process Chemical treatment Mechanical Frequency
treatment

Chemical pulping

Soda (+tAQ) NaOH (+AQ) None Commonly
used

Kraft (+AQ) N&S + NaOH (+AQ) None Commonly
used

Sulfite NaHSQ and/or None Commonly

SO/Na,COs used

Phosphate N O, None Potentially used

Milox Formic acid None Potentially used

Impregnation- NaOH, sodium None Potentially used

Depolymerization- carbonate,  ethanol-

Extraction (IDE) water blend

Alcell Ethanol-water blend None Potentially used

Processes other than chemical pulping

Thermomechanical Steam None Potentially used

Biopulping White rot fungi Disc refiner Potentially used
Ceriporiopsis Disc refiner Potentially used
subvermispora

Alkaline peroxide NaOH, HO; Disk refiner Potentially used

mechanical pulping

(APMP)

Chemi-thermomechanical Steam + NaHS® + Disc refiner Potentially used

(CTMP) NaOH

Cold caustic soda NaOH Disc refiner Potentially used

mechanical

IRSP NaOH (+AQ) + Steam None Potentially used
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2.3.2.1. Mechanical pulping

Mechanical pulps are obtained by disinttiggaand physically separating the
fibers. These pulps have a very intense color aadten used for newspapers or
paperboards. Because of the large quantity of wedignin in the pulps, the color of
these pulps easily turn yellow, but this can bercomme by subsequent chemical
bleaching. Softwood is the most common raw materfiahechanical pulps, which
are relatively white. Annual plants are the easmaterials to use with mechanical
pulping because of their porous stalks. Mechamialding does not use chemicals to
eliminate lignin and hemicellulose, so yield iseofthigh (90-98%) (Table 9).

2.3.2.2. Chemical pulping

With chemical pulping, delignification is carriedtownith the help of acidic or
alkaline reagents in reactors. The lignin and hehlulose are partially eliminated so
yields are between 40 and 60%. On the other h&edfilters are whiter and better
separated. Chemical pulping is divided into sulfgping and alkaline pulping
depending on the pH and nature of the pulping r@ag&ulfite pulping is a stronger
process because the separation of the celluldssttesr and their pulps can be used to
produce chemicals and papers of particularly goaodlity. The disadvantage of
sulfite pulping is that it cannot use resinous wdoecause at low pH the phenols of
the resins and acids condense with the lignin a fan insoluble, color complex that
stains the pulps. With alkaline pulping, on theeotlhand, these complexes are
eliminated in the residual. Alkaline pulping—espégi&raft pulping, which can use
variable raw materials—is the dominant method.

Soda process

This is the oldest and simplest pulping pssc&he soda process is a common
way to produce annual pulp. With this process, ¢beking chemical is mainly
sodium hydroxide. Soda process leaves more inshdbohydrates in the pulp and
obtains a better yield than the kraft method (B#t., 1986). The strength and lignin
content of pulps produced with the soda and Kraftcgsses are similar. Easily
bleachable short fibers that are abundant in pant@se produced. This process
often uses easily pulped species such as cerealsstflax, abaca etc. (Kokurek et
al., 1989; Kulkarni, 1989a; Jiménez et al., 1993).
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Holton (1977a) proposed a soda pulping processwhich a catalyst,
anthraquinone (AQ), is added. This catalyst hasftwadamental effects: the alkaline
delignification process is accelerated and thealartirates are stabilized. Soda-AQ
pulping improves the yields under the same opearationditions as conventional
soda pulping. The use of this catalyst (AQ) is ohtgited to 0.1% of the dry
biomass.

Since annual plants are impregnated easily €Y al., 2003) and have a low
reactive lignin content (Table 7), the amount dpmg chemicals needed for annual
plants is lower than for woods. With soda pulpi©g-15 % NaOH, which depends
on the raw material, is normally used at a pulgergperature of 160-170 °C (Patt et
al., 1986). Yields range from 40 to 55 % and afu@mced greatly by the species
and quality of the raw material, especially thenirgcontent and the proportion of
parenchyma cells (Han and Rowell, 1996). A highepahyma content increases the
formation of fines, which not only reduces the ¢iahd increases alkali consumption
but also reduces the dewatering properties andgitreof the pulp (Patt et al., 1986;
Han and Rowell, 1996)

Kraft process

Kraft pulping is the most important pulping methdd. present, more than
half of the worldwide production of pulps is mametfared using this method (Wenzl,
1970; Fengel and Wegener, 1984; Bryce, 1990). Yielty between 40 and 60%.
Kraft pulping requires shorter cooking times anchdas very selective. The pulping
chemicals used are mainly NaOH ang:3léClayton et al., 1989; Bryce, 1990a). The
raw material is treated with a highly alkaline smo of NaOH, which is known to
cleave lignin but also eliminates some of the hethitbse. The undesirable
breakdown of hemicellulose is largely avoided byliag Na2S to the solution,
which avoids a very high concentration of NaOHha pulping liquor (McDougall et
al., 1993). Kraft pulping usually operates in batgactors with a temperature
between 160 and 180°C and a cooking time betwesrmd4 hours. Continuous kraft
pulping operates at a temperature between 190 808C2and a cooking time
between 15 and 30 minKdrtelainen and Backlund, 1985 New kraft pulping
technologies concentrate on reducing the high eomssof sulfurated compounds
generated during pulping and of compounds that asonteduced sulfur (RS)
produced at various stages of pulping (Fagersti®@93).
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Sulfite process

The main pulping chemicals are NaHS&hd/or NaSO; (Atack et al., 1980;
Costantino et al., 1983). The reactors for thipss can be continuous or batch and
operate at temperatures between 125 and 180°C dlegean the final product
(paper, cardboard, etc.). This process has a gkldetween 40 and 60%. In the
pulping process, sulphonates form and are hydrateldthe swelling of fibers helps
delignification. The strongly ionized sulphonic @&iincrease the acidity of the
pulping medium, which results in condensation rieastbetween phenolic moieties
in lignin. This forms insoluble resin-like polymer§hese side reactions include
degradation of the hemicelluloses and cellulosesvéver, these carbohydrates are
less degraded, which causes a higher degree ahpalation and therefore a lower
resistance of the pulps than in the kraft proc8séphite pulps are easier to bleach
and are used to produce paper with specific priggersuch as toilet and tissue
paper, which must be soft, absorbent, and strorap@dgall et al., 1993).

IRSP (Impregnation rapid steam pulping processress

Montané et al. (1996) developed the IRSP procesg wgheat straw, which
is also tested by other annual plants and woods asipine, miscanthus, sugar cane,
cardoon, and eucalyptus (Barba et al., 2002; Ye Fardiol, 2003). This process
differs from steam explosion pulping in the natwfethe impregnation, which
generally uses concentrated NaOH solutions, magle@essures, and short
impregnation times of 1-2 hours. This process etmsiof two steps: (1)
impregnation and (2) rapid steam pulping.

(1) Impregnation

The aim of impregnation is to obtain a unifadistribution of pulping chemicals
in chips. Uniform distribution leads to more uniforpulp, better quality, fewer
rejects, and shorter cooking times (Gustafssong8;1@aullichsen and Sundgvist,
1995). The reactive pulping chemicals are massteared into the stalk voids by
penetration (which is governed by the pressureignddand by diffusion (which is
controlled by the concentration gradient of the gisating chemicals) (Stone and
Forderreuther, 1956).
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NaOH and anthraquinone (AQ) are used as pylmhemicals under mild
pressure. Chemicals penetrate and diffuse intoc#ipdlaries and stalk voids. The
stalk fibers swell until maximum absorption is read. Water, NaOH, AQ, and
alkaline soluble chemicals transfer between therfdind the bulk solution until an
equilibrium stage is reached.

Delignification, the softening of fibers, and deibon occur during the swelling
and penetration stages. Some lignin that reacts MalOH degrades and dissolves in
the alkaline solution. The initial white color dfe alkaline solution becomes darker
and blacker (Ye and Farriol, 2005).

(2) Rapid steam pulping

Explosion pulping was invented by Mason (1928). ¥iid Kokta modified,
improved, and developed the process to producesptifpt are suitable for
papermaking (Vit and Kokta, 1986) using techniquesh as the chemical
impregnation of chips, short-duration saturatecrsteooking and sudden pressure
release (Vit and Kokta, 1986; Kokta and Vit, 19B6kta and Ahmed, 1998). Steam
explosion pulping can be divided into two stagesid steam cooking and steam
explosion.

In the rapid steam cooking stage, typical cogkiime is several minutes and
typical cooking temperature is above 80The short cooking time prevents side
reactions and improves the selectivity and thedyeélpulps. Water has a plasticizing
action on the glass transition temperature of tigand hemicellulose, and their
softening temperature is reduced to about’COBteam cooking at temperatures
above their glass transition temperature leadslditianal permanent fiber softening
because of internal structural changes (Kokta amah&d, 1998). Structure softening
leads to defibration. Lignin reacts with residua®H that is absorbed in the fibrils
and degraded. AQ protects the cellulose and helmiocsd and increases the yield of
pulping during steam cooking at high temperaturbotf and Bolker, 1982; Blain,
1983). The more uniformly distributed NaOH and A@ @ the fibrils, the better is
the quality of the pulps. Cellulose is degraded andhe of it is converted to
polysaccharides. Hemicellulose is also degraded somde of it is converted to
polysaccharides. Degraded lignin and low-moleculaeight polysaccharides
dissolve in alkaline aqueous solutions. These diegiasubstances diffuse into the
bulk cooking liquid. The places they occupied drer¢fore vacant and gradually
develop into capillaries and voids. During the dagkprocess, more and more voids
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appear. The increasing numbers of voids helps amutoves the effect of the
subsequent steam explosion pulping.

@4,

Figure 12. The steam explosion effect of a fibril

During steam cooking, interior capillariesdatibril voids are gradually filled
with high-pressure liquid. When the cooking presssrsuddenly released, the high-
pressure liquid evaporates, which subjects theditehigh impact forces. The fibers
are lacerated (see Figure 12). The mechanical gxpldears and breaks the fibers
from the interior capillaries and voids and produsmaller fibers, fibrils, and micro-
fibrils. The surface areas of pulps increase sicgmitly. This is the defibration,
defibrillation, and laceration of the steam expbosiprocess. The chemical
pretreatment during impregnation swells and softdesfibers, and also probably
dissolves some lignin or has some disintegratioth @defibration effects. Physical
pretreatment of the chipped stalks (i. e. compoassind decompression during
impregnation under 15 bar pressure and further cesspn before steam cooking
over 180C) considerably deforms and partially separatedities (Vit and Kokta,
1986; Kokta and Vit, 1987; Kokta and Ahmed, 1998)eam cooking leads to
softening, which is probably the result of defibmat and defibrillation in the interior
fiber structure (Kokta and Vit, 1987). Explosioroprotes defibration and probably
some internal fibrillation. As a result, steam @gpbn pulping produces pulps that
have higher yields, lower lignin contents, highergsities, higher specific surface
areas, and higher hydrophilicity than traditionalpging (Kokta and Ahmed, 1998).
These pulps therefore have higher accessibilitnes reactivities, which help pulp
dissolution and cellulose derivation.

Pulping with organic solvents

Organic solvents combined with sodium hyéfex sodium carbonate or other
pulping chemicals have been studied as innovatwpinpg processes (Kinstrey,
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1993; McDonough et al., 1993; Jiménez and Mae$8®7). Both annual plants and
woods have been studied using these processes.

ASAM (Alkaline sulfite-anthraquinone-methanol) s

Patt and Kordsachia developed this pulping ggscusing methanol, sodium
hydroxide, sodium carbonate, sodium sulfite, anth@rinane as pulping chemicals
(Black, 1991; Patt et al., 1986). These pulps lsnelar resistance properties to the
kraft pulps and similar bleaching properties to sudfite pulps. Softwoods and
hardwoods as well as annual plants have been testedhis process. This process
can produce pulps of satisfactory properties tlaat loe easily bleached by ECF or
TCF bleaching sequences.

Organocell process

Organocell Thyssen GmbH developed this pulgimgcess (Young, 1992) in
which sodium hydroxide, methanol and anthquinameused as pulping chemicals
(Schroeter, 1991).

Alcell process

Repap Enterprises, Inc. developed this pragsisg water and ethanol as cooking
media at 180-200°C (Alcell, 1991; Pye et &b91; Williamson, 1987). Based on a
pilot scale, pulp yields and quality are comparablehose of conventional pulps
(Winner et al., 1991).

Acetocell process

With this process, acetic acid, chloride a@dd sulfuric acid are used as the
pulping chemicals. This process has been testdd amhual plants, softwoods and
hardwoods (Benar and Schuchardt, 1994; Vazqudz 4985; Jiménez and Maestre,
1997).
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Milox process

The MILOX pulping and bleaching method isdxhen formic acid and hydrogen
peroxide. Silica remains in the pulp after cookimg this can be dissolved in the
alkaline bleaching process (Barba, 2002).

The IDE (Impregnation — Depolymerization — Extrac) process

With this process, the chipped stalk is first inggrated with a mixture of sodium
hydroxide and sodium carbonate (Backman et al.419@ the depolymerization
stage, the impregnated stalks are cooked in etiveaielr solution at a temperature of
140-190°C. In the extraction stage, residual ligaiaxtracted from the pulp with an
aqueous ethanol solution. In this process, theasgroblem remains partly unsolved,
which is the main shortcoming of annual plants #ratused as the raw materials of
pulping and bleaching (Hultholm et al., 1995).

Pulping processes for dissolving pulps

In the production of dissolving pulpbgetpre-hydrolyzed delignification of
fibers can be carried out by the above pulping gsses. However, the conditions of
the pulps should be less sevaherwise the pulps would have a very low viscosity
and bad physical properties for the production eflutose derivatives. The
characteristic parameters of the processes forupnoeg dissolving pulp (degree of
polymerization, index of crystallinity, etc.) amgimately related to pulping severity.
The hemicellulose is hydrolyzed or depolymerizedd aseparated in a form of
soluble monosaccharide or oligosaccharide in aquesmhgtion. The lignin and
hemicellulosecontents in the resultant dissolving pulps areetoee very low. The
cellulose produced by thermomechanical processengrgllyhas a higher degree of
crystdlinity and a substantially lower degree of polymaation than cellulose
produced by other pulping processes. The morphmdbgitructure of the fibers is
strongly modified by the chemical pulping, so defibrillatiasm high. The cellulose
has short fibers and a considerable amount of brékers. These characteristics are
not suitable for producing paper but the pulps d¢Bn used to manufacture
regenerated celluloseellulose derivatives, and microcrystalline cellulose of low
molecular weighd
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2.4. Bleaching

Pulp bleaching is carried out in a sequence ofraégtages to eliminate as much
residual lignin as possible. Usuallignins are physically dissolved in alkaline
solution or chemicallymodified to form soluble chemicals in aqueous/aiial
solutions (Singh, 1979; Garcia et al., 1984; Kokuet al., 1989; Reeve, 1989).
During bleaching, the ligns are oxidized, degradedlissolved, and therefore
decolored. Not all the colorful materials can benglated in a single process,
however,so a multiple bleaching procedure is often usétis process often uses
two types of reagents—oxidants and alkali—though ctdus are sometimes used
(Szilard, 1973). The oxidants are used to degradendniten the lignis. The alkali is
used to dissolve the lignin. The alkali extractican also be used to eliminate
hemicellulose if the objective is to obtain dissotypulps (Hinck et al., 1985). The
following bleaching stages are often used in thetermporary bleaching industry
(Szilard, 1973; Patt et al., 1986).

Chlorination (C)

Chlorine is a common, effective, selective bleaghament that reacts quickly
with lignin to form water-soluble degraded chensgalhich can be extracted with
alkaline solution (Szilard, 1973). Chlorination dsrried out at about 30 and
usually lasts for 30 min for sulfite pulp and up & min for kraft pulp at a
consistency of about 3 % (Szilard, 1973; Patt et Hd86). Shortly after this
chlorination bleaching, the next bleaching prodssdkaline extraction.

Alkaline extraction (E)

Alkali solution can dissolve some degradedifigndegraded hemicelluloses and
some depolymerized celluloses of low molecular WesgSzilard, 1973). Alkaline
extraction is often carried out using 1-1.5 % Na@®Bsed on o.d. pulp) for sulfite
pulps and 3 % for kraft pulps, which often lasts 6®-90 min at 40-60 °C at a
consistency of about 10 % (Szilard, 1973; Pattl.etl886). If dissolving pulps of
extremely high a-cellulose contents are needed, the extraction temperature may be as
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high as 90 °C and the alkali charge as high asNe®H based on o.d. pulp (Szilard,
1973).

Hypochlorite bleaching (H)

The oxidation reagents attack the freenplic hydroxyl groups or the
phenolic ethers of the phenylpropane side chailigoins (Szilard, 1973). Usually,
1-2 % hypochlorite based on o.d. pulp is used abB0C at a consistency of 10 %
and the bleaching lasts for 2—4 h (Szilard, 193t & al., 1986).

Chlorine dioxide bleaching (D)

Chlorine dioxide is an extremely effective asdlective bleaching reagent
(Szilard, 1973). The chlorine dioxide attacks pHien®OH groups of lignins (Szilard,
1973). Phenoxy radicals formed in this way undefgaher reactions either to
provide quinoid structures or to form muconic agdetivatives after a ring cleavage.
Chlorine bleaching uses 0.5 and 1.5 % active adobased on o.d. pulp, which is
carried out at 70-80 °C for 3 — 4 h at a consistaid0-12 % (Patt et al., 1986).

Oxygen bleaching (O)

The bleaching agent is gaseous oxygen pfbeess must be carried out under
mild pressure for a sufficient amount of oxygenb available in the bleaching
liquor (Patt et al., 1986). As a biradical, oxygesn remove an electron from the
phenolate ions, which present in the alkaline mmdiihe formed phenoxy radical
undergoes further degradation reactions. Hydropéesxare produced, which are
further degraded by intramolecular nucleophili@eht of the peroxide anions. The
oxygen bleaching, in which 2 — 4% alkali and 15%.0xygen are used (Patt et al.,
1986), lasts 30 — 90 min.
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Ozone bleaching (2)

The most important reaction of ozone withiiigis the cleavage of the bonds
between the lignin units (Patt et al., 1986). Ozoae attack both the aryl and the
alkyl moieties (Patt et al., 1986). The attack be aromatic rings leads to ring
cleavage. Double bonds in the aliphatic side chaimere carbonyl and peroxide
structures are formed, are also attacked.

Peroxide bleaching (P)

The bleaching of mechanical pulp destroysctiv®@mophoric groups by cleaving
conjugated double bonds (Szilard, 1973). At 70-&0the highly nucleophilic per-
hydroxyl ion formed can further degrade quinoidniig structures, which are
produced by the electrophilic bleaching chemica@lse peroxide bleaching uses 1—
2 % based on o. d. pulp at a consistency of 10 P0a80 °C (Szilard, 1973; Patt et
al., 1986).

Traditionally, the bleaching reagents are seimo for their economy and
selectivities as well as their capacity for bleaghefficiency and quality. Currently,
due to the strict environmental restrictions on ¢h@ssion of organic chlorides and
dioxins in effluents, théleaching sequences increasingly use Elemer@aitgrine
Free (ECF) or Totally Chlorine Free (TCF) proces¢kmstrey, 1993). TCF
bleaching is the current trend for contemporaryigaéication. TCF bleaching
produces no organochlorines, which are hazardobstamces such as dioxin, an
endocrine disrupter, and human carcinogen (Szik8d3).

2.5. Céllulose derivatives

Cellulose cannot dissolve in water. Intradgchydrophilic groups along the
chain of cellulose cleaves hydrogen bonds and renig derivatives soluble in
conventional solvents, widening its applicationsftm example, functional cellulose
ethers and esters (Greminger, 1979; Fengel and Wgeg&984; Coffey and Bell,
1995; Zhang, 2001).
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Commercial cellulose derivatives are eitbiters or esters that are soluble in
water or organic solvents. The three free hydraugups in the AGUs react with
various functional substitution groups. The resultubstituents therefore disturb the
inter- and intra-molecular hydrogen bonds in celel reduce the hydrophilic
character of the numerous hydroxyl groups, andess® the hydrophobicity.
Introducing ester and ether groups separates thdose chains so completely that
the fiber structure is either altered or destroy&lle solubility of a cellulose
derivative in a solvent or in water depends ontyipe of substituents, the degree of
substitution and the molecular weight.

These cellulose derivatives are grouped aaogrto the processes and chemical
substituentsThe most important commercial cellulose derivatiage shown in
Figure 13 (Nikitin, 1962; Greminger, 1979; Hinck a&t, 1985; McGinnins et al.,
1990; Baehr et al., 1991).

Cellulose derivatives are usually produced frootton or wood-dissolving
pulps, which are pulped by a pre-hydrolysis pulgingcess and bleached to as low a
lignin content as possible. These pulps are thexefellulose of high purity with
trace lignin and hemicellulose. Some authors haiexl tto synthesize cellulose
derivatives directly from plant chips. Due to tlaek of reactions between derivation
reagents and fiber components (cellulose, ligniamicellulose, extractives and
inorganic materials), this successful investigatwrapproach is only carried out in
laboratory scale tests.

Cellulose derivatives have diverse physieocical properties because of the
types of substituents, degrees of substitution,emdér weights, and degrees of
polymerization. They are mainly used, therefoes additives of fine/special
chemicals, such as cement additives, cosmetic iaelit pharmaceutical
components, diet additives, textile-treatment adelt painting additives, package
materials and membrane materials, etc. (Balse6;1B&ndt, 1986)
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cellulose derivatives

I

esters ethers
I I
I I I I
inorganic organic soluble in soluble in water
organic solvents
I\cellulose nitrate [— xantate I:ethyl celulose methyl celulose
— acetate bence celulose carbonmethylcelulose
— propionate hydromethylcelulose
— acetate propionate
L— acetate buthirate

Figure 13.Important cellulose derivatives

2.51. Celluloseesters

Cellulose esters are synthesized from muigacids as well as organic acids or
their anhydrides. Cellulose may be considered t@iwvaent polymeric alcohol with
three free hydroxyl groups, which are polar and lbarsubstituted by nucleophilic
groups in strongly acid solutions. Esterificatianim equilibrium with the reverse
reaction (Balser et al., 1986).

Cellulose is a semi-crystalline solid in which ¢afsne cellulose (about 67%)
and amorphous cellulose (about 33%) form the eléangrfibril. The crystal
interior is not freely accessible to the reactieagents. The strong hydrogen bonds
and weak van de Wall's forces cause the molecutangement of cellulose and
microstructure in the cellulose fibril, which balepend on the origin and previous
physicochemical treatments. Accessibility to thacten reagents and reactivity of
the alcohol groups also depend on the nature afdhelose structure.

Since cellulose is insoluble in all common solverElulose esterification is
usually carried out in heterogeneous slurries. Kmsl of reaction is usually a
typical topochemical reaction. As the reaction pemts, new reactive centers are
created so that, finally, almost all fibrils of tleellulose fibers are reacted. Some
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yielded soluble derivatives are even further rehatea homogeneous phase. The
following two reaction types can occur during tiséeefication of cellulose (Balser
et al., 1986).

1. An intermicellar reaction (Balser et al., 1986).eTésterification chemicals
initially penetrate and diffuse into the amorphaegions between the
crystalline cellulose micelles. This penetratiorl aliffusion then continue
from the surface to the inner parts of the micelesich are attacked and
gradually disrupted by these reagents. The reacfi@ellulose and acids is
faster than the penetration and diffusion. Theltotaction is therefore
determined by diffusion.

2. An intramicellar or permutoid reaction (Balser ¢t 4986). The reagents
penetrate and diffuse into all parts, including ¢hestalline micelles so that
all cellulose molecules react almost simultaneoushe reaction speed is
determined by the esterification equilibrium.

Both reactions may occur and finally merge, depsmdon the reaction
conditions—especially the reaction solvents, thaungabf the cellulose, the mole
ratio of reagents, and the temperature (Balsel,et386).

The esterification reactions are not carried outseschiometric reactions
(Balser et al., 1986). The average degree of gubeh of cellulose esters does not
often reach the maximum (3). The degree of celtlesters is often below three.
The primary hydroxyl group on the C-6 atom is magactive than the neighboring
hydroxyl groups on the C-2 and C-3 atoms of theydrdglucose unit, which are less
reactive because of steric hindrance (Balser e1286).

Over 100 types of cellulose esters are aviailabtthe most important ones are
cellulose nitrate and cellulose acetate. The mitesters are produced by reacting the
cellulose with a mixture of nitric aciculfuric acid and water (Balser et al., 1986).
The highly nitrated cellulose with DS ranging fréhd to 2.8 is usedo produce
explosives and flammable solidEhe less nitrated celluloses are usedproduce
tapes of movies, adhesive, shellacs and plastiws applications of acetate cellulose
depend on its DS. When the DS is less thaniRid used to produce fibers or tapes
of photographic movies. When the DS is above 1t4has better mechanical
properties.
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2.5.2. Cellulose ethers

Cellulose ethers are important cellulose derivativEhey can be dissolved in
water or in organic solvent€ellulose ethers have various substituents, degrees
substitution, degrees of polymerization and evemoua mixed substituents, which
make them suitable fa wide range of applications in various industrgegh as the
food industry, the recovery of oils, paper, cososetpharmaceutics, adhesive,
agriculture, ceramics, textiles and constructiora(iit, 1986). The total production
of cellulose ethers reached 3800 metric tons in 1988 (Donges, 1990).

Cellulose is mercerized with aqueous alkaBpkition to yield swollen alkali
cellulose. The alkali cellulose is then etherifigiih the chemicals under alkaline
conditions. Sodium hydroxide is often used as thaliathough other alkalis have
different influences on both mercerization and efication (Krassig, 1993). To
synthesize mixed ethers, the various reagents neayrehcted with cellulose
simultaneously or in various stages (Brandt, 1986gre are two important types
of etherification depending on the consumptionliéla(Brandt, 1986).

1. The Williamson etherification (Brandt, 1986). Anganic halide is used as the
etherification reagent to react with the alkalildelse. Alkali is consumed
stochastically. At the purification stage, the desil alkali in crude
methylcelluloses must be washed out as salts.

2. The Michael addition (Brandt, 1986). The alkali étions as a catalyst during
the addition of epoxides to the hydroxyl groups.allali is consumed although
sufficient alkali must be retained during the effication process. The alkali in
the crude products must be neutralized before whi§igation stage.

The etherification can be carried out in heterogeseor homogeneous systems
as continuous or batch reactions. The cellulosergtin heterogeneous system are
produced by the following three steps: mercerizategherification and separation or
purification.

Mercerization

In modern mercerization processes, 30—-708@HN solution is sprayed onto
dry cellulose powder in fast-turning, dry-mixinggrggates (Brandt, 1986). The
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cellulose powder can also be impregnated with @nt iarganic solvent, which is

used to produce carboxymethyl cellulose (CMC) (Btat986). The cellulose can

be mercerized in an organic solvent in normal efirvessels, which use powder
NaOH after the slurry of cellulose is formed (Bigrii986).

The alkali cellulose for subsequent etherificationst contain at least 0.8 mol
of NaOH per mole of anhydroglucose, which is a dasguirement to produce
uniformly substituted ethers (Brandt, 1986). Ceti@ ethers of lower viscosities
are usually adjusted in the alkalization step, Whig referred to as the ageing
process (Brandt, 1986). In the ageing processfutbrelesigned conditions must
be adjusted according to the product’s final agpion. The optimum parameters
often control ageing time, temperature, NaOH cotraéion and the presence of
catalytic amounts of iron, cobalt, or manganests salhich catalyze the oxidative
depolymerization (Brandt, 1986).

Etherification

Cellulose ethers are preferably produced in slaystems (Donges, 1990). Most
reactions are carried out in organic systems irerotd produce a final slurry in
which solid ethers can easily be recovered. Anotteason for this is that
etherification is an exothermic reaction. In a sfjuthe heating and cooling can be
easily controlled. Organic solvents are selecteorder to produce the most uniform
alkali cellulose and be unreactive towards the ertgyand products (Brandt, 1986).
Some unreactive surfactants and amines have beked atto the organic systems to
improve penetration and swelling, respectively (Bita 1986).

Separation and purification

Any sodium hydroxide that is not consumedirdy the etherification process
must be neutralized shortly after the end of thecgss. Crude cellulose ethers that
are not soluble in hot water are washed with wat@&0-96C. Crude cellulose ethers
that are soluble in hot water are purified with &tore of solvent and water
(Donges, 1990). To improve the appearance, sdiylaiid homogeneity of cellulose
ethers, the following final treatments are ofterried out: the addition of additives,
crosslinking to adjust solubility, drying, grindingnd sieving operation (Donges,
1990).
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2.6. Methylcellulose

Methylcellulose is an important cellulose ethAalkali cellulose reacts with
chloromethane, iodomethane, or dimethyl sulfatefaon methylcellulose. The
molecular structure is shown in Figure 14. The bygk groups of cellulose are
partially etherified. Methylcellulose is a white stightly off white, fibrous or
granular powder. The properties of methylcellulose® influenced by their
molecular properties i.e. their degrees of sulsiitu(DS), molecular weights,
molecular weight distribution, degrees of polymatian (DP) and distribution of
methoxyl groups along the glucose unit and polyoiain. These properties strongly
depend on the methylation conditions and propexiesellulose, which, in turn,
depend on the bleaching conditions, pulping pararsgplant species, the time the
plant is harvested and even parts of the plant.

o

OFR

mn:]}ﬁ F = CH3 arH
n

Figure 14. Chemical structure of methylcellulose

There are two types of commercial mettldoses depending on its
solubility (Brandt, 1986) : (1) water-soluble methylcelluloses with a degofe
substitution ranging from 1.4 to 2.0, which is prodd and used widely, and (2)
alkali-soluble methylcelluloses with a lower degodesubstitution ranging from 0.25
to 1.0, which can be dissolved in 2-8 % aqueousHNaOlution. Methylcellulose
solutions often contain insoluble particles duentm-uniform mercerization and
subsequent partially uncompleted methylation. Thesoluble particles in
methylcellulose solutions can be removed by spatialization techniques using
NaOH-copper (lI) complexes or benzyltrimethyl ammoom hydroxide as alkalizing
agents (Krassig, 1993).

The industrial production of methylcellulosegan in 1925 with the process of

50



Ernst and Sponsel, who used alkali cellulose tatreath gaseous chloromethane
(Ernst and Sponsel, 1925). Methylcelluloses are posduced in many counties.
The total world production of methylcelluloses wasarly 70,000 tons in 1988
(Donges, 1990). About 47% of this annual productsonsed in building materials,
21% in paints, 14% in wallpaper paste, 5% in cogmmetnd pharmaceutical, 5% in
polymerization, 4% in detergents and 4% in othenaniapplications (Ddnges,
1990).

2.6.1. Viscosity

Viscosity is the most important property the applications of methylcelluloses.
Viscosity depends strongly on the concentratiothefsolution, the temperature, the
addition of other chemicals and the most importaatures of methylcellulose, i. e.
the degree of substitution, molecular weight, dstion of methoxyl group on the
glucose unit, and distribution of methoxyl grouptba cellulose chain, etc.

According to the Staudinger-Mark-Houwink etijora, the relationship between
the intrinsic viscosity (1) and the molecular mass (Mn) can be expressed as (DOnges,
1990):

[r]]:Kana

whereK anda are polymer-specific constants.

o

For methylcellulose, this equation can kgressed as (Donges, 1990):

[n]= 28x10°Mm 0%

The viscosities of methylcelluloses are sabithin the 2-12 pH range. When
the temperature increases before the gelation ,pbiatviscosity decreases (Brandt,
1986). The interaction of the dissolved methyldeBe molecules is reduced by
mechanical stress, so the viscosity drops (Brah886). Osmometry or light-
scattering methods are preferred for determinirgy allerage molecular mass and
degree of polymerization (Table 11) (Brandt, 1986).
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Table 11. Viscosities and molecular masses of nehyloses*

Apparent viscosity at 2 10 40 100 400 4000 8000 19000
% and 20 °C (mPas)

Intrinsic viscosity (ml/g) 140 205 265 390 750 930 1200

Average molecular 13000 20000 26000 41000 86000 110000 140000
mass**

Average degree of 70 110 140 220 460 580 750
polymerization**

*: Source: Brandt, 1986.
**: Osmometry method.

2.6.2. Gelation

Methylcellulose solution has a special tyelaphenomenon that is caused by
heating to form a gel and cooling to form a clealuson reversibly (Haque, 1993;
Hirrien, 1996). Pure methylcellulose solutions gehbout 50-6%, which depends
on the structure of methylcellulose (Brandt, 198&que, 1993).

Typical methylcelluloses of DS 1.8 form a g@gl 54-56 °C (Hirrien, 1996).
Gelation temperatures of water-soluble methylcedat drop as the degree of
substitution increases (Brandt, 1986; Haque, 1998)ation temperatures of a given
degree of substitution decrease little as the sgisgoof the solution increases
(Brandt, 1986). Added electrolytes lower gelatiemperatures, which depend on the
types and quantities of salts added (Levy and Schwi®58; Xu et al., 2004 a and
b). Some salts even prevent the dissolution of wedhuloses at ambient
temperature (Levy and Schwarz, 1958). Both heatedectrolytes destroy hydrated
structures by breaking hydrogen bonds between veatdrthe polymer (Levy and
Schwarz, 1958; Brandt, 1986; Haque, 1993). Whemrpalater-miscible organic
solvents such as alcohols or glycols are addedhyieetlulose solutions stabilize
(Kundu et al., 2003). Methylcellulose and theseapalditives therefore form strong
hydrogen bonds that increase gelation temperaanddead to more stable soluble
complexes in the solution (Brandt, 1986; Kundulet2003). Methylcelluloses are
incompatible with some additives, such as tanngabse they form insoluble
complexes even at low additive concentration (Lewg Schwarz, 1958; Brandt,
1986).
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2.6.3. Solubility

Methylcellulose becomes soluble in ethaneémwthe DS is over 2.1 (Croon and
Manley, 1963). If the DS is over 2.4, it is alsdudde in solvents such as acetone or
ethyl acetate (Croon and Manley, 1963). When the DBSover 2.7, the
methylcellulose is even soluble in some hydrocashienzene, toluene) (Croon and
Manley, 1963). Methylcelluloses are soluble in eliént solvents depending on the
DS (see Table 12). This table 12 is only a roughdebecause other factors, such as
molecular weight, manufacturing processes, didiobu of substituents and
treatments, also influence solubility. Becausehaf $olubility in different solvents
and the special gelation, methylcelluloses can ln#igd and separated, and their
properties can even be measured in some commorensslvusing modern
technologies.

Table 12. The solubility of methylcelluloses acenglo DS

DS 0.1-1.0 1.4-2.0 24-28
Water Swelling Soluble  Insoluble

4% NaOH solution Soluble Swelling Insoluble
Acetone Insoluble Insoluble Insoluble
Methanol Insoluble Insoluble Insoluble

THF Insoluble Insoluble Soluble
Chloroform Insoluble Insoluble  Soluble

DMSO Partially soluble Soluble  Partially soluble
DMACc Partially soluble Soluble  Partially soluble

2.6.4. Synthesis

In 1905 Suida was the first to synthesize¢hyleellulose with dimethyl sulfate
(Suida, 1905). Several years later, patents in lwkidoromethane was used as a
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methylation agent were published independentlyighfeld, 1912; Leuchs, 1912;
Dreyfus, 1912). Cellulose is homogeneously metlgan triethylbenzylammonium
hydroxide (Bock, 1937), trimethylbenzylammonium hydde (Stuchlik, 1956),
LICI/N,N-dimethylacetamide (McCormick, 1979), Se@diethylamine-methyl
sulphoxide(lsogai, 1985) and LiCl/dimethyl sulfoxide (Petrd995). The activation
of cellulose is the most important step in homogese methylation. Sodium
hydroxide powder (Isogai, 1985) and dimsyl sodiupet(us, 1995) are used as
activation agents in. In heterogeneous methylat@austic alkaline solutions are
used to mercerize cellulose and form alkali cefialo methylcelluloses are
synthesized in organic slurry with toluene (Denhamd Woodhouse, 1914; Steele,
1949) or isopropanol (Tapia, 1996). Timell and sriound that the heterogeneous
methylation is intermicellar with dimethyl sulfateshile the uniform substituent
distribution of commercial methylcelluloses indiesitthat it is intramicellar with
chloromethane (Timell and Purves, 1951). Philipplesynthesized methylcelluloses
with chloromethane to study methylation on the tabary scale (Philipp, 1979).
Taipa C. synthesized methylcelluloses from commaémilps with dimethyl sulfate
and iodomethane in 2-propanol slurry al@GQTapia, 1996).

Ye and Farriol developed a facile novel mkttion method using iodomethane
to prepare methylcelluloses from both wood and ahmlants (Ye and Farriol,
2005a). This methylation procedure used IRSP pglpand TCF bleaching
sequences to obtain bleached pulps that were nmrden 40% NaOH solutions and
reacted with iodomethane in isopropanol slurry@GO6for 22 hours. This method is
very suitable for the synthesis of methylcellulosé&boratories.

Industrial Production

Methylcellulose is now produced in indudtgymethylating alkali cellulose with
chloromethan@nder high pressur@etween 35 and 60 % aqueous NaOH is used in
the mercerization. The molar ratio of NaOH to ambgtlicose unit must be 3:4 to
obtain water-soluble ethers with DS between 1.4 2/8d The viscosity of alkali
cellulose is adjusted by ageing with or withoutiagecatalysis. Usually an excess of
chloromethane, depending on the amount of alkslijsed. Chloromethane reacts
with water, which produces the byproducts methamal dimethyl ether. The crude
methylcelluloses produced require acid neutratizato remove residual alkali.

Methylcellulose can be produce under npitdssure in a batch reactor with
gaseous chloromethane (Brandt, 1986). Alkali ceflet methylate with the
chloromethane at 60—-100 °C for several hours (Brak@B6). During methylation,
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some reagents evaporate with volatile byproductses& are removed and
condensed. The chloromethane is then recycledepidnished with fresh reagent to
keep the concentration of gaseous chloromethanstanBrandt, 1986).

Another methylation method is to producehyieellulose under higher pressure
in a continuous reactor with liquid chloromethamgpically, methylation is carried
out in a reaction time of less than 1 h with orhwiit an inert organic liquid (Brandt,
1986). This process consists of slurrying the alkali dele under pressure in
excessive chloromethane. The slurry is then punpeough a partially heated
reaction tube. Volatile byproducts and excessiviromethane are evaporated.
Filtration is often used to separate the crude yhethulose.

Techniques for optimizing methylation hdneen investigated e.g. the choice of
slurry solvents, the gradual addition of reagentsl aemperature-programmed
reaction steps etc. (Brandt, 1986). Sodium chloaide other nonvolatile byproducts
are removed by washing with hot water above thatgel temperature of the
methylcellulose. The product is then dried and gdbim conventional equipment.

2.6.5. Applications

The applications of methylcelluloses depend tloeir chemical and physical
properties (Krassig, 1993). The properties of mletiuloses mainly depend on
their molecular weights and degrees of substitu{i@roon & Manley, 1963), the
distribution of methoxyl groups along the glucoseituand the cellulose chain
(Brandt, 1986), and the distribution of moleculaigits.

Methylcelluloses function as surfactants gqueous systems by reducing surface
tension and supporting emulsification of two-phiagers. The amphiphilic character
is due to the presence of both hydrophilic OH apdréphobic OCH groups in a
single methylcellulose molecule. Their viscosity egcellent during long-term
storage due to resistance against fungi and bac#ack. Methylcelluloses improve
the properties of cement-based products and ceraxtitisions thanks to their
lubricant and water-retention properties. Methyldekes function as thickening
additives and improve adhesion degree of formulatidMethylcelluloses form clear,
tough, flexible films that have excellent barrieroperties to oils and greases.
Methylcelluloses enhance the stability of suspensiwoughout the solution due to
the formation of hydrogen bonds. They are solublesome binary organic and
organic-water solvent systems because they haveoplydbic groups in their

55



molecules. Methylcelluloses dissolve more easilycald water than in hot water.

They can reduce water-loss when its formulatiores applied to water-absorbing
surfaces. They have excellent water-retention ptigse being used in cement and
gypsum formulations and in water-based paints aaltpaper adhesives, where the
cohesiveness of the products is also important.e¥Weadtention increases as the
number of hydrophilic groups and the viscosity @ase. Typical applications for

methylcelluloses are gels and fine or special chal®iin the pharmaceutical

industry, foods, construction, paints, ceramicseent, agriculture, polymerization,

adhesives, cosmetics, and tobacco (Brandt, 1986).

Methylcellulose gels

Methylcellulose gel can be controlled by modeechnologies. The gelation
temperatures can be adjusted by the degree ofitstilost, molecular weight and
addition of additives (salts, alcohols etc.) (Lewyd Schwarz, 1958; Kundu et al.,
2003; Xu et al., 2004 a and b). Methylcellulose igelised as a contrast agent for
ultrasound examination of the cervix (O'Brien et 2003).

Foods

Methylcelluloses are approved as internal foodtads in the United States, the
European Community and many other countries. They w@wsed as binders,
thickeners, form stabilizers, suspending agents lauid materials in sauces, ice
cream, gravies, baked goods, dietetic foods aradl shkssing, etc.

Pharmaceutical industry

Methylcellulose is an effective medicine &ye or other ilinesses (Knight, 1952).
Methylcelluloses of low viscosity are used for #&blcoatings (Wan, 1986).
Methylcelluloses are also used as drug carriebdettalisintegrators and stabilizing
agents for suspensions and emulsions (Wan, 198@y are used as bulk laxatives,
which are dispersed readily in sufficient amourftsvater and are not metabolized.
The suspending property of methylcelluloses is uedthe better dispersion of
barium sulfate in X-ray diagnosis.

Construction industry

Methylcelluloses are useful additives in camgtion materials because of their
binding, suspension-stabilizing, and water-retgjmmnoperties (Donges, 1990). They
are used in most cement- or gypsum-based formokgtisuch as masonry mortars,
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grouts, cement coatings, plasters, jointing comdsewand emulsion putties (Donges,
1990). Methylcelluloses improve the dispersion @hd or cement (Brandt, 1986).
They further intensify adhesiveness, which is inignatr for plasters, tile cement and
putties. Methylcelluloses are often used in conmtimawith gluconates in mortars as
valuable set-retarding additives. In wallpaper glubey are used as thickeners and
adhesives, usually combined with polyvinyl acet&®|C and/or starch derivatives.
Methylcelluloses of medium and high viscosity areef@rred in construction
materials and wallpaper glues (Donges, 1990).

Paints

Methylcelluloses are used in latex and distengaints (Donges, 1990). They act
as thickeners and as suspension aids for pigmentlpa (Donges, 1990). Directly
adding the methylcellulose to the pigment grindpassible by choosing glyoxal-
crosslinked products with retarded dissolution. d@ig-soluble methylcelluloses are
used in solvent-based paint removers to prevergagaéion of the solvent, e.g. as a
dichloromethane-alcohol mixture. Water-soluble mketblluloses are used in
aqueous coatings (Brandt, 1986).

Ceramics

Methylcelluloses can be used in the productbrceramics as green strength
binders with good burnout properties (Brandt, 198dethylcelluloses of pure
grades are preferred because they do not causesidtes.

Detergents

Methylcelluloses have become interesting fee un detergent formulations
(Donges, 1990). They exhibit some soil-suspensictiora in fabrics based on
synthetic fibers. Methylcelluloses have both hydibpity and hydrophobicity
because of their hydroxyl and methoxyl groups @nrtiolecular chains.

Agriculture

Methylcelluloses function as suspending agfmtsolid pesticides in water-based
sprays (Donges, 1990). They are used in slurriesded treatment to increase the
seed coverage and reduce exposure hazards causgastnyg of the protectant.
Low-viscosity methylcelluloses are applied in amsuof 25—-050 %, depending on
the mass of the dry protectant (Brandt, 1986). Medviscosity methylcelluloses are
also added to agricultural dusts at a level of 6%l®f the dust to obtain better
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adhesion when the dust is wet by rain or dew (Bral®@B6). Wettable powders are
better dispersed when 0.5-2 % of low-viscosity ylet#luloses is added (Brandt,
1986).

Polymerization

Methylcelluloses are used as suspension gtsland protective colloids in
vinyl chloride polymerization for uniform particldistribution (Donges, 1990).
Clearly soluble and highly purified types of lowswosity are required for this
purpose. They are used in both emulsion and susperiechniques for the
polymerization of styrene and vinyl acetate, aslwved for copolymerization
processes (Brandt, 1986).

Adhesives

Methylcelluloses are used as additives in numeradisesive formulations
(Donges, 1990). They are especially convenienthm leather industry (Brandt,
1986). Hides are pasted onto large frames of eéfffiermaterials by adhesive
formulations containing methylcelluloses. The hide®e then passed through a
heating zone to dry. This causes the methylcelido® gel, which results in
excellent adhesive bonds and fewer drop-offs dusalgsequent tanning (Brandt,
1986).

Cosmetics

Methylcelluloses function as thickenersh#izers, suspending agents and film
formers in creams, lotions and shampoos (Donge80)19As methylcellulose
provides a barrier against oil-soluble materidlss used in protective creams against
irritants ranging from tear gas to paint (Bran®3a).

Tobaccos

Methylcelluloses are used in the foil andkdlaof tobacco industry as film
formers and binders (Brandt, 1986).
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3. Experimental

3.1. Materials
3.1.1. Plant materials

Experiments were carried out using a homeges batch of each plant: dried
miscanthus stalks, two years old eucalyptus clipsd cardoon stalks harvested in
summer, and spring cardoon stalks with leaves apitwla. These plants were all
harvested in Spain. Barks of the eucalyptus chipeewemoved by hand. For a
composition analysis, sawdust with a maximum sizel-eiam-mesh was used in
order to ensure a kinetic and non-diffusion contitaing the measurements.

3.1.2. Commercial pulps

Flax, hemp, sisal, abaca, and jute pulps vkémdly supplied by a Spanish
company: Celulosa de Levante, S. A. Main propermeshese pulps are listed in
Table 13. These pulps were obtained by the sod@¥@ess and bleached by ECF
sequences.

Table 13. Properties of ECF bleached pulps

Flax Hemp Sisal Abaca Jute
Degree of polymerization 1165 948 998 1928 1413
Brightness (%) 83.3 85.4 89.3 88.1 73.9
Fiber length (mm) 18-62 21-63 18-45 33-615-37
Humidity (%) 5.32 5.53 8.53 7.04 7.72

3.1.3. Chemical reagents

a-cellulose was bought from Sigma-Aldrich Company. Other chemicals were
also bought from Sigma-Aldrich Company as eithegent or HPLC grades. They
were used without any pretreatments.
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3.2. Equipment

The stalks were chipped in a GA100 millerdigal by Black and Decker Co.
The impregnation was carried out in a 2-L batchct@amade in our laboratory
(Figure 15). The impregnation reactor was made NSA304-L and 316 stainless
steel and had a jacket connected to a commerciatineg hot water bath. At the top
of the impregnation reactor, a tube connected withitrogen gas bottle of high
pressure.

The impregnated chips were saturate-stearketbin a stainless steel reactor of
51 made in our laboratory (Figure 16), which ha tvessels. One vessel was used
for a direct cooking with saturated steam at higimgerature and pressure. The
cooking vessel had tubes connected to the reactrpply the steam and a jacket to
prevail heating. Another vessel was used for reéegipulped materials after sudden
decompression of pressure. A steam boiler withntfaimum temperature 2%0
supplied saturate steam.

Figure 15. The impregnation equipment
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Figure 16. The equipment of steam explosion

The methylation reaction was carried out ineaction glass flask over a heat
plate of Agimatic-E supply by J. P. Selecta S. AeTeaction flask was connected
with a coiled reflux condenser using tap waterasant.

The viscosities and rheological data wereasared by a DIN Viscometer
VisotesteP550 supplied by ThermoHaake Co. a!@0The intrinsic viscosities were
measured in an Ubbelohde viscometer combined witiiG226 Visocclock supply
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by SCHOTT_GERATE GmbH in a water bath at®@5for pulps or 26C for
methylcelluloses.

The *C-NMR spectra were measured in a Gemini 300 spmetier operating at
300MHz by using a 10 mm probe and deuterated dihstlifoxide (DMSO-d) as
solvent at 88C. Present spectral condition was adopted fromirtkiestigation of
Takahashi et al. (1987). The spectra are obtaiyedsing a spectral width of 24.0
kHz, a repetition time of 3s, a flip angle of%4&nd accumulated scans of 20,000
(Takahashi et al., 1987).

The XRD measurements were obtained using a SieMBA60 diffractometer
(Bragg-Brentano parafocusing geometry and vertical 0-0 goniometer) fitted with a
curved praphite diffracted - beam monochromatadiffracted beam Soller slit, a
0.06’ receiving slit and scintillation counter as a detector. The angular 20-diffraction
range was between 5 and’70he data were collected with an angular step.@5°0
at 3 seconds per step and sample rotatiog, I@diation was obtained from a copper
X-ray tube operated at 40 kV and 30 mA.

The apparatus of the size exclusion chromatdgr (SEC) combined with the
high performance liquid chromatography (HPLC) wasAailent 1100 series, which
consisted of the G131la quaternary pump, the Gl3R#msser, the G1313a
autosampler, the refractive index detector andGii816a column thermostat. The
Agilent chemstation software for the LC and LC/M¢gStem was used to control the
HPLC apparatus. The SEC data were analyzed wittAghlent SEC data analysis
software.

3.3. Experimental processes

The process of preparation of methylcellulofesn the annual plant stalks
consisted of chipping, impregnation, steam pulpiagieening, TCF bleaching,
mercerization, methylation, and characterizationsgifthesized methylcelluloses.
The process of preparation of methylcelluloses frdtre ECF bleached pulps
consisted of pretreatments, mercerization, metioylatand characterization of
synthesized methylcelluloses.
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3.3.1. IRSP Pulping

The chips of miscanthus were impregnated0% 3odium hydroxide solution
under 15 bar nitrogen pressure alG%or an hour. The chips of the spring cardoon
were impregnated in 30% or 20% sodium hydroxidetsmis under 15 bar nitrogen
pressure at 5& for a hour. The chips of the summer cardoon vregregnated in
30% or 20% sodium hydroxide solutions under 15ritaogen pressure at 5 or at
ambient temperature for a hour. The chips of thealgptus were impregnated in
30% sodium hydroxide solution under 15 bar nitrogesssure at 38 for a hour.
The weight ratio of chips / liquid was adjusted tbe chips to be completely
immersed in the liquid. Anthraquinone (AQ) was atides 0.1% of oven-dried
weighty of the chips. The impregnated chips anddig were collected and weighed
respectively. The impregnated chips were stored itooler at XC. The residual
amount of sodium hydroxide absorbed in the impreghahips was determined by a
titration method.

The maximum interval time of the impregnatedpshbetween the impregnation
and the following cooking was one day. The tempeeatind time of the cooking
were combined into a parameter, p- factor, whicls walculated by the following
equation (1) (Chornet and Overend, 1988):

t T-10
P=lo =log([ ex [dit 1
oR) =log(fexp( 2 0E) ()
Where B the severity of pulping, p-factor; T: the reantiemperature’C; t: the
retention time, minute.

The impregnated chips were directly cookedhgydaturated steam according to a
series of p-factors with varied cooking time anthperatures. The cooking chips
were suddenly decompressed into a container. Siespgtips were collected by
filtration and washed several times by the digtiNeater until pH values were close
to seven. All unbleached pulps were dried in amaute56C.

3.3.2. TCF bleaching

Pulps of miscanthus were bleached by an EPReseq (E stands for alkaline
extraction and P stands for hydrogen peroxide biegg. The bleaching sequences
for the cardoon pulps were PP or PEP. The bleacksngience for the eucalyptus
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pulps was PP. The unbleached pulps were extragtedOB6 sodium hydroxide

solution at the ambient temperature for one houln ®8+4% consistency. After this
alkaline extraction, pulps were collected by theuan filtration and washed with
the distilled water. The hydrogen peroxide bleaghwas performed with 3-4%
consistency in 0.2M NaOH and 0.15M®3 for 1 hour at 66C. At the end of the

bleaching, the pulp was washed by the distillecewantil the pH value was close to
7 and collected by filtration. The bleached pulgsendried in an oven at 0.

3.3.3. Accessibility of mercerized a-cellulose

Aldrich a-cellulose was utilized in the preliminary experintein order to find a
suitable methylation method for bleached putpgellulose was mercerized in 5%,
10%, 15%, 20%, 30%, and 40% sodium hydroxide smistiat ambient temperature
and pressure for one hour. Upon the mercerizatietiulose were collected by
vacuum filtration and washed several times to phwith distilled water. Then
mercerized celluloses were dried in an oven 8€@0 constant weight. The iodine
adsorption method was used to determine the abdéss of celluloses (Browning,
1967; Hon and Yan, 2001).

3.3.4. Methylation of TCF bleached pulps

5 gramsi-cellulose or bleached pulp (based on dry weiglas wercerized in
100 grams 40% sodium hydroxide solution for 1 hauthe room temperature (at
about 26C). The mercerized pulp was filtered and presseil the weight ratio of
the pulp and the sodium hydroxide solution to b2. @pon the filtration, the
mercerized pulp, 150 ml 2-propanol, and 50 ml iodtimane were added into a flask.
The methylation reaction lasted for 22 hours afC80The mercerization and
methylation were repeated. At the end of methymgtithe methylcellulose was
collected by the vacuum filtration, neutralized twdcetic acid, and washed three
times by acetone and ethanol respectively. Finafigthylcellulose samples were
stored in a cooler af@.
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3.3.5. Pretreatments of ECF bleached pulps
Water soaking

Approximately 10 g pulp (oven dry weightasvsoaked in 500 g distilled water
for one hour at the room temperature (aboulC22The pulp was collected by
filtration and dried in the air.

Mercerization

Approximately 10 g pulp (oven dry weight) svanercerized in 200 g 50%
sodium hydroxide solution for one hour at the raemperature (about 22) under
ambient pressure. The mercerized pulp was colldayefiltration and washed with
distilled water until the pH value was close toesevlhe mercerized pulp was dried
in the air.

Preliminary mercerization

Approximately 10 g pulp (oven dry weight) svanercerized in 200 g 15%
sodium hydroxide solution for ten minutes at thermotemperature (about Z2)
under the ambient pressure. The mercerized pulp aslfiscted by filtration and
pressed to a press weight ratio for the solutiath pulp of 3. The mercerized pulp
was kept in the air at the room temperature for foaurs. The mercerized pulp was
washed with distilled water until the pH value wadsse to seven. The mercerized
pulp was dried in the air.

Mercerization under pressure

Approximately 10 g pulp (oven dry weight) svenercerized in 200 g 50%
sodium hydroxide solution for one hour at room tenagure (about 22) under 15
bar nitrogen pressure. The mercerized pulp wasaelll by filtration and wash with
distilled water until the pH value was close toesevlhe mercerized pulp was dried
in the air.

65



Steam explosion

The saturate steam directly heated apprdeignd0 g pulp (oven dry weight) in
the steam explosion equipment. The temperaturequwikly raised to 144 by the
saturated steam. The temperature was kept &C1#0 four minutes by adding a
little steam at intervals. The pressure was sugddatompressed. The pulp was
exploded into the receive vessel. The steam-exgdlpdé was collected by filtration
and dried in the air.

3.3.6. Methylation of ECF bleached pulps

Approximately 5 g pulp (oven dry weight) wagrcerized in approximately 120
g 50% NaOH solution at ambient temperature (ab&iCp for one hour. The
mercerized pulp was filtered and pressed to thghteaiatio of the NaOH solution
and the pulp to be 3. The mercerized pulp and 30epropanol were added to a
500 ml flask. The suspended solid and solvent wiaed for 1 hour at the room
temperature (about 22). The flask was installed with a condenser araed in a
water bath. 50 ml iodomethane was added into tlspeswded slurry. The mixed
slurry was stirred for another one hour at room perature (about 2€). The
temperature of the water bath was raised 8€&hd maintained for 22 hours. After
this first methylation, the second mercerizatiod amethylation were carried out to
obtain a synthesized methylcellulose of higher degrf substitution.

At the end of the second methylation, the Iyledilulose was collected by
filtration, neutralized with acetic acid, and wagdheith ethanol and acetone three
times respectively.

3.3.7. Fractionalization of methylcellulose

The process of fractionalization of a crudethylcellulose is shown in Figure
17. Approximately 1 g methylcellulose (oven dry gld) was added into 20 grams
distilled water in a glass sample bottle and slif@ 2 hours until all fibers were
separated into small pieces. The bottle was platedcooler at % for 24 hours in
order to improve the solubility of water-soluble tmgdcellulose. The mixture was
took out and stirred for 2 hours until its temperat was near to the room
temperature. The bottle was placed into a cenwifugd centrifuged at 4000 rpm for
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30 minutes. The solid was collected by filtrationdawashed three times with
distilled water. The solid comprised the alkaligé methylcellulose and unreacted
pulp. The liquid comprised the water-soluble metbijiulose and salts. The solid
was dried in the air and extracted by 4% NaOH swiutThe solid, which did not
dissolve in the 4% NaOH solution, was assumed wetedgpulp, which might have
comprised methylcellulose of a very low degreeutfssitution.

The dissolved and washed liquids were ctdbbcand placed in a dialysis
membrane bag. The dialysis bag was suspended titledisvater for three weeks.
The dialysis purification used the Specttudialysis tubing cellulose membrane bag
with an average flat width of 76 mm (3.0 in.), sliggb by the Spectrum Laboratories
Inc. via the Sigma-Aldrich Company. Each dialysiba bag was clamped by two
110 mm dialysis-tubing closures. The cellulose memé could separate salts and
methylcellulose with Mw of less than 12,000. Th#udion velocity was improved
by stirring the distilled water. The dialysis médttellulose was dried first in the air
and then in a desiccator under vacuum.

Fractionalization of methylcellulose

| Crude methylcellulose |

| Cold water extraction |

Solutes Solids
Water-soluble methylcellulose and salt Alkali-soluble methylcellulose and cellulose
Dialysis 4% NaOH solution extraction
[ [
[ | [ |
Inside the membrane Outside the membrane Solute Solid
W ater-soluble methylcellulose Salts Alkali-soluble methylcellulose Un-reacted cellulose

Figure 17. Fractionalization of synthesized metéNldose
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3.4. Characterization
3.4.1. Composition analysis of plant stalks

Raw materials are analyzed by following stadgaocedures: ASTM D 1102 — 84
for ash content, ASTM D 1111 — 84 for hot wateryrastives content, modified
ASTM D 1107 — 84 for ethanol / toluene organic agtives content, ASTM D 1106
for Klason lignin content, ASTM D 1104 — 56 for bokllulose and ASTM D 1103 —
60 for a-cellulose.

3.4.2. Analysis of pulps

Kappa number is determined according to TAPP236 om-99. The residual
lignin content is estimated by the kappa numbeesii®.15. The viscosity of pulps is
determined by TAPPI T 230 om-99 (capillary viscoememethod). The intrinsic
viscosity is estimated by the Schula-Blaschke egomatThe ash content was
determined according to ASTM D 1102 - 84. The kappaber was determined
according to TAPPI T 236 om-99. The lignin contesats estimated from the kappa
number. Ther-cellulose was determined from its definitiencellulose was that part
of a cellulosic material that was insoluble in 2%.Solution of sodium hydroxide at
20° C. The intrinsic viscosity of the pulps waseatgtined according to the 1ISO
5351-1, 1981.

3.4.3. Determination of main monosacchrides of B{&ached pulps by HPLC

Hydrolysis of the pulps was carried out by fitecedure of determination of the
Klason lignin content. 0.3 g pulp was hydrolyzed?th1 N HSQO, solution at 36C
for 1 hour. Then it was diluted and the hydrolysigs continued in an autoclave
during 30 minutes at 120.

The clear solution was collected by centrifiatind analyzed using a BIO RAD
Aminex HPX-87P column (300-7.5mm) with the High f@emance Liquid
Chromatography (HPLC). Glucose and xylose solutisese used to calibrate.
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3.4.4. Determination of accessibility

Accessibility of pulps was determined by edime absorption method (Hon and
Yan, 2000). The iodine solution was prepared bywahsng 1 g iodine and 8 g
potassium iodide into 10 ml distilled water. Theéusated solution of sodium sulfate
was prepared by gradually adding 250 g sodium tsuifsto 750 g distilled water
with continue stirring in a water bath at’@5 Three tenths of a gram of pulp (oven
dried weight) was added to a flask. 2 ml of iodsoéution was then added. The pulp
and solution were thoroughly mixed with a glass. @D ml of saturated solution of
sodium sulfate was added into the flask. The flask stored in the dark for 1 h. 50
ml of distilled water and several drops of 1% dtasolution were added. The
residual iodine in the solution was determined lsating with 0.02N sodium
thiosulfate. A blank on the original iodine solutizvas determined simultaneously
with the same procedure. Accessibility (mg ioding pulp) was calculated by the
following formula:

accessibity = (a—b)x2.04x254/0.3

Where a is the volume of the 0.02N thiosulfdkition for the blank and b is the
corresponding volume for the cellulose.

3.4.5. Determination of degree of crystallinity

The XRD spectra of the pulps show a very is¢empick at 22.6°, which
corresponds to the crystalline region (plane 280, other intense picks before 18.0°
(Segal L, 1959).

The crystallinity index was calculated usiing tntensities of diffraction of the
crystalline structure (plane 002, 26=22.6°) and of the amorphous fractiort{28.0°):

Crl — lOOX EI 002 l amorphousE
I 002
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3.4.6. Microscopic structure by SEM

All the pulps and preliminary treated pulere dried in the air at room
temperature. Their morphological structures weesved using a JEOI JSM-6400. A
little pulp was placed onto a carbon adhesive platéch was attached to a metal
cylinder. The sample was carried out the gold restibn using a BALZERS SCD
004 sputter coater, under a pressure of 0.05mlr3ameatments of 30s with to
30mA and a distance of 50mm.

3.4.7. FTIR spectra

FTIR spectra were obtained using a JASCO FT/IR-6§0€ctrometer with
attenuated total reflectance (ATR). 64 scans withesolution of 2 cil were
recorded. The wave number region ranged from 4660 cnit. Each sample was
measured twice and its average value was calcutatédised. The absorbance band
area, which was calculated from a local baselinevéxen adjacent peaks, were
automatically calculated at the maximum absorbdaouad by a noise level of 0.1
using the Spectra Manager for windows 95/NT from ASCO Corporation. The
baseline was corrected automatically by the peaktol using the Spectra Manager
software.

The area ratio of band 1375 and 2900 was assignedetthe relative
crystallinity index (O'Connor et al., 1958; Nelsand O’Conner, 1964; Selim et al.,
1994). The area ratio of band 3300 and 2900 wagressto be the mean hydrogen
bond strength (O'Connor et al., 1958; Selim etl&i94).

3.4.8. Analysis of methylcellulose

The viscosity of methylcellulose was detieied by the capillary viscometer
method or rational viscometer in either dimethypsoxide (DMSO) or 4 % NaOH
solutions. The intrinsic viscosity was measured # NaOH solution by plotting a
serial of concentrations versus reduced viscosiié®ir intrinsic viscosities were
measured in 4 % NaOBolutiors. Waterand alkali soluble methylcellulose yisld
were determined by solvent extraction with distillsater and4 % NaOHsolution.
In order to estimate the intrinsic viscosity, tredation of viscosity and intrinsic
viscosity was fitted in 4 % NaOH solutions with centrations of both 0.5 and 2 %.
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3.4.9. Determination of degree of substitutior iy NMR

The methylcellulose sample was dried in an @teh05C until a constant weight
and dissolved in the deuterated DMSO (DMSO-d6) 8fC8 The DS of
methylcellulose was determined by th€ nuclear magnetic resonance spectroscopy
in the dimethyl sulphoxide solution at®)during 6 hours for each methylicellulose
sample.

3.4.10. Determination of molecular weights of wegeluble methylcellulose

Solutions for chromatographic analyses weepgred quantitatively by distilled
water extraction. The concentration of water-s@ubkethylcellulose had to be in the
range 0.2-0.4% and this was ensured by weighing edain amount of
methylcellulose on an electric balance. The weigheethylcellulose was then
transferred into a 10 ml sample glass vial and istilled water was added. The
solution was stirred for two hours at room tempee{about 28C) and then the vial
was placed in a refrigerator atGtand stored for 24 hours. After this time, the via
was taken out of the refrigerator and the solutvas stirred for another two hours at
room temperature (at 20). The suspended solution in the vial was cergeitliat
4000 rpm for 30 minutes. The upper clear liquid warmoved with a syringe and
filtered using a nylon membrane syringe filter &f rhm ¢ with a diameter pore 0.2
pm. The filtered solution was injected into a 1.5 HPLC sample vial for SEC
analysis.

A modified SEC condition was used (Keary, 2000he eluant was 0.05 m
NaCl solution, which was prepared with distilledtaraand filtered with an Albét
polytetrafluoroethylene (PTFE) membrane filter Gf#im@ and a pore diameter of
0.2 um. The eluant was degassed by an on-line degasystgm, the G1322a
degasser. The flow rate was 1 ml/min. The tempezatd the G1316a column
thermostat was set at 5 Samples were automatically injected using th813a
autosampler. Two columns were used in series: @ exlusion chromatography
column (Tosohaas, Tsk Gel G 3000 Pwxl, 7.8 mm i@ &®) and a guard column
(Tosohaas, Tsk column guard Pwxl).
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4. Results and discussion

4.1. Introduction

In present investigation, methylcellulosgsre prepared from some annual
plants via a novel facile methylation method, whiadis developed in our laboratory
(Ye and Farriol, 2005a). New raw materials of mité§uloses were investigated in
order to substitute conventional materials: cottod wood dissolving pulps.

Two annual plants (miscanthus sinensis amdoon), and juvenile eucalyptus of
two years old were used to prepare methylcellulo3&® whole process of the
preparation of methylcelluloses consisted of impegmn, rapid steam pulping, TCF
bleaching, mercerization, and methylation. In theppration of methylcellulose, the
factors that influenced the properties of the sgsidted methylcelluloses were
investigated and discussed.

Miscanthus, cardoon, and eucalyptus arellysplanted and cultivated in order
to produce energy or to provide for domestic appiins because of their fast
growth, and low request of soil condition (Nick aBdmanuel, 2000; Ye et al.,
2005b). Only in recent years, the cardoon and mthca stalks are investigated and
evaluated for pulping and papermaking (FernandezGurt, 1995; Bouchra et al.,
1997; Antunes et al., 2000; Jorge et al., 2001)myknowledge, no former research
has been done for the producation of methylceleddsom the annual miscanthus,
the annual cardoon, and the juvenile eucalyptus.the first time to investigate the
preparation of methylcelluloses from the annualcamshus, and the annual cardoon,
and the annual eucalyptus in this dissertation.

The commercial ECF bleached jute, flax,Istsamp, and abaca pulps were used
to prepare methylcelluloses, and to investigate Hexessibilities and reactivities in
order to improve the properties of the synthesioethylcelluloses. Jute, flax, sisal,
hemp and abaca now are receiving more attentiothénresearch of pulping,
papermaking, and cellulose derivatization becahsg have lower lignin contents,
higher yields of cellulose (Han and Rowell, 199€&rt woods have in the countries
where the forest is limit and these plants arelalvi in sufficient quantity (Brandlt,
1986). To my knowledge, no former scientific pap&ese published, in which the
authors investigated and discussed the preparatiorethylcelluloses from the ECF
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bleached pulps of jute, flax, sisal, hemp, and abdde influencing factors of
molecular weights and degrees of substitution haseer been investigated in a
whole process ranging from pulping to methylation.

In conclusion, the methylcelluloses were tloe first time prepared from new
alternative resources by a novel facile methylatioethod. The preparation
conditions and properties of synthesized methyltases were researched. The
synthesized methylcelluloses had similar properies applications as commercial
methylcelluloses. It is valuable and viable to bgsize methylcelluloses from low-
valued biomass materials. Therefore, the low-vaoeual plants are upgraded and
have a new alternative application as the resouocpsoduce methylcellulose.

4.2. A novd facile methylation method

a-Cellulose was mercerized in 5%, 10%, 15%, 20%, ,3&3d 40% NaOH and
soaked in distilled water for 1 hour, respectivdliie accessibilities afi-celluloses
after these pretreatments are shown in Figure I dccessibilities increased
considerably after mercerization in sodium hydrexsdlutions with increasing alkali
concentrations. The best result was obtained in Ma%H solution. However, after
mercerization in 15 % NaOH, there were still sommgstalline regions in the
cellulose. Hence, excess sodium hydroxide soluttiould be retained after
mercerization so that alkali cellulose can compjetam during methylation.

The FTIR spectra of these pretreated cellsl@e shown in Figure 19, 20 and
21. It is well known, the mercerization of cellidodegrades the cellulose, ruptures
the cellulose crystals, and separates the aggredards (Ye and Farriol, 2005b).
Comparison to the FTIR spectra of original pulpg amercerized pulps of a same
species, the area ratios of band 1375 and 290klaas the area ratios of band 3300
and 2900, are changed by the pretreatments or rieten. The relative crystalline
index of each mercerized-cellulose decreased, which meant more accessible
amorphous cellulose was created (Ye and Farri@d580) The mean hydrogen bond
strength of each mercerizamtcellulose also decreased, which meant a part of
aggregated fibrils were ruptured and some crystaltielluloses were transformed to
be amorphous celluloses (Krassig, 1993). Thusaticessibilities and reactivities of
celluloses were improved by these mercerizatioe. Water soaking can decrease the
hydrogen bond strength (Ye and Farriol, 2005b). sThthe water soaking
pretreatment increased the accessibility and regctiof cellulose. As the
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concentration of NaOH solution increased, the isdatrystalline indexes and mean
hydrogen bond strengths decreased. These datatedia higher concentration of
NaOH had a better effect of mercerization of celiel
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Figure 18. Accessibility of mercerized cellulose
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Figure 19. FTIR spectra ofcellulose andi-cellulose treated by 15% NaOH
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Figure 20. FTIR spectra ofcellulose treated by 30% NaOH and water soaking
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Figure 21. FTIR spectra afcellulose treated by 5% and 40% NaOH
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a-Cellulose was mercerized in 15% and 40% sodiumrdxyde solutions,
respectively. Then mercerized cellulose was cabbcby vacuum filtration and
methylated with 50ml iodomethane at’60for 22h in 2-propanol slurry. The
obtained methylcelluloses were compared only fairttsolubilities in dimethyl
sulphoxide. It was assumed that methylcellulose lsancompletely dissolved in
DMSO when its degree of substitution is betweenahé 2.0 (Croon and Manley,
1963). The methylcellulose prepared from 40% soditydroxide solution
completely dissolved in DMSO solution. However, timethylcellulose prepared
from 15% sodium hydroxide solution only partly dis®d. These results showed
that 40% sodium hydroxide solution was better farcerization than 15% sodium
hydroxide solution.

5g dry weight ofx-cellulose was methylated with 30 ml of iodomethamé¢he

first methylation. Then in the second methylatithre volumes of iodomethane were
varied in an attempt to find better reaction cdondsg. These results are listed below
in Table 14. Water-soluble contents increased @&s vitlumes of iodomethane
increased. All samples were soluble in 4% NaOHt&miuat 20C, which meant that
they were alkali-soluble methylcelluloses andlad trystalline cellulose participated
in the methylation reaction. All samples were @lti soluble in distilled water at
20°C, which meant that separation methods such aaagiam, dialysis, or membrane
separation were required to obtain water-solublthyheelluloses.

In order to empirically estimate a intrinsiscosity of methylcellulose from the
viscosity in alkali solutions, the viscosities andtrinsic viscosities of the
methylcelluloses were measured in 4% NaOH solwtad®dC. The concentration of
methylcellulose was 0.5 %. The empirical equati@s wxpressed as formula 1.

viscosty = K xintrinsic_ viscosty* (1)

Whereviscositywas the viscosity of 0.5 % concentration of metbjlilose in
4% NaOH solution at 2, K and A were constants, intrinsic_viscosity whe
intrinsic viscosity measured in 4% NaOH solutior2&iC.

Based on the above data, two constants fiteed and calculated as K=0.065
and A=0.80. So, the viscosity of 0.5% alkali sokubtethylcelluloses in 4% NaOH
solution can be estimated as formula 2.
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viscosty = 0.065xintrinsic_ viscosty °% ()

The results of the degrees of substitutibmethylcelluloses are listed in Table
15. The average degrees of substitution increaseth@ iodomethane volumes
increased. The data showed that substitution &24Q&l group was easier than at the
3-OH and 6-OH group. The substitution at the 3-Qblug was easier than or the
same as at the 6-OH group. As the molar ratio @bmeethane and anhydroglucose
increased, the value of substitution at the 6-Odligrincreased more than at the 3-
OH group, which indicated that an increase in mation reagents led to a better
methylation reaction and better substituent digtidn on the anhydroglucose unit of
cellulose (Croon and Manley, 1963). This betterssitution led to better solubility in
a variety of solvents (Croon and Manley, 1963).

Figure 22 shows the spectraostellulose and MD23 that was synthesized from
a-cellulose. The most significant difference of tesvo FTIR spectra was the
methoxyl group. The spectrum of MD23 had a 2830" dmnd, which indicated
some hydroxyl group were substituted to be the mathgroup. Thus, the FTIR
spectrum demonstrated the obtained product wasytoetilose.
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Figure 22. FTIR spectra ofcellulose and MD23
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Table 14. Solubility and viscosity ofcellulose methylcelluloses

Methylcellulose MD17 MD15 MD18 MD21 MD23
Mole ratio of CHI/AHG* 451 9.03 13.54 18.06 22.57
Water-soluble content (%) 32.40 39.88 34.19 71.96 75.61
4% NaOH solubility complete  complete  complete  complete  complete
DMSO solubility partly  complete  complete complete  complete
Eﬂf;;:)ity In 4% NaOH 4.05 8.01 15.4 471 5.23
Intrinsic viscosity (ml/g) 166.4 483.3 800.0 205.6 227.6

*. AHG stands for anhydroglucose.

Table 15. DS obi-cellulose methylcelluloses

Methylcellulose ~ Mole ratio of CHI/AHG DS, DS DS DS

MD15 903 048 032 025 1.05
MD18 1354 050 0.39 0.27 1.16
MD21 18.06 052 036 0.29 1.17
MD23 2257 056 036 036 1.28
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Methylcelluloses prepared from-cellulose were dissolved in dimethyl
sulphoxide as 1% solutions. Their shear-stressegalvere plotted versus their shear
rates, as shown in Figure 23. The solution progerin 1% DMSO solutions were
quite different and had different molecular weigh#dl the samples with lower
intrinsic viscosities (MD17, MD21 and MD23) seentedbe of the Newtonian type
with correspondent viscosity and shear stress digpto their molecular weights or
intrinsic viscosities. The rheological data of sdespwith high molecular weights
(MD18 and MD15) seemed to be pseudoplastic. The&ealgolution properties are
shown in Figure 24. The viscosities of all the sE®pncreased with the increase of
solution concentrations. The molecules with higheiecular weights had higher
viscosities even at very low concentrations.

Considering all the above preliminary glelse methylation, the best conditions
for synthesizing methylcellulose were mercerizatwith 40% NaOH solution and
reaction with 50 ml iodomethane per 5g celluloses@C in 150 ml 2-propanol
slurry for 22 hours.

4.3. Preparation of methylcelluloses from miscanthus, cardoon, and eucalyptus

4.3.1. Chemical compositions

Table 16. Chemical compositions of miscanthus,aamgdand eucalyptus

Plants Miscanthus (%) Spring cardoon (%) Eucalyptus (%
Ash 0.7 5.0 15
Water extractives 3.1 26.7 7.6
Organic extractives 9.1 51 0.5
Klason lignin 19.9 13.9 25.4
Holocellulose 72.5 48.3 71.0
a-Cellulose 42.2 24.0 48.6
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Chemical compositions based on oven-dried mgi@DW) of original materials
are listed in Table 16. Miscanthus had the highegicellulose content, the highest
organic extractive content, and the lowest asherdrif these three plants. The water
extractive content of the spring cardoon was 26b&gause the spring cardoon was
harvested with green capitula, leaves and stalkgs,Tmany water-soluble materials
coexisted in the spring cardoon stalks. The spdagdloon had the highest ash
content, the lowest lignin content, the lowest holocellulose content, and the lowest a-
cellulose content. These data indicated the leamdscapitula of the spring cardoon
must be eliminated before the subsequent pulpitg Jum of water and organic
extractive contents of the eucalyptus was the lowdse eucalyptus had the highest
lignin content, the lowest organic extractives content, and the highest a-cellulose
content. These results showed the miscanthus,pitiregscardoon and the juvenile
eucalyptus had potential to be alternative raw riedseof paper, pulp, and cellulose
derivatives. The pulping severities of miscanthnd aardoon must be lower than
that of eucalyptus because eucalyptus has higjrenlcontent.

4.3.2. Pulping

The pulping in our study used the IRSP procedsch comprised two steps:
impregnation and rapid steam pulping.

4.3.2.1. Impregnation

Table 17. Parameters and results of impregnation

Material AQ NaOH concentration Retention time Temperature Residual

(%) (%) (Hour) °c) alkali* (%)
Miscanthus 0.1 30 2 55 44.6
Cardoon 1 0.1 20 2 55 325
Cardoon 2 0.1 30 1 55 311
Cardoon 3 0.1 30 15 55 34.2
Cardoon 4 0.1 30 2 55 47.6
Eucalyptus 0.1 30 2 55 43.7

"Based on the initial NaOH charge.
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Designed impregnation parameters and relsalkali in the impregnated fibers
are shown in Table 17. 44.6% of NaOH was absonbéde miscanthus stalks. When
the miscanthus chips, the spring cardoon chips, taedeucalyptus chips were
impregnated at a same impregnation condition, thealgptus chips absorbed the
lowest amount of alkali, and the spring cardoompshabsorbed the highest amount of
alkali. The highest amount of absorption of alkadlthe cardoon chips indicated the
spring cardoon chips were more porous than thelytoa and miscanthus chips,
which also meant that the pulping severities oflcan should be lower than that of
eucalyptus and miscanthus.

The residual NaOH in the impregnated clopsardoon increased with the
increase of impregnation time and the concentratbbnthe sodium hydroxide
solution. When the concentration of NaOH solutiocréased from 20% to 30%, the
residual NaOH increased by 46%. When the reterttiae increased from 1 to 2
hours, the residual NaOH increased by 53%. Thisdues NaOH may be considered
as the main pulping chemical in the following coukiwith saturate steam. The high
pressure of 15 bars, and the intermediate temperat@dC) facilitated the
penetration and diffusion of NaOH solution in thianp stalks. Therefore, the
impregnation time was reduced to 2 hours whilettaditional impregnation needed
24 hours at ambient pressure (Barba, 2002). Therbi@ipregnation condition for
the spring cardoon chips may be in the 30% sodiyandxide solution under 15 bars
pressure for 2 hours at %5

4.3.2.2. Rapid steam pulping

Steam pulping parameters and results arevrshia Table 18. The kappa
numbers, yields and lignin contents decreased twehncreasing of p-factors, which
demonstrated the p-factor was a main factor ofdrapeam pulping process. Their
kappa numbers of miscanthus pulps ranged fromo614 11, which meant low lignin
contents of pulps. After the impregnation and reggghm pulping, most of lignin of
stalks was eliminated. These yields of miscanthulp pvere nearly 60% and
relatively higher than usual chemical pulping (Hend Rowell, 1996). What is more
important was that these miscanthus pulps almost ma& rejects, which had
advantage of reducing screening equipment and dds. intrinsic viscosities of
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miscanthus pulps ranged from 1183 ml/g to 737 mifgch were suitable for further
application for paper, board, and dissolving pipaiser et al., 1986; Brandt, 1986).

Because of lower lignin content and porstalks, the spring cardoon was
pulped with the lowest pulping severities. The ptdas of the spring cardoon pulps
were same (2.96) although they were impregnatediifierent conditions. The
cardoon pulp had a higher intrinsic viscosity whinchip was impregnated in a
lower concentration of NaOH solution, which demosmtstd NaOH has a
considerable degradation during the impregnationceSthe impregnation time of
the chip increased, the intrinsic viscosity of @and pulp decreased. The spring
cardoon chips underwent less impregnation conditeomd steam pulping severities;
therefore, their pulps had higher kappa numberslignéh contents. The yields of
the spring cardoon pulps were the lowest.

The intrinsic viscosities of the eucalyptmsips were lower than the spring
cardoon pulps because the eucalyptus chips wer&edody higher pulping
severities. The eucalyptus was the most easilyet@udped because its pulps had
lower kappa numbers and lignin contents than thatiscanthus and cardoon.

Table 18. Steam pulping results of miscanthus,czardnd eucalyptus

Material Time Temperature P Kappa Yield Lignin Intrinsic viscosity
(min.) °C) factor number (%) (%) (mlig, 28C)
Miscanthus 1 4 180 2.96 141 583 2.12 1183
Miscanthus 2 8 180 3.26 93 57.2 1.40 957
Miscanthus 3 16 180 3.53 8.3 56.3 1.25 864
Miscanthus 4 25 180 4.06 6.5 55.8 0.98 737
Cardoon 1 4 180 2.96 304 21.9 4.56 1287
Cardoon 2 4 180  2.96 309 251 4.64 1305
Cardoon 3 4 180 2.96 23.8 237 3.57 1163
Cardoon 4 4 180 2.96 28.6 24.7 4.29 1077
Eucalyptus 2 16 180 3.56 75 335 1.13 728.2
Eucalyptus 3 8 180 3.26 8.3 397 1.25 1135.5
Eucalyptus 4 24 180 3.74 74 315 1.11 622.7
Eucalyptus 5 16 190 3.85 72 350 1.08 761.5
Eucalyptus 6 24 190 4.03 6.3 29.3 0.95 534.7
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The cardoon and miscanthus stalks in owdyshad looser fiber structures than
the eucalyptus stalks had. Thus, the pulping se®rof cardoon and miscanthus
stalks were lower than that of the eucalyptus statkgh quality pulps of cardoon
and miscanthus were prepared. The eucalyptus staks easily pulped to lower
kappa numbers. Cardoon and miscanthus are poteesalirces of cellulose, like
traditional eucalyptus.

4.3.3. TCF bleaching

Bleaching results are listed in Table 19.aBled pulps of low lignin contents
were obtained by these TCF bleaching sequencegees of bleached pulps were
strong influenced by the pulping condition when Hieaching condition was same
for miscanthus pulps. The kappa numbers, yieldmiri contents, and intrinsic
viscosities decreased with the increasing of pglmeverities. Kappa numbers of
miscanthus TCF bleached pulps ranged from 3.1 @oand were low although
peroxide was not a highly active bleaching chem{@altt et al., 1986). The lignin
contents of miscanthus TCF bleached pulps wererldlgn 1.1%. The yields of
miscanthus TCF bleached pulps were almost over 0% intrinsic viscosity values
of miscanthus TCF bleached pulps ranged from 4142% ml/g, which were
sufficient for cellulose derivation after three g#a of alkaline treatments
(impregnation, steam pulping and bleaching). Adis bleaching results showed this
TCF bleaching sequence, EPP, was effective andbfeafr miscanthus pulps
produced by the IRSP process (Ye et al., 2005b).

Bleached pulps of the spring cardoon hadhdrickappa numbers than summer
cardoon pulps. The spring cardoon pulps seemeed tadre difficult to be bleached
than summer cardoon pulps, which indicated the dsrtime of cardoon was an
important factor for its pulping and bleaching. Thest interesting phenomena were
the summer cardoon pulps that could be bleachethdolowest kappa number
although its chip was cooked by the lowest pulm@egerity with a lowest p-factor.
The leaves and capitula of summer cardoon stalke vediminated before the
impregnation and steam pulping. This indicatedrdmoval of leaves and capitula
could improve the quality of bleached pulps of taedoon, and the bleachability of
these pulps.
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Table 19. Bleaching results of miscanthus, cardowheucalyptus pulps

Material P-factor Method Kappa Yield (%) Lignin (%) Intrinsic viscosity

number (mlig, 25C)

Miscanthus 1 2.96 EPP 7.0 85.7 1.05 727
Miscanthus 2 3.26 EPP 4.6 84.2 0.69 601
Miscanthus 3 3.53 EPP 4.5 81.3 0.68 514
Miscanthus 4 4.06 EPP 3.1 78.6 0.47 414
Cardoon 3 2.96 PP 11.3 80.3 1.70 678.4
Cardoon 4 2.96 PEP 4.5 59.8 0.68 605.6
Cardoon 5* 2.96 PP 21 84.9 0.32 729.6
Cardoon 6* 2.66 PP 35 74.8 0.53 720.4
Cardoon 7* 2.66 PP 1.4 76.6 0.21 636.6
Cardoon 8* 2.66 PP 14 78.5 0.21 643.2
Eucalyptus 2 3.56 PP 4.5 94.1 0.77 423.8
Eucalyptus 3 3.26 PP 5.1 94.3 0.68 720.3
Eucalyptus 4 3.74 PP 3.9 97.1 0.59 361.3
Eucalyptus 5 3.85 PP 3.7 94.6 0.56 543.0
Eucalyptus 6 4.03 PP 2.5 94.6 0.38 399.6

"Pulp of summer cardoon.

The eucalyptus pulps were more difficult ® lideached than the cardoon and
miscanthus pulps although their unbleached pulgk lbaer kappa numbers. The
yields of the eucalyptus pulps were higher tham ¢idhe cardoon and miscanthus
pulps, which indicated the cardoon and miscanthug was easier to be degraded
than the eucalyptus pulp. The viscosities of theabptus pulps were lower than that
of the cardoon pulps.

Although cardoon pulps were produced by loR«actors, they were bleached to
pulps that had the highest intrinsic viscositied &west kappa numbers of all the
pulps of these three plants. This might be becaas#oon fibers have more voids in
their stalks and pulps. Eucalyptus pulps had loiwéinsic viscosities and kappa
numbers than miscanthus pulps because of high@ingukeverities. Miscanthus,
eucalyptus and cardoon bleached pulps had venyigmmn contents, which showed
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most of lignin was removed after the TCF bleachpngcess. These results showed
high quality bleached pulps could be produced leyIRSP process combined with

the proper TCF bleaching sequence for the miscantbardoon, and eucalyptus

chips(Balser et al., 1986; Brandt, 19868)he comparison of the results of pulping and
bleaching show that excellent bleached cardoonspekn be produced at low

temperatures and short cooking times, which savesemergy. Miscanthus can also

be used to prepare very good bleached pulps. Misgarand cardoon can substitute
wood and become new sources of industrial cellulose

4.3.4. Methylation of TCF bleached pulps
4.3.4.1. Methylation of miscanthus pulps

The methylation conditions and results aseed in Table 20. Water-soluble
contents of miscanthus methylcelluloses increasetha cooking time increased.
Four samples (MD25, MD22, MD24 and MD19) were cagtgdy soluble in 4%
NaOH solution, which meant they were complete alk@luble methylcelluloses and
all the cellulose in the pulp had participatedha methylation. All the samples were
partially soluble in water, which meant that furtlseparation was needed to purify
the methylcelluloses. The viscosities increasethasooking time increased in 4%
NaOH solution. The Table 20 shows that all the dgelof alkali soluble
methylcelluloses were very high. The yields of wa@uble methylcelluloses,
however, were lower. Table 20 shows that methyltmske yields, contents, and
solubility can be improved if the cooking time arping severity is increased.

In order to empirically estimate the in&im viscosity from the viscosity in
alkali solutions, the viscosities and intrinsic oasities of miscanthus
methylcelluloses were measured in 4% NaOH solutc®dC. The concentration of
methylcelluloses for measuring viscosity was 2%e Témpirical equation was
expressed as formula 1 above. Based on thesetdatasonstants were fitted and
calculated as K=0.00082 and A=2.01. Hence, theosisc of 2% alkali soluble
methylcelluloses in 4% NaOH solution af@0can be estimated as formula 3.

viscodty = 0.00082intrinsic_ viscosty*®*  (3)
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Figure 25 shows a NMR spectrum of miscantheshygicellulose (MD26), in
which the methylated hydroxyl groups are shown @Felshi et al., 1987). Table 21
shows the DS of methylcelluloses prepared from amgws. It can be seen that
miscanthus pulps were more difficult to synthedilzan commerciali-cellulose.
This may be due to the existence of trace lignia tine special fibril structure (Ye
and Farriol, 2005). Methylation was easier for ehegscanthus pulps that contained
less trace lignin and were pulped by a higher pglsieverity, p-factor.

The methylation was easier at the 2-OH group thtaeroOH groups. As the
steam explosion retention time increased, so didtibstitution value or DS value at
all OH groups. Hence, the average total DS incckaSer samples that had a lower
total DS value (less than 1.00), DS values at #H@Hoégroup were higher than the
values at the 3-OH group. For samples that hadni@éiate total DS values, DS
values at the 6-OH group were very nearly the sasnbe values at the 3-OH group.
For the sample with the highest total DS value,Digevalue at the 6-OH group was
higher than the value at the 3-OH group. The D8evak the 3-OH group was lower
than at the 2-OH group because of the blockingetiethe vicinal 2-OH group.

Two T Twl T T T T T T T T T T T T s
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Figure 251*C-NMR spectrum of MD26

Their rheological figures are plotted in Figu#6 and 27 in 4% NaOH solution
and water at AT, respectively. A15 is a commercial methylcelleldsom DOW.
Another commercial sample was bought from Aldricithwvan average molecular
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weight of 14,000. These two samples were not mttceand were dissolved in
distilled water at 28. The data show that their curve tendencies wamilas
although their viscosity values and substitutedgpas were different. All these
rheological data seemed to increase linearly toNmsvtonian solutions. This
indicated that the 4% NaOH solution may be a taleesit for low molecular weight
methylcelluloses with a low degree of substituti@noon and Manley, 1963). These
phenomena demonstrate that the properties of noethybses prepared from
miscanthus are similar to those of commercial meéilyloses.

Table 20. Methylation conditions and results ofcarghus pulps

Methylcellulose MD25 MD22 MD24 MD19 MD26
Pulp sample 1 2 3 4 4
1* Mole ratio of CHI/AHG 22.6 13.5 18.1 13.5 22.6
2" Mole ratio of CHI/AHG 22.6 13.5 18.1 13.5 22.6
Alkali MC yield (%) 93.1 83.8 93.8 95.4 87.7
Water-soluble MC yield (%) 23.2 71.7 68.2 56.1 85.2
Alkali MC content (%) 100 100 100 100 90.5
Water-soluble MC content (%) 22.1 69.2 84.1 53.6 93.4
2% solution in 4% NaOH 4.48 20.6 4.48 165 94.4
(mPas)
Intrinsic viscosity (ml/g) 65.5 155.3 84.1 4355 210.3

*: 2% in distilled water.
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Table 21. DS of miscanthus methylcelluloses

Methylcellulose Steam explosion time (minutes) ,DSDS; DS DS
MD25 4 020 0.09 0.17 0.46
MD22 8 033 016 0.21 0.70
MD24 15 040 034 032 1.06
MD19 26 043 036 035 114
MD26 26 0.67 0.38 047 152

* higher volume of iodomethane in methylation.
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Figure 26. Rheological properties of 2% miscantmeshylcellulossin 4% NaOH

solution
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Figure 27. Rheological properties of 2% miscantieshylcellulose in aqueous
solutions

Each prepared miscanthus methylcelluloss gvade — a mixture of alkali-
soluble and water-soluble methylcelluloses, whichsvdue to the heterogeneous
methylation. For textile treatments, synthesizedhyleelluloses would need further
purification with 4% NaOH solution to produce higield alkali-soluble
methylcelluloses. For aqueous applications, symbdsnethylcelluloses would need
further purification with water to increase its @8d its solubility. Methylcelluloses
synthesized from miscanthus had a DS ranging frof6 @ 1.52 and intrinsic
viscosities ranging from 65.5 to 210.3 ml/g. Thése DS and small intrinsic
viscosities mean that methylcelluloses synthesizeth miscanthus in our study
could be used as a drug component or additiveod tomponent, a cement
additives, and other related applications (Brah@86).

4.3.4.2. Methylation of cardoon and eucalyptus pulp

The yields of methylcelluloses of cardoon andadyptus are listed in Table 22.
We can see that the methylcellulose of the summ@etoon had lower water-soluble
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contents than the methylcelluloses of the springda@an and eucalyptus. The
eucalyptus methylcelluloses had higher water-selut¥ntents than the cardoon
methylcelluloses. Most of the alkali soluble conseaf methylcelluloses were over
95%. The methylcelluloses of the spring cardoon tresl lowest alkali soluble
contents of all the methylcellulose samples. Iinse¢hat the eucalyptus pulps were
easier to methylate with iodomethane. This may eeabse of the higher
impregnation condition and pulping severities @& gucalyptus chips, which yielded
pulps of looser and smaller microfibrils and loweolecular weights and degrees of
polymerization. When we compared these methylaskilsamples, we found that
the lowest water-soluble content was prepared ftben summer cardoon at the
lowest pulping severity. This shows that the pulpgondition is one of the main
factors for the synthesis of methylcelluloses.

Figure 28 and Figure 29 show two NMR speofraucalyptus methylcellulose
(MD37) and cardoon methylcellulose (MD30), in whitie methylated hydroxyl
groups are shown. The DS of methylcelluloses apevshn Table 23. Most of spring
cardoon methylcelluloses had the biggest DS vallles.spring cardoon pulps were
subjected to higher pulping severities than the mamcardoon pulps. Higher
pulping severities led to better pulp accessibgitialthough the pulping severities of
eucalyptus were higher than that of spring cardtios eucalyptus methylcelluloses
had lower DS. This shows that species is a deciéaetpr for the synthesis of
methylcelluloses, so cardoon pulps subjected ® $evere pulping conditions may
be better raw materials than eucalyptus if we aalgsider the DS value. Our data
show that DS values of the second OH group wergébithan that of the third and
sixth OH group. Methylation in the third and siXH group was more difficult.
With the p-factor increased, total DS values aral IS values in the second OH
group increased.

Viscosities in both DMSO and 4% NaOH solutioe shown in Tables 24 and 25.
Summer cardoon methylcelluloses had higher visessihan the spring cardoon
methylcelluloses in two solvents because the sprardoon was subjected to higher
pulping severities. When the p-factor increasece thscosity of eucalyptus
methylcelluloses in DMSO and 4% NaOH solution dasesl. This also shows that
the p-factor is an important parameter for thetsgsis of methylcelluloses.

The intrinsic viscosities of the cardoon metlejilloses in the 4% NaOH solution
are shown in Table 26 and the intrinsic viscositiethe eucalyptus methylcelluloses
are shown in Table 27. The summer and spring stedkdd be used to prepare
methylcelluloses with similar intrinsic viscositjegich as cardoon-4, cardoon-6, and
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cardoon-7. The eucalyptus methylcelluloses had Hanteinsic viscosities than the
cardoon methylcelluloses, which may have been alileet higher pulping severity of
the eucalyptus chips. The intrinsic viscositiethia DMSO solution were higher than
that in the 4% NaOH solution.

The solution properties of the cardoon meti{liloses are shown in Figures 30
and 31 and those of the eucalyptus methylcellulaseshown in Figures 32 and 33.
In DMSO, all these figures had similar trends tostlin the 4% NaOH solutions. All
these curves seemed to increase linearly: shesmsstalues increased as shear rate
values increased. All methylcellulose solutions evélfewtonian solutions in two
solvents. These curves were similar although thag Hifferent viscosities and
substituted patterns.

The application of methylcelluloses preparfdm cardoon and juvenile
eucalyptus depends on the final objectives accgrdon DS and viscosity. The
prepared methylcellulose was crude—a mixture oflaicduble and water-soluble
methylcelluloses due to the heterogeneous methylatFor textile treatments,
synthesized methylcelluloses would need furtherifipation with 4% NaOH
solution to produce high-yield alkali-soluble mdt®fluloses. For aqueous
applications, synthesized methylcelluloses woulednfairther purification with water
to increase its DS and its solubility. Commerciatthylcelluloses are usually
produced with a DS ranging from 1.4 to 1.9 andsaasity ranging from 10 to 15000
mPas of 2% aqueous solutions at 20°C and 20 rpnp:/(hiww.herc.com).
Methylcelluloses synthesized from cardoon had ar&fging from 0.46 to 1.33 and
intrinsic viscosities ranging from 176 to 379 mikhese DS and viscosities mean
that methylcelluloses synthesized from cardoon ccooké used as a viscosity
controller. Methylcelluloses synthesized from eyptls had a DS ranging from
0.76 to 1.07 and intrinsic viscosities ranging fré® to 183 ml/g. These DS and
viscosities mean that methylcelluloses synthesizad eucalyptus could be used as
a drug component or additives such as a low viscdsopolymers (Kokubo et al.,
1998).
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Table 22. Yields of methylcelluloses prepared frmandoon and eucalyptus

Material Methylcellulose Alkali soluble MC (%) Water-soluble MC)(%
Cardoon 1 MD27 74.36 66.83
Cardoon 2 MD28 86.66 81.52
Cardoon 3 MD20 98.56 62.59
Cardoon 4 MD30 92.24 27.02
Cardoon 5 MD31 96.69 15.20
Cardoon 6 MD32 96.36 7.10
Cardoon 7 MD33 99.85 15.96
Cardoon 8 MD34 98.21 23.25

Eucalyptus 2 MD35 96.77 82.14

Eucalyptus 3 MD36 93.62 59.59

Eucalyptus 4 MD37 98.40 82.82

Eucalyptus 5 MD38 97.07 81.84

Eucalyptus 6 MD39 98.11 83.49
Table 23. DS of cardoon and eucalyptus methylcekes

Material Methylcellulose DS at C2 DS at C3 DS at C6 Total DS
Cardoon 3 MD20 0.41 0.25 0.34 1.00
Cardoon 4 MD30 0.47 0.44 0.42 1.33
Cardoon 5 MD31 0.38 0.15 0.12 0.65
Cardoon 6 MD32 0.37 0.12 0.10 0.59
Cardoon 7 MD33 0.32 0.11 0.09 0.52
Cardoon 8 MD34 0.28 0.10 0.08 0.46
Eucalyptus 2 MD35 0.41 0.20 0.20 0.81
Eucalyptus 3 MD36 0.38 0.22 0.16 0.76

Eucalyptus 4 MD37 0.44 0.21 0.21 0.86
Eucalyptus 5 MD38 0.40 0.19 0.23 0.82
Eucalyptus 6 MD39 0.53 0.28 0.26 1.07
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Table 24. Viscosities of cardoon methylcelluloses

Material Methylcellulose 0.5% in 4% NaOH 1% in DMSO

(mPas, 2fC) (mPas, 2fC)
Cardoon 3 MD20 1.72 4.89
Cardoon 4 MD30 3.36 25.4
Cardoon 5 MD31 4.76 16.2
Cardoon 6 MD32 5.32 32.2
Cardoon 7 MD33 4.48 21
Cardoon 8 MD34 4.32 22.6

Table 25. Viscosities of eucalyptus methylcellukse

Material Methylcellulose 0.5% in DMSO 1% in 4% NaOH
(mPas, 2fC) (mPas, 2fC)
Eucalyptus 2 MD35 6.25 1.85
Eucalyptus 3 MD36 8.07 12.3
Eucalyptus 4 MD37 5.99 5.57
Eucalyptus 5 MD38 7.29 9.29
Eucalyptus 6 MD39 5.84 8.67
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Table 26. Intrinsic viscosities of cardoon methiiideses

Material Methylcellulose 4% NaOH (ml/g, D)
Cardoon 3 MD20 175.6
Cardoon 4 MD30 340.3
Cardoon 5 MD31 227.4
Cardoon 6 MD32 379.4
Cardoon 7 MD33 369.4

Table 27. Intrinsic viscosities of eucalyptus métbluloses

Material Methylcellulose DMSO (ml/g, 4% NaOH
20°C) (mlig, 2¢C)
Eucalyptus 2 MD35 110.6 65.7
Eucalyptus 3 MD36 242.4 182.6
Eucalyptus 4 MD37 97.1 58.8
Eucalyptus 5 MD38 176.9 104.9
Eucalyptus 6 MD39 87.5 69.4
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Figure 30. Rheological property of 0.5% cardoonhyletlluloses in 4% NaOH
solutions
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Figure 31. Rheological property of 1% cardoon mietljuloses in DMSO solutions
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Figure 32. Rheological property of 0.5% eucalyphethylcellulosein DMSO
solutions
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Figure 33. Rheological property of 1% eucalyptushyleelluloses in 4% NaOH
solutions

4.4. Preparation of methylcelluloses from ECF bleached pulps
4.4.1. Properties of ECF bleached pulps

Properties of ECF bleached pulps of flagmp, sisal, abaca and jute were
determined and are listed in Table 28. Pulps usedcéllulose ethers are well
bleached and have high levels of purity, low ligewntents, and high-cellulose
contents (over 86 %) (Brandt, 1986). Taeellulose contents of the flax, hemp,
sisal, abaca and jute pulps in our study were higten 87% (Table 1). Their lignin
contents were lower than 0.20% (Table 1). These-BI€&ched pulps satisfied the
requirements for raw materials of methylcellulo@sandt, 1986). Flax, hemp, sisal,
abaca, and jute therefore have a new application raa8 materials of
methylcelluloses, thus upgrading them from low-eatiol high-value products.

Celluloses from annual plant plants havdedght chemical composition and
structures (Han and Rowell, 1996; Focher et al1200he most different properties
of celluloses from these annual pulps are the gant@wontent and the degree of
polymerization (see Table 1). The flax and hemppguh our study had lower
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pentosan contents than other pulps had. The ahdpahpd the highest degree of
polymerization, which indicates that the abaca pofuld be used to produce
methylcelluloses of higher molecular weights. Tkebp, sisal, and flax pulp could
be used to produce methylcelluloses of lower mdégoueights. The jute pulp was a
better raw material for methylcelluloses of intedia¢e molecular weights.

The degree of crystallinity of each of thése pulps was more than 0.7, which
meant that these pulps had more crystalline celulthan amorphous cellulose.
Amorphous cellulose has a much more accessibifity r@activity than crystalline
cellulose (Timell and Purves, 1951; Krassig, 19938 low accessibilities of these
five pulps proved these pulps had less then 5.2%coéssible cellulose. Therefore,
these pulps had very low reactivities. Some pratreats were needed to improve
their accessibilities and reactivities. Thus, theperties of the methylcelluloses
would be improved as the results of improvements.

After hydrolysis, contents of glucose antbgg of these five pulps are listed in
Table 29. The sum of the glucose and xylose contetgss than the content of
holocellulose in Table 28, which were due to theoimogeneous and incomplete
hydrolysis: some glucose and xylose might be furthegraded or un-reacted. In
Table 29, the flax pulp had the highest contenglotose and the lowest content of
xylose. The sisal pulp had the lowest content atgge and the highest content of
xylose.

100



Table 28. Properties of ECF bleached pulps

Flax Hemp Sisal Abaca Jute
a-cellulose (%) 89.77 88.59 88.77 89.43 87.52
Kappa number 0.82 0.55 1.33 0.78 1.21
Lignin (%) 0.12 0.08 0.20 0.12 0.18
Ash (%) 1.51 0.83 1.04 0.97 1.30
Pentosans (%) 5.32 5.22 17.68 11.67 12.59
Accessibility (mg ¥/ mg 16.59 21.24 14.88 5.38 14.51
pulp)
Degree of crystallinity 75 71 75 71 70
(%)
Accessible fraction(%) 4.0 5.2 3.6 1.3 35
Amorphous fraction (%) 25 29 25 29 30
Ratio of accessible and 16 18 14 5 12

amorphous fraction (%)

*. Estimation by the ration of accessibility divides by 412 (the accesgibilamorphous cellulose)

** The amorphous fraction was that 100% subtracted the degree &llamyjtgt

Table 29. Glucose and xylose contents of ECF bksdghilps

Flax Hemp Sisal Abaca Jute
Glucose (%) 86.18 86.02 70.53 80.25 76.58
Xylose (%) 5.73 5.86 8.97 7.46 8.63
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4.4.2. Accessibilities and reactivities of ECF lalleed pulps
4.4.2.1. Accessibilities

The accessibility of the cellulose pulp mainly dege on the amorphous
cellulose because the inaccessible crystallineonegas little influence (Timell and
Purves, 1951; Krassig, 1993). After soda/AQ pulpiB@F bleaching and drying,
pulps usually have different chemical compositioecbemical distributions of
components in their pulps (Treimanis, 1996) andphological fibrous structures,
such as cellulose fibril aggregation and cellulsisecture (Evans et al,. 1995; Hult et
al., 2003), which strongly influence their accesiés and reactivities (Krassig,
1993). During the pulping and bleaching of anndahts, pores (capillaries) increase
due to the dissolution of solid and to swellingo&om, 1981; Treimanis, 1996).
The chemical reagents are known to diffuse mordyeal®ng the fibrils and reach
the surface of cellulose crystals in more fibroudpp with more porous voids.
Therefore, pulps that are more fibrous have higleeessibilities and reactivities.

The accessibilities of these pulps were hemp puillaoepulp > sisal pulp >
jute pulp > abaca pulp (Table 28). All these fivelps need to improve their
accessibilities in order to increase their reatési

The sequence of the degree of crystallinity of ¢heslps, from high to low,
was flax pulp = sisal pulp> hemp pulp = abaca pylge pulp (see Table 28). A
lower degree of crystallinity did not mean highecessibility. For example, the
abaca pulp had the lowest accessibility and a legree of crystallinity (Table 28),
which indicated that other factors as well as ¢efle crystals, such as fibril
aggregation (Hult et al., 2003), pores (Treimadi896) and other morphological
cellulose structures (Krassig, 1993), were impdrtan

The sisal pulp had a higher degree of chiystst than the abaca pulp but also
higher accessibility (Table 28). The hemp pulp bddw degree of crystallinity but
the highest accessibility (Table 28). This indicatieat the species is a major factor
for accessibility and reactivity.

4.4.2.2. Degrees of crystallinity

The XRD spectra of five ECF bleached pulps sirowed in Figure 34. Degrees
of crystallinity of five pulps are showed in Tal#8. From this Table 28, the flax
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pulp and the hemp pulp had the similar highestezaline sisal and abaca pulps had
the similar lowest value. Compare within Table B8ver degree of crystallinity did
not mean higher accessibility. For example, thecabpaulp had the lowest
accessibility and degree of crystallinity. The agegof polymerization of the abaca
pulp was the highest, 1928, which provided muchoadpmity to form the hydrogen
band at both inter-molecule and intra-molecule. réfoge, the hydrogen bond
strength of the abaca pulp was the strongest antbage five pulps. In the
amorphous region, the hydrogen bond and van derlsMaeces kept the abaca
cellulose tightly together and aggregated the o=l This aggregation leaded to
collapse of capillary and voids. Therefore, thecabaulp had little accessibility
although it had higher amorphous region.

The sisal pulp and abaca pulp had almost skegeees of crystallinity while the
sisal pulp had higher accessibility. This phenomemaight be caused by the
hydrogen bond strength. The sisal pulp had lowgreseof polymerization than the
abaca pulp. Hence, the intermolecular and intracutde hydrogen bond strength of
the sisal pulp was lower than the abaca pulp. Dmeedl hydrogen bond strength
leaded to structure that is more porous and voids.

The hemp pulp had the highest degree of taltysty and the highest
accessibility. This phenomenon showed that the ssdméity of pulp was mainly
influenced by the amorphous region while the inasitde crystalline region had
little influence. The morphology of amorphous regiwas the deciding factor of
accessibility. The average diameter of micro-fdbdecreased, the accessible surface
of pulp increased. The disintegrated micro-fib@dhmore capillary and voids, and
then the reagent was easier to penetrate intoelhdase. Therefore, the accessibility
was bigger.
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Figure 34. XRD spectra of pulps

4.4.2.3. Accessible fraction in the amorphous negio

The amorphous cellulose of dried pulps is not ceteb}y accessible (Timell
and Purves, 1951). Drying or irreversible hornifica causes the fiborous amorphous
cellulose to be partially inaccessible because sahethe swollen cellulose
aggregates into amorphous fibrils of a higher dgnsvhich are kept together by
strong hydrogen bonds and weak van de Walls fof€esell and Purves, 1951).
These aggregated celluloses are therefore inabtestd iodine during the
determination of the accessibility of cellulose.eTimorphology of the amorphous
cellulose is one of the main factors influencing thaccessibility. Disintegration,
increasing the voids and accessible surfaces gispuleakening the hydrogen bond
strength, depolymerization, and decrystallinity #irerefore essentials to improving
accessibility and reactivity (Krassig, 1993). Thmeaes, however, is the deciding
factor.

The sequence of the accessible fraction in the jgimoais cellulose was hemp
pulp> flax pulp> sisal pulp> jute pulp> abaca p(ffjpble 1). The accessible fraction
of the abaca pulp in the amorphous cellulose wagE&lble 1), which indicates that
about 95% of the amorphous cellulose was inacdesslihe low accessibility in
amorphous cellulose is reasonable because dipalevam de Waals interactions,
and intermolecular and intramolecular hydrogen isdnidd the cellulose molecules
into inaccessible regions, in which hydrophobic drdrophilic reagents cannot
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penetrate such well-ordered areas (Krassig, 19B8s small accessible fraction
shows that most microfibrils were aggregated amd feids were available in the
abaca pulp. Most of the amorphous cellulose of dtieer four pulps was also
inaccessible. The hemp pulp had a little more atislesamorphous cellulose than
the other four pulps. This hemp pulp therefore kel highest reactivity and the
greatest accessibility of the five pulps.

It is essential to active these pulps in prideimprove their reactivities and
accessibilities before  subsequent methylations. eW@itise, synthesized
methylcelluloses will have partially unreacted glelses and lower properties, such
as a lower degree of substitution and a lower nuddecweight of water-soluble
methylcelluloses (Krassig, 1993).

4.4.2.4. Morphology by SEM

Figure 35, 36, 37, 38, and 39 are the SEMqgzhof these five pulps. From these
figures of SEM, the inhomogeneous pulp was obserVhd diameter of fibrils was
heterogeneous. The void of the fibrils was randodibktributed. The aggregated
microfibrils were also distributed randomly. Thdnamogeneous effect will lead to
the inhomogeneous methylation reaction in bothttit@ fibrils and a single fibril.
Thus, the inhomogeneous methylation will lead t@rpsolubilities of synthesis
methylcelluloses.

From these five SEM photos, their morphmabfibril structures were quite
different. The hemp pulp had many small-branched fibrils. The flax pulp had
less small-branched thin fibrils. The jute pulp Had/ small-branched thin fibrils.
The sisal and abaca pulp did not had small-branttiadibrils. The small-branched
thin fibril had much smaller diameter. The smabutched thin fibril was distributed
randomly and adhered onto the surface of otherebifiigril.

The hemp pulp fibrils had a lot of small tokend wrinkles on its surface. The
hemp pulp fibrils seemed to be ruptured into sméilteils. The SEM photo showed
the hemp pulp was well cooking during the pulpifige flax pulp fibrils had less
small holes and wrinkles. Only some flax pulp fbrseemed to be separated into
smaller fibrils. The fibril surface of the jute puhad few holes. The abaca and sisal
pulps had very few holes and some wrinkles on tinase of fibrils.
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These five SEM figures clearly showed theicdtire of small fibrils of these
pulps. Base on their morphological structure, tbeeasibilities and reactivities can
be estimated as hemp pulp> flax pulp> jute pulpsalspulp> abaca pulp. This
sequence was same as the accessibility sequeneemohetd by the iodine
adsorption.

T T00pm 1

Figure 35. The morphology of abaca pulp
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Figure 36. The morphology of flax pulp

I 100 1

Figure 37. The morphology of hemp pulp
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Figure 38. The morphology of jute pulp

Figure 39. The morphology of sisal pulp
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4.4.2.5. Effect of pretreatments

The relative crystallinity index of each pulp wagnsficantly decreased by
mercerization and preliminary mercerization (TaB®. The mean hydrogen bond
strength of each pulp (Table 30), which relatesassemblies of cellulose and
elementary fibrils together (Krassig, 1993), is Wer@ed also by pretreatments
(Kréssig, 1993). During the mercerization and pmglary mercerization, strong
swelling action and forces rupture inter-fibrilsus increasing the accessible internal
surface (Krassig, 1993). The strong swelling actiad forces open intra- and inter-
hydrogen bonds, thus causing the lattice transfbomaand the penetration of
sodium hydrate ions into the widened space betwleei01 lattice sheets (Krassig,
1993).

After mercerization and preliminary mercerizatitime sisal and abaca pulps
had a higher crystallinity index than the otheral{]lé 30), which indicates that they
were more difficult to mercerize.

Figure 40 shown the FTIR spectra of flax pulp, regeed flax pulp and pre-
mercerized flax pulp. Flax had the highest init@lstallinity index but, after
mercerization, it was among the lowest of the fiwdps (Table 30). Thus, flax was
easily treated to improve its accessibility ancctiedy by mercerization.

The abaca pulp was the most difficult to be ac#iglain order to improve
accessibility and reactivity (Table 30). All prettments of the abaca pulp had a
positive influence on its properties. Water soakiind) not change crystallinity very
much but it greatly decreased the mean hydrogerd sbrength (Table 30) by
swelling and solvent penetration (Krassig, 1993)rdérization under 15 bars
decreased the relative crystallinity index (Talkd¢ &1d the degree of polymerization
(Table 32). Steam explosion did not change thetalysty index much either.
However, it did decrease the mean hydrogen boedgtn (Table 30) and the degree
of polymerization (Table 32). Because both the tafisity index and the mean
hydrogen bond strength decreased, the accessihitity reactivity of the treated
abaca pulps increased (Table 35).

The intrinsic viscosities of the treated uliecreased after mercerization and
after preliminary mercerization (Tables 31 and 32¢rcerization reduced the degree
of polymerization and increased the accessibilitgt eeactivity of the pulps (Table
34). Water soaking did not change the intrinsicessty or degree of polymerization
(Table 32). Mercerization and mercerization undebar pressure seemed to have a
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similar effect on the intrinsic viscosities (Tab8). Neutral steam explosion
decreased the intrinsic viscosity of the abaca p(lable 32). Preliminary

mercerization decreased the intrinsic viscositysaberably because the pulps were
kept in an alkaline environment for a long timealfle 32).

Table 30. Properties measured by FTIR

Pulp Treatment Relative crystallinity Mean hydrogen bond
index* strength*
Flax Original 5.2 11.4
Flax Mercerization 0.3 9.3
Flax  Preliminary mercerization 0.3 10.8
Hemp Original 5.0 10.4
Hemp Mercerization 0.3 10.3
Hemp Preliminary mercerization 0.2 10.0
Sisal Original 2.6 11.4
Sisal Mercerization 0.6 10.9
Sisal  Preliminary mercerization 0.5 10.8
Abaca Original 2.3 11.2
Abaca Mercerization 0.5 9.3
Abaca Preliminary mercerization 0.5 9.4
Abaca Water, 1h 2.2 7.3
Abaca Pressure mercerization 0.6 9.9
Abaca Steam explosion 1.8 9.2
Jute Original 2.6 10.6
Jute Mercerization 0.3 9.6
Jute  Preliminary mercerization 0.3 10.2

*: Calculated b)A137dA2900_

**: Calculated byAssod Azgoo.

110



%T

Table 31. Intrinsic viscosities of preliminarilyeaited pulps

Pulp Flax Hemp Sisal Abaca Jute
Original intrinsic viscosity (ml/g) 747 659 640 1253 946
Mercerized intrinsic viscosity (ml/g) 707 589 626 1032645
Preliminarily mercerized intrinsic 547 588 614 917 540

viscosity (ml/g)
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Figure 40. FTIR spectra of flax pulps
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Table 32. Intrinsic viscosities of preliminarilyeaited abaca pulps

Pretreatments Intrinsic viscosity (ml/g)
Original abaca pulp 1253
Water soaking 1199
Mercerization 1032
Mercerization under pressure 1004
Steam explosion 995
Preliminary mercerization 917

4.4.2.6. Reactivities of ECF bleached pulps

The unreacted pulp content was related to the sibtity and reactivity of

the pulp (Tables 28 and 33). The abaca pulp hatbttest accessibility (Tables 28),
so it had the highest unreacted pulp content (T&Ble The hemp pulp had the
highest accessibility (Tables 28), so it had theelst unreacted pulp content (Table
33). For the methylation of pulps without pretreains, the unreacted pulp content
was related to the inaccessibility of the pulpsother words, the methylcellulose
content was proportional to the accessibility. Wipeitps were not pretreated, the
main component of methylcelluloses was alkali-staubethylcellulose.

After preliminary mercerization, the unreacted pulpntent decreased
considerably (Table 34). The flax and abaca megfivloses had not un-reacted
pulp (Table 34). The hemp, sisal and jute methigltedes had little unreacted pulp
(Table 34). The water-soluble methylcellulose cohteacreased after preliminary
mercerization, while the alkali soluble methylc&lke content decreased. These data
indicate that preliminary mercerization increadeel reactivity of the pulps. The final
effect of preliminary pretreatment depended onctheracteristics of the pulps: pore
content and distribution, content and distributafnlignin and hemicellulose, and
fibril aggregations (Krassig, 1993). Pulps of loacessibility and low degrees of
crystallinity, such as the abaca pulp, could usdimppimary mercerization to improve
accessibility and reactivity. However, pulps ofthigccessibility and high degrees of
crystallinity, such as the hemp pulp, had lessceffe
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Several pretreatments were carried out with dbaca pulp (Table 32). Water
soaking reduced the unreacted pulp content comditye(Table 35). During the one-
hour of water soaking, water diffused and penedréte capillary and voids, and the
pulp swelled. Water weakened the hydrogen bonagtine(Table 30) and separated
the aggregate fibrils (Krassig, 1993), which wasfemed by the FTIR spectrum.
Mercerization under 15 bars of pressure reducediineacted abaca pulp content to
0% (Table 35). The pressure of 15 bars helped ldadiree solution to penetrate the
capillaries, increased the velocity of penetratanmg therefore improved the swelling
effect. The distribution of the alkali solution the pulp was therefore uniform,
which helped the iodomethane to diffuse and reath walkali cellulose. Steam
explosion and preliminary mercerization signifidgnimproved the water-soluble
methylcellulose content (Table 35). The methyldelie samples of the abaca pulp
had a water-soluble methylcellulose content of aind®% (MD53 and MD47, Table
35). Steam explosion could reduce the degree ghparization by oxidation at high
temperature and disintegrate the aggregated fibyile sudden evaporation of the
liquid in the voids when the pressure is suddemgodnpressed (Yamashiki et al.,
19904, b, c). The abaca pulp treated by steam srpldherefore had considerable
accessibility.

Table 33. Fractionation of methylcelluloses of cemvonally mercerized pulps

MC MD45 MD41 MD44 MD55 MD42
Pulp Flax Hemp Sisal Abaca Jute
Water-soluble 11.03 16.67 18.82 12.50 18.48

methylcellulose (%)

Alkali soluble 72.47 68.41 43.53 48.56 62.46
methylcellulose (%)

Un-reacted pulp (%) 16.51 14.93 37.66 38.94 19.06
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Table 34. Fractionation of methylcelluloses of pngharily mercerized pulps

MC MD58 MD59 MD46  MD47  MD57
Pulp Flax Hemp Sisal Abaca Jute
Water-soluble 56.52 33.73 27.41 51.72 30.64

methylcellulose (%)

Alkali soluble 43.48 62.23 64.45 48.28 66.74
methylcellulose (%)

Un-reacted pulp (%) 0.00 4.04 8.14 0.00 2.62

Table 35. Fractionation of methylcelluloses of pngharily treated abaca pulps

MC MD55 MD48 MD54 MD53 MD47

Pretreatments Non Water Mercerization  Steam Preliminary
soaking with pressure explosion mercerization

Water-soluble 12.50 18.75 14.63 49.23 51.72
methylcellulose (%)

Alkali soluble 48.56 77.27 85.37 50.77 48.28
methylcellulose (%)

Un-reacted pulp (%) 38.94 3.98 0.00 0.00 0.00

4.4.3. Methylation of ECF bleached pulps
4.4.3.1. Methylation of non-pretreated pulps

Main properties of synthesized methylcelbal® are listed in Table 36. The
appearance of bond 2830 in Figure 41 shows thatibthylcellulose of the non-
pretreated jute pulp was synthesized. The spectnuRFigure 41 was same as the
FTIR spectra of methylcelluloses synthesized fram-pretreated flax, abaca, sisal
and hemp pulps. Each synthesized methylcellulose avenixture of water-soluble
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methylcellulose, alkali-soluble methylcellulose audreacted cellulose (Table 36;
Ye and Farriol, 2005b). These methylcellulosesialrtdissolved in 4% NaOH,

DMSO, and water (Table 36). These methylcellulasegained different amounts of
unreacted pulps. Pretreatments were therefore deedenprove the accessibilities
and reactivities of these pulps (Ye and Farriol05) and thus improve the
properties of these synthesized methylcelluloses.

The molecular weights and degrees of pelymation of water-soluble
methylcellulose (Table 36) were lower than its ord pulp (Table 28), which meant
that the cellulose was degraded during the syrglefsmethylation. The abaca pulp
had the highest degree of polymerization (see Ta8)e but the synthesized abaca
methylcellulose (MD55) had the lowest (see Tablg 3his was due to its lower
accessibility (Ye and Farriol, 2005b), which hinetethe diffusion and penetration of
reagents into the interior of the fiber, where tleflulose is less degraded (Krassig,
1993). The flax pulp had a higher accessibility arfiigher reactivity than the other
four pulps (Ye and Farriol, 2005b). The flax met®ulose (MD45) therefore had a
higher degree of polymerization than the synthessinethylcelluloses of the other
four pulps (see Table 36). These data show thatontyt accessibility but other
factors such as the degree of polymerization aper fmorphology also influenced
the properties of synthesized methylcellulosesdiv@ Farriol, 2005b).

an
40006 3000 2000 1000 599 753
Wavenumber [cm-1]

Figure 41. FTIR spectra of jute pulp and MD42 aéju
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Table 36. Properties of methylcelluloses synthesimeconventional method

ECF bleached Pulp Flax Hemp Sisal Abaca Jute
Methylcellulose MD45 MD41 MD44 MD55 MD42
Solubility in 4% NaOH partial partial partial partial  mial
Solubility in DMSO partial partial partial partial paati
Solubility in water partial partial partial partial piatt
DP* 1084 600 893 535 863
Molecular weight* 202880 112400 167180 100140 161640
Intrinsic viscosity** 255.5 208.9 114.3 219.7 127.7
Water-soluble content (%) 11.03 16.67 18.82 12.50 18.48
Alkali-solubel content (%) 72.47 68.41 43.53 48.56 62.46
Un-reacted pulp (%) 16.51 14.93 37.66 38.94 19.06

*. Water-soluble methylcellulose.

**: Alkali-soluble methylcellulose.

Since the main component of these synthesrettiylcelluloses is alkali-soluble
methylcellulose, these pulps could be used to medlkali-soluble methylcelluloses
without pretreatment. The jute pulp was degradedhhmore than the abaca pulp
(see Tables 28 and 36). Sisal methylcellulose Im&dldwest intrinsic viscosity
because its original pulp had the lowest degrgmbfmerization (see Tables 28 and
36). Flax methylcellulose had the highest intringiscosity, which mean that the
highest accessibility and reactivity could lead tbe highest quality of
methylcellulose (Krassig, 1993). These phenomesa sthow that the flax pulp was
the best material for producing alkali-soluble ny&téllulose without pretreatment.

4.4.3.2. Methylation of pre-mercerized pulps

The pulps were pre-mercerized in 15% NaOWt®m for 15 minutes, pressed
to a press factor of about 3, and kept in theaidthours (Croon and Manley, 1963)
Table 37 shows the properties of five pulps treategdreliminary mercerization. The
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celluloses of these five pulps were degraded a@id ititrinsic viscosities were lower
after preliminary mercerization (see Table 37).iThecessibilities greatly improved
after this preliminary mercerization (Table 37)pulgh the abaca and hemp pulps still
had lower accessibilities and lower amorphous loeiicontentgKrassig, 1993)

Table 37. Accessibilities and intrinsic viscositedgre-mercerized celluloses

ECF bleached Pulp Flax Hemp Sisal Abaca Jute
DP 788 847 884 1320 778
Intrinsic viscosity (ml/g) 547 588 614 917 540
Accessibility 289 253 330 262 272
Amorphous fraction (%) 70 61 80 64 66

Table 38 shows the properties of methylcellesosynthesized from the pre-
mercerized pulps. The appearance of bond 2830 gur&i42 shows that the
methylcellulose of pre-mercerized flax pulps wastkgsized. The spectrum in
Figure 42 was the same as the spectra of methylleedls of pre-mercerized jute,
abaca, sisal and hemp. The solubilities of flax abdca methylcelluloses were
improved by this preliminary mercerization but theareacted contents of
methylcelluloses were decreased. The alkali-soldoletents of methylcelluloses
significantly increased.

The molecular weights and degrees of polizagon of water-soluble flax,
hemp and abaca methylcelluloses in Table 38 wegkehithan those of water-
soluble methylcelluloses without pretreatment imbl€a36. The intrinsic viscosities
of alkali-soluble methylcelluloses of all the pulpere improved by this preliminary
mercerization. These data show that the propewiesnethylcelluloses would
improve if the accessibilities of their pulps wenereased by suitable pretreatment
(Ye and Farriol, 2005b).

These data show that preliminary mercdoratvas only suitable for the flax
and abaca pulps, while other pulps needed othé&reptements. The hemp, sisal and
jute methylcelluloses (MD59, MD46 and MD57, respesy) had very low water-
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soluble contents and high alkali-soluble contemtBjch means that preliminary
mercerization was not suitable for the hemp, sisgte pulps.
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Figure 42. FTIR spectra of flax pulp and MD58 aixfl
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Table 38. Properties of methylcelluloses of pregegulps

ECF bleached Pulp Flax Hemp Sisal Abaca Jute
Methylcellulose MD58 MD59 MD46 MD47  MD57
Solubility in 4% naoh complete partial partial completepartial
Solubility in DMSO complete partial partial complete palr
Solubility in water partial partial partial partial  paatt
Total DS 1.45 - - 1.36 -

DS, 0.65 - - 0.63 -

DS; 0.36 - - 0.33 -

DSs 0.43 - - 0.40 -

DpP* 1102 760 719 1142 770
Molecular weight* 206310 142210 134700 213890 144230
Intrinsic viscosity** 593.7 220.0 526.7 715.1 335.8
Water-soluble content (%) 56.52 3.73 7.41 51.72 0.64
Alkali-soluble content (%) 43.48 82.23 74.45 48.28 86.74
Un-reacted content (%) 0.00 14.04 18.14 0.00 12.62

*. Water-soluble methylcellulose.

**. Alkali-soluble methylcellulose.

The solution properties of the methylceldds (MD46, MD57, MD58, and
MD59) in dilute 4% NaOH solutions are shown in Fegi43. All these curves
seemed to increase linearly i.e. shear stress vahegeased as shear rate values
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increased. All these methylcellulose solutions wiewtonian. The curves were
similar although their methylcelluloses had differeviscosities and substituted
patterns. The rheological properties of these nethiyloses were similar to those
of other annual plant methylcelluloses (Ye et2005a, b).

shear stress (Pa)
N

0 T T T T T T T
100 150 200 250 300 350 400 450 500

shear rate (1/s)

Figure 43. Rheological property of 0.5% methyldekés in 4% NaOH solution

The degree of substitution of the flax metbilllose (MD58; Table 38) was
higher than that of the abaca methylcellulose (MDBable 38). MD58 and MD47
had similar molecular weights to those of wateubtd methylcelluloses (see Table
38). The intrinsic viscosity of alkali-soluble megitellulose of MD47 was higher
than that of MD58 (see Table 38).

4.4.3.3. Abaca methylcelluloses

The properties of celluloses after pretreatis are listed in Table 39. After these
pretreatments, their degrees of polymerization efesd (except water soak) and
their accessibilities increased (Table 39). Pulpated by preliminary mercerization
had the lowest degree of polymerization, which reaat their cellulose was
degraded more than other pulps treated by othéreptenents (Table 39) and their
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accessibility and amorphous contents were therdgf@ehighest of all treated pulps
(Table 39). Impregnation under 15 bars and stegrosion had similar functions to
the degree of polymerization, while the pulp trdatéth 15 bars had 50% more
accessibility and amorphous content (Table 39). eWatoaking had the least
influence on accessibility or amorphous contenb(@&9).

Table 39. Properties of pretreated abaca pulps

Non- Water Preliminary Impregnation  Steam
pretreatment soak mercerization under 15 bars explosion

DP 1918 1886 1404 1537 1523

Intrinsic 1253 1232 917 1004 995
viscosity (ml/g)

Accessibility 5.38 103.53 262.28 243.88 162.37

Amorphous 1.31 25.13 63.66 59.19 39.41
fraction (%)

Bond 2830 in Figure 44 shows that the metiitose of pretreated abaca pulps
was synthesized. The spectrum in Figure 44 wassHme as the spectra for
methylcelluloses of abaca pulps pretreated by othethods.Figure 45 shows a
NMR spectrum of abaca miscanthus (MD47), in whibk tmethylated hydroxyl
groups were shown. The properties of abaca methyluges are shown in Table 40.
These four pretreatments significantly increasedsblubilities of methylcelluloses
in 4% NaOH solution and DMSO. The degrees of polymagon and molecular
weights of water-soluble abaca methylcelluloses ewalso improved by these
pretreatments. The intrinsic viscosities of allsluble abaca methylcelluloses also
improved. After these pretreatments, the unreactedtents of synthesized
methylcelluloses significantly decreased. The me#ilplose treated by water
soaking had a very low unreacted content, whils¢haf abaca pulps treated by the
other three pretreatments had almost no unreaoteérds.

121



110
L] S RREUUIEIEE R Bromrmes s ittt
Abaca pulp:
] e A S ------------------------------------------------------
uT
B[ - e e meeme e b e Tl SR LRI
Methylcellulose (MDA47)
T e L e e e e e R e Er ----------------------------------------------------------------
) | i |
400012 3000 2000 1000 5890.753

Wavenumber [cm-1]
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Figure 45C NMR spectrum of MD47 synthesized after prelimjnarercerization
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Table 40. Properties of methylcelluloses preparewh fabaca pulps

Non- Water Preliminary Impregnation  Steam

pretreatment  soak mercerization under 15 bars explosion
Methylcellulose MD55 MDA48 MD47 MD54 MD53
Solubility in 4% partial partial complete complete  complete
NaOH
Solubility in partial partial complete complete complete
DMSO
Solubility in partial partial partial partial partial
water
DS 0.42 0.72 1.36 0.80 1.02
DS, 0.19 0.33 0.63 0.37 0.40
DS 0.08 0.17 0.33 0.18 0.30
DS 0.15 0.22 0.40 0.25 0.32
DP* 535 745 1142 728 1303
Molecular 100140 139560 213890 136380 243950
weight*
Intrinsic 219.7 497.2 715.1 385.8 481.8
viscosity
Water-soluble 12.50 18.75 51.72 14.63 49.23
content (%)
Alkali-soluble 48.56 77.27 48.28 85.37 50.77
content (%)
Un-reacted pulp 38.94 3.98 0.00 0.00 0.00

(%)

*. Water-soluble methylcellulose.

**. Alkali-soluble methylcellulose.

Completely soluble DMSO methylcelluloses aveynthesized from abaca pulps
pretreated by preliminary mercerization, impregmatunder 15 bars, and steam
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explosion. The abaca methylcellulose synthesizeth fthe steam-exploded abaca
pulp had the highest degree of polymerization aigtidst molecular weight of all
abaca methylcelluloses. Water-soaking and merdemzander 15 bars had similar
functions to the synthesized abaca methylcellulogdsch had similar degrees of
substitution, degrees of polymerization, and mdkecuveights. However, the
intrinsic viscosity of alkali-soluble methylcellide synthesized from water-soaked
pulp was much higher than that of methylcellulog&isesized from mercerized pulp
under 15 bars. The differences in intrinsic vistesiwere due to the alkali reaction
of mercerization, which is known to degrade thdute$e molecules (Croon and
Manley, 1963; Krassig, 1993).

The degrees of substitution were signifisanmproved by preliminary
mercerization and steam explosion (see Table 4@ d@baca methylcellulose
synthesized (MD53) from steam-exploded pulp hadveet degree of substitution
but a higher molecular weight and a higher degfgeotymerization than the abaca
methylcellulose (MD47) synthesized from preliminangrcerized pulp. The alkali-
soluble methylcellulose of MD47 had a much higherimsic viscosity than that of
MD53. For the synthesis of water-soluble methyidee with a high molecular
weight, the best pretreatment was steam explosion.

4.4.3.4. Homogeneous methylation

Bond 2830 in Figure 46 shows that the methiyllmse of abaca pulp was
synthesized by homogeneous methylation. The spactfuMD51 had a stronger
methoxyl bond peak than the spectrum of MD47, wrsbbws that MD51 had a
higher degree of substitution than MD47. The proeerof abaca methylcellulose
synthesized by homogeneous methylation are listedlable 41. The starting
methylcellulose was MD47. The synthesized methiisde (MD51) was
completely soluble in cold water. Homogeneous nlatlon increased its solubility
in cold water. The degree of polymerization, molacuweight, and intrinsic
viscosity of MD51 were lower than MD47, which medhe cellulose chain was
degraded during the homogeneous methylation. Theedeof substitution of MD51
was close to that of commercial methylcelluloseafiit, 1986). Also, as it had an
intermediate molecular weight, it can be used asadditive in the construction
industry and in the manufacture of paints, medgiaad polymerization products,
etc.
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Table 41. Properties of methylcellulose of homogeisemethylation

Methylcellulose MD51
Solubility in water Complete
Solubility in DMSO Complete
Total DS 1.72
DS, 0.75
DS; 0.44
DSs 0.53
DP~* 591
Molecular weight* 110600
Intrinsic viscosity (ml/g)* 652.3
Water-soluble content (%) 100%

* Measured in water.
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Figure 46. FTIR spectra of abaca pulp, MD47 and MD5
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4.5. Factor sinfluencing the molecular weight
4.5.1. Effect of the pulping condition

Chemical pulping is a very important step in theduction of dissolving pulps
for cellulose derivatization (Fengel and Wegen884). The pulping eliminates most
of the lignins and some of the hemicellulose, whigh reduce most impurities and
increase the voids in the cellulose (Fengel and éveg 1984; Ye and Farriol,
2005b). The chemical pulping further breaks up tggregated fibrils and
microfibrils, which increases the accessible s@féar reagents to react with the
cellulose (Fengel and Wegener, 1984; Ye and Far2@d5b). The present pulping
process consisted of impregnation and steam pu(pingteam cooking).

4.5.1.1. Effect of the impregnation condition

The main impregnation parameters of sprimgaan are listed in Table 42. All
the experiments on spring cardoon were carriedabuhe same pulping severity
(2.96). The molecular weights of water-soluble mgkttlluloses are listed in Table
43. MD27 and MD30 stalks had the same impregnata&iantion time while the
MD27 stalk was impregnated at a lower concentratioNaOH solution. The MD30
had a lower Mw and DP than MD27. A higher concermraof the impregnation
NaOH solution led to a lower molecular weight o timethylcelluloses synthesized
because the 30% NaOH solution degraded the cedulusre than the 20% NaOH
solution during the impregnation (Krassig, 1993).

Table 42. Main impregnation parameters of sprimg@an samples

MC NaOH (%) Time (Hour)
MD27 20 2
MD28 30 1
MD20 30 15
MD30 30 2
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Table 43. Molecular weights of water-soluble metkiilloses prepared from spring
cardoon

MC Plant ME  Mw® Pd DF

MD28 Spring cardoon 8021 54543 6.8 291
MD20 Spring cardoon 25980 140880 5.4 752
MD30 Spring cardoon 40174 175360 4.4 937

MD27 Spring cardoon 34471 218340 6.3 1166

®Number average molecular weightweight average molecular weight;
‘polydispersity“degree of polymerization.

The MD28, MD20, and MD30 stalks were impragd at the same
concentration of NaOH solution but at increasingriegnation times. When the
impregnation time was longer, the methylcellulosepprties were better. Their Mw
and DP increased at longer impregnation retentraes This phenomenon can be
explained by the impregnation mechanism and mdibylaeaction (Ye and Farriol,
2005a). When the stalk was impregnated for a lotigee, more NaOH solution
diffused and penetrated into the inner capillaged voids of the stalks, which was
vital for the fibrillation and delignification ofydping (Ye and Farriol, 2005a). After
the pulping and bleaching, the accessibility of paé was better. In addition, more
lignin was removed; more voids and capillaries wereated; more aggregated
micro-fibrils were separated. Thus, the reactivfythe pulp was better, which
favored and facilitated the diffusion of the me#tidn reagent and NaOH solution in
the bleached pulp. The methylation of the bleaghdd was a typical topochemical
reaction (Timell and Purves, 1951; Rebenfeld, 1984 the hindrance of not only
residual lignins and hemicelluloses, but also tipecgl physical morphology
structures of bleached pulps. At the beginning & methylation, the chemicals
rapidly diffuse and penetrate into the accessiblerahous region and the exterior
part of the fibrils. The lignin and hemicellulosa&-cooked fibrils, and aggregated
microfibrils restrict the comparatively slow diffies and penetration of reagents into
the inner part of the fibrils where further methida can proceed. Therefore, the
surface of the fibers was converted, and the anoupltellulose of the fiber was
methylated. In the concentrated NaOH solution enttspochemical methylation, the
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cellulose of the surface and the amorphous regiere wiegraded much more than
cellulose of the inner portion of fiber. Therefotbe molecular weight was low,

when the impregnation time was short. This meaat titie impregnation effect was
worse and that the molecular weights of synthesizedhylcelluloses were low

(Krassig, 1993).

The impregnation conditions for the sumedoon stalks were different from
those of spring cardoon (see Table 44). The maeaukights of methylcelluloses
are listed in Table 45. The molecular weights ofe tlsummer cardoon
methylcelluloses were similar. When the impregmasgolution was 30% NaOH, the
MD33 and MD34 had almost the same molecular weighitsés indicated that the
temperature had little influence on the moleculagight when the stalk was
impregnated in the 30% NaOH solution. When the egpation solution was 20%
NaOH, the molecular weight of the MD31 sample wahér than that of the MD32
sample, indicating that the temperature had soffgeimce on the molecular weight
when the stalk was impregnated in the 20% NaOHtisoluBased on these data, the
alkaline concentration and the temperature of igypagion had very little influence
on the molecular weights of methylcelluloses preddrom summer cardoon stalks.

Table 44. Impregnation conditions of summer cardeammples

MC NaOH (%) Time (Hour) Temperatur&Q)
MD31 20 1  Room temperature (20)
MD32 20 1 60
MD33 30 1  Room temperature (20)
MD34 30 1 60
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Table 45. Molecular weights of water-soluble metkiilloses prepared from
summer cardoon

MC Mn Mw Pd DP

MD32 27731 146890 5.3 785

MD34 29432 156590 5.3 836

MD33 29967 158550 5.3 847

MD31 35059 168020 4.8 897

4.5.1.2. Effect of the cooking time

The cooking conditions of the miscantisteks are listed in Table 46. The
molecular weights of water-soluble miscanthus metiluloses are listed in Table
47. Their cooking times greatly influenced the malar weights of the
methylcelluloses obtained. Shorter cooking timesttepulps with higher lignin and
hemicellulose contents. The shorter cooking timegraded the cellulose less (Ye
and Farriol, 2005a) and produced fewer voids arplllages. What is more, the
micro-fibrils of pulps with shorter cooking timeggregated much more than those
of the pulps with longer cooking times. Therefgrelps with low accessibilities and
reactivities were produced using shorter cookingesi. Because of the topochemical
methylation mechanism (Timell and Purves, 1951;6Ré#d, 1954), the methylation
was hindered by the shorter cooking time. On therband, when the cooking time
was longer, the surfaces, voids, and capillariesthef pulps were much more
accessible. In addition, the methylation regents imare opportunity to diffuse and
penetrate into the inner part of the fibers andctresith the alkali cellulose.
Therefore, the molecular weights of methylcellupsere higher when the cooking
times were longer. However, too long a cooking tohegraded the cellulose during
the cooking (Kokta and Ahmed, 1998). Thereforepptimum cooking time needed
to be tested.
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Table 46. Cooking conditions of miscanthus samples

MC Cooking time (minutes) TemperatufeQ)

MD25 4 180
MD22 8 180
MD24 15 180
MD19 26 180
MD26 26 180

*: higher volume of iodomethane in methylation

Table 47. Molecular weights of water-soluble metkiilloses prepared from
miscanthus

MC Mn Mw Pd DP

MD25 7888 20685 2.6 110

MD22 12482 99063 7.9 529

MD19 44072 190330 4.3 1017

MD24 33524 205960 6.1 1100

MD26 55050 222470 4.0 1188

When the cooking temperature was the sardetltaam cooking time increased
from 4 to 26 minutes, the water-soluble moleculaeights of miscanthus
methylcelluloses increased from 20,685 to 222,4He MD25 sample, which was
cooked for only 4 minutes, had a very low molecuwegight and degree of
polymerization. The MD24 and MD19 samples, whichraveooked for 15 and 26
minutes, respectively, had similar molecular wesghnd degrees of polymerization.
The MD26 sample was particularly interesting. ltsweynthesized with a greater
amount of methylation reagent than the MD19 sangitepugh the two samples had
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the same cooking time, which indicated that thehylation condition had some
influence on the molecular weight of water-solumlethylcelluloses.

The molecular weights of miscanthus methjldetes increased as the cooking
time increased. Therefore, if the molecular weightmethylcelluloses was to be
higher, the pulping severity also had to be higls#énce the MD26 sample had a
degree of polymerization of 1188, the cooking arethylation conditions of MD26
might be optimum for the miscanthus stalks.

4.5.1.3. Effect of the cooking temperature

The cooking conditions for the eucalyptugpshare listed in Table 48. The
molecular weights of eucalyptus methylcelluloses Igted in Table 49. Although
the cooking conditions for the eucalyptus chipsenguite different, the molecular
weights of the water-soluble methylcelluloses iarfsamples (MD35, MD36, MD37
and MD38) were almost the same.

Table 48. Steam-pulping conditions of eucalyptusdas

MC Reaction time (min)  Temperatur®)
MD36 8 180
MD35 16 180
MD37 24 180
MD38 16 190
MD39 24 190
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Table 49. Molecular weights of water-soluble metkiilloses prepared from
eucalyptus

MC Mn Mw Pd DP

MD39 17570 104790 6.0 560

MD35 23591 127270 5.4 680

MD37 19778 133830 6.8 715

MD38 25967 147160 5.7 786

MD36 27592 160010 5.8 855

The cooking times were the same for MD37 and MDGp$ The MD39 pulp
was cooked at a higher temperature than the MD37. dine MD39 had a lower
molecular weight than that of the MD37, which iraded that it had degraded much
more than that of MD37 at a higher cooking tempeeat

When the cooking time was the same for tfiz8Mand MD38 pulps, the MD38
sample was cooked at a higher temperature than MDB& MD35 had a lower
molecular weight than MD38 because of the topochalhmethylation mechanism
(Timell and Purves, 1951). Eucalyptus is a hardwaad its pulping severity is
usually higher than that of annual plants. A lowldag temperature or pulping
severity led to a low accessibility and reactivitly the pulps. Therefore, the low
accessibility and reactivity of the MD35 pulp resed the synthesis of
methylcellulose to having a higher molecular weight

When the cooking temperature was °C90OMD38 had a higher molecular
weight than MD39. This indicated that a longer dogktime led to a higher
degradation. When the cooking temperature was’Q,801D36 had a higher
molecular weight than MD35 and MD37, which both Isadilar molecular weights
even though the MD35 and MD37 pulps were cooked lférand 24 minutes,
respectively. The cooking condition of MD36 maythe optimum and synthesized
methylcellulose with a higher molecular weight tlwther cooking conditions.
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4.5.2. Effect of the pretreatments

The effects of the abaca pulp pretreatmerdse compared. The molecular
weights of water-soluble abaca methylcelluloseslisted in Table 50. When the
abaca pulp was not pretreated, its molecular weagitk degree of polymerization
were the lowest, and its polydispersity was thénésg of the five methylcelluloses.
Mercerization under pressure and the water soakietipod improved and increased
the molecular weights and degrees of polymerizatidmat is more, these two
methods also reduced the polydispersity. The pretilg mercerization degraded the
abaca pulp and improved its accessibility and rg&c(Ye and Farriol, 2005b). The
effect of the preliminary mercerization was bettean that of mercerization under
pressure and water soaking. The steam explosiohachetas the best of these four
preliminary treatment methods. It increased theeowdhr weight and degree of
polymerization 144% more than the non-preliminaeatment method.

Table 50. Molecular weights of methylcellulosesgamed from the abaca pulp

MC Material Pretreatments Mn Mw Pd DP

MD55 Abaca Non 16753 100140 6.0 535

MD54 Abaca Mercerization under 28087 136380 4.9 728
pressure

MD48 Abaca Water soaking 30132 139560 4.6 745
MD47 Abaca Preliminary mercerization 52776 213890 4.12114

MD53 Abaca Steam explosion 79373 243950 3.1 1303

Why did the molecular weights increaseeraftifferent pretreatments? The
pretreatments did not increase the molecular weightcellulose; on the contrary,
they usually degraded it. For example, merceripatiader pressure degraded the
cellulose molecule and increased the uniform distion of NaOH solution in the
voids and capillaries of the abaca pulp (Krassi®@93). The preliminary
mercerization and the steam explosion also hadasirdegradation functions. The
pretreatments improved the molecular weight of watduble methylcelluloses
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because they increased the accessibility and veagabf the abaca pulp. When the
accessibilities and reactivities of pulps improvdte synthesized methylcelluloses
had much better properties (including higher mdecweights) (Krassig, 1993).

The molecular weights of water-soluble ngketilluloses might be explained by
the topochemical methylation mechanism of bleacpelp (Timell and Purves,
1951). Firstly, the methylation reaction concemtiabn the accessible region of the
fiber, where the molecular weight of cellulose wiagraded to be lower than that of
the interior of fibers and cellulose crystals. Thethylation reagent cannot diffuse,
penetrate, or reach the interior to react becat@itkeolower accessibility (Krassig,
1993). Therefore, the methylation was limited te slurface and outside of the fibers
and the synthesized methylcelluloses had a lowdecutar weight without any
pretreatments. Even the simplest water soakingahgckat effect on the molecular
weight of synthesized methylcellulose.

4.5.3. Effect of the methylation conditions

«Cellulose can be considered to have no lignihemicellulose adhered to the
surface of elementary fibrils. Bleached pulp is allsuimpure cellulose, with a
certain amount of hemicellulose and lignin adhet@dhe surface of elementary
fibrils (Osulliva, 1997). Hemicellulose is an ambgos polysaccharide with a low
degree of polymerization, but higher accessibilapd higher reactivity than the
cellulose (Fengel, 1971). Hemicellulose and thexistieg lignin competed with the
cellulose to be mercerized and methylated. The eagged fibrils hindered the
diffusion of chemical reagents on the surface térior cellulose fibrils. Therefore,
the bleached pulp had less accessibility and regcthan the scellulose.

The molecular weights of water-soluble methylcelluloses prepared from the a-
cellulose (see Table 51) were controlled by the hmepism and kinetics of the
methylation. Because the synthesis of the MD17 samged the lowest amount of
chemical methylation reagent, the molecular weigihthe MD17 sample was the
lowest among these synthesized methylcelluloses. riigthylation concentrates on
the accessible surface of fibrils (Timell and PgrvEd51). The surface cellulose of
fibrils had more opportunity to react and to degrad a concentrated NaOH
solution. Therefore, the molecular weight of itstinyicellulose was the lowest and
the polydispersity was the highest. When the mealgorof iodomethane and
anhydroglucose was higher and same quantity ofliatkearge was used in the
methylation, the iodomethane had more opportunitgiffuse and penetrate into the
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interior of fibrils. The alkaline solution has ddélty in diffusing and penetrating
into the interior of fibrils. In addition, the celbses in interior fibrils usually have
higher molecular weights. When the iodomethanetseaith the celluloses that have
higher molecular weights, the synthesized methilmees also have higher
molecular weights. Therefore, water-soluble mettjddoses of higher molecular
weights and higher degrees of polymerization wemthesized because of more
methylation reagents.

Table 51. Molecular weights of water-soluble metkiilloses prepared from

cellulose
MC Material CHI/AHG* Mn Mw Pd DP
MD17 a-cellulose 451 14339 102170 7.1 546
MD21 a-cellulose 18.06 30422 159620 5.2 853
MD23 a-cellulose 22.57 28585 181540 6.4 970
MD18 a-cellulose 13.54 34070 199500 5.9 1066
MD15 a-cellulose 9.03 42884 220340 5.1 1177

®Mole ratio of iodomethane and AHG (AHG stands folhnyadroglucose).

The MD15 had the highest molecular weiditte degree of substitution and
water-soluble methylcellulose content of MD15 wérerer than those of MD18,
MD21, and MD23. This indicates that the reagenbrat the MD15 was optimum
for the molecular weight, but should be highermpiove the yield of water-soluble
methylcellulose and the degree of substitution.

4 .5.4. Effect of the harvest time of cardoon

Two different cardoon harvests were comparggring and summer. The
molecular weights are listed in Table 43 and 45.u0ad only the dry stalk from the
summer harvest but the total biomass from the gpnarvest, including the stalk,
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leaves and capitula. Therefore, the spring carghedm had more impure components
than the summer cardoon pulp. The pulping sevefithe summer cardoon, which
was cooked at 17C for 4 minutes, was lower than that of the spgagloon, which
was cooked at 18@ for 4 minutes.

Because of the impure components and low pglgeverity, the methylation of
the spring cardoon pulp was greatly influencedhwyitnpregnation conditions. The
methylation of the summer cardoon pulp, on the rottend, was influenced very
little by the impregnation conditions. Thus, thaves and capitula of spring cardoon
must be removed before the pulping so that theitgual pulp for synthesizing
methylcelluloses can be improved.

Although the spring cardoon was cooked at ghdm pulping severity, the
methylcelluloses synthesized from its pulp had migigihher molecular weights than
those synthesized from summer cardoon pulp. Thicated that the pulping
severity of the summer cardoon needed to be inedeas order to improve the
molecular weights of the synthesized methylcelle$osA higher pulping severity of
the summer cardoon improved the accessibility aadtivity of the pulp (Ye and
Farriol, 2005a, b). Therefore, the molecular wesgbt the methylcelluloses were
also higher.

4.5.5. Effect of the species

4.5.5.1. Effect of the species on the Mw

Five ECF bleached pulp methylcelluloses iffiecent molecular weights (see
table 52) were synthesized under the same methylegaction conditions.
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Table 52. Methylcelluloses prepared from annuahtslavithout pretreatments

MC Material DP of pulp  Mn Mw Pd DP

MD55 Abaca 1928 16753 100140 6.0 535
MD41 Hemp 948 17438 112400 6.4 600
MD42  Jute 1413 23906 161640 6.8 863
MD44  Sisal 998 14171 167180 11.8 893
MD45  Flax 1165 40584 202880 5.0 1084

The abaca pulp had the highest original degfgmlymerization and the lowest
molecular weight of water-soluble methylcellulo$bis means that the accessibility
and reactivity of the abaca pulp were lower thars¢hof other pulps (Ye and Farriol,
2005b). The degrees of polymerization of hemp dmaca methylcelluloses were
similar as were those of jute and sisal methyléedles. The flax methylcellulose had
the highest molecular weight and the lowest pojyelisity. These data show that the
reactivities and accessibilities of flax and salp were the highest of the five pulps
(Ye and Farriol, 2005b). The abaca pulp needecetadbivated in order to improve
the molecular weight of the synthesized methyléetles. The jute and hemp pulps
also had low accessibilities and reactivities. Tethylcellulose of sisal pulp had a
polydispersity of 11.8, which might mean that oratpof the pulp was highly
degraded while another part was only slightly degda The flax pulp was the best
material for producing higher molecular weight ny&tkllulose without
pretreatment.

4.5.5.2. Effect of the species on the pretreatments

Table 53 shows the molecular weights of the me#iylioses prepared from five
pulps that had been treated by preliminary meratom, an effective method for
improving the accessibility and reactivity of thieaaa pulp. After this preliminary
treatment, the molecular weights of abaca methylcse (MD47) and hemp
methylcellulose (MD59) were higher, which demortstiathat higher accessibility
and reactivity could help to increase the molecweeight of synthesized
methylcelluloses. The degree of polymerizationh&f lax methylcellulose (MD52)
was similar to that of MD45, which was synthesizegdm flax pulp without
preliminary mercerization. The sisal methylcelldos(MD46) and jute
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methylcellulose (MD57) had lower molecular weightsan sisal and jute
methylcelluloses synthesized by the conventionatcereation method without
pretreatment. This indicated that preliminary meeagion could not be used with
sisal or jute pulps to improve the molecular wesghtess severe pretreatments, such
as water soaking and steam explosion, can be wasedprove their accessibilities
and reactivities (Ye and Farriol, 2005b). The abaral hemp pulps needed
preliminary mercerization to improve the accestibg and reactivities, which in
turn improved the molecular weights of the methildeses obtained. The flax pulp
did not need preliminary mercerization becausadtessibility and reactivity were
sufficient for it to be methylated (Ye and Farri@Q05b). After the preliminary
treatment, the polydispersity of the hemp and jotethylcelluloses increased
considerably, which showed that some of their pudig considerably degraded while
another portion was only slightly degraded durimg $ynthesis.

Table 53. Methylcelluloses prepared from prelimilganercerized pulps

MC Material DP of pulp Mn Mw Pd DP

MD46  Sisal 998 16642 134700 8.1 719
MD59 Hemp 948 6075 142210 23.4 760
MD57  Jute 1413 98077 144230 14.7 770
MD52  Flax 1165 32469 206310 6.4 1102
MD47 Abaca 1928 52776 213890 4.1 1142

4.6. Factor sinfluencing the degree of substitution
4.6.1. Effect of pulping conditions

The soda pulping process is usually usegréaluce unbleached pulps from
annual plants (Patt, 1986). The unbleached pulgs farther bleached by an
environmental friend bleaching process to prod@delosic products, such as paper,
paperboard, and cellulose derivatives (Ye and élar2005a). In the soda pulping
process, the pulping time and temperature as wetha alkali charge are the main
parameters, which influence the contents and digtans of the residual lignin and
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hemicellulose, the formation of pores and voidghmbleached pulp, the fibril length
and diameter, and the aggregation of fibrils (T, 1996). A higher pulping and
bleaching severities lead to a pulp of a higheressibility and reactivity (Ye and
Farriol, 2005b). A higher accessibility and reaityivof pulps facilitate and improve
the diffusion and penetration of methylation regantthe cellulose. The velocity of
diffusion and penetration is lower than that of Iny&ition (Brandt, 1986). Therefore,
the diffusion and penetration is the control faaibthe topochemical methylation.
Thus, more cellulose molecules will participatetime methylation and a higher
degree of substitution (DS) of methylcellulose vk synthesized from a pulp
produced by a higher pulping severity (Ye and B8r8005b).

Table 54 lists the condition of impregnation ané S of methylcelluloses
prepared from summer cardoon. When the concentraiffoNaOH solution and
temperatures of impregnation increased, the D§rahesized methylcelluloses also
increased.

Table 54. Effect of impregnation on DS of summedoan methylcelluloses

NaOH Temperature DS, DS DSs DS
concentration (%) °c)
30 60 0.38 0.15 0.12 0.65
30 20 0.37 0.12 0.10 0.59
20 60 0.32 0.11 0.09 0.52
20 20 0.28 0.10 0.08 0.46

Table 55 lists the DS of methylcelluloseggared from eucalyptus. These
methylcelluloses were completely dissolved in dimgktsulphoxide (DMSO) and
partially dissolved in distilled water and 4% Na@®@blution. When the cooking time
and temperature increased, the degrees of sulmstitalso increased. The reactivities
at the third and sixth hydroxyl groups were almsishilar. The reactivity at the
second hydroxyl group was greater than that atlthd and sixth hydroxyl group.
The reactivity at the second hydroxyl group inceghwith the increase of cooking
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time and temperature. The reactivities at the thind sixth hydroxyl groups also
increased with the increase of cooking time angerature.

Table 55. DS of eucalyptus methylcelluloses

Cooking time (min) Cooking temperatu®€j DS DS; DS DS

8 180 0.38 0.22 0.16 0.76
16 180 041 0.20 0.20 0.81
24 180 044 0.21 0.21 0.86
16 190 040 0.19 0.23 0.82
24 190 053 0.28 0.26 1.07

The residual lignin and hemicellulose, whadhered onto the cellulose fibrils,
were eliminated much more by a higher cooking taned temperature (Patt et al.,
1986). The disappearance of partial lignin and kehuilose left some vacant space,
which further formed voids and caused more acclessibrfaces for methylation
reagents to reach the interior of cellulosic fib@fe and Farriol, 2005b). Therefore,
a higher cooking temperature and a longer cookimg twould lead to a higher
degree of substitution of methylcellulose.

4.6.2. Effect of methylation conditions

The methylation condition is the most artant parameter of the production
of methylcelluloses. Croon found that the methogybups of methylcelluloses
prepared by methyl chloride distributed much mom@mbgeneously than the
methoxyl groups of methylcelluloses prepared byediml sulfate (Croon, 1951).
Since iodomethane has much lower reactivity thaloromethane and dimethyl
sulfate, the methylcelluloses prepared by iodommethhas much more uneven
distribution of methoxyl groups on the methylcedsg chain. An increase of the
concentration of mercerization NaOH solution caugedncrease of the degree of
substitution of the synthesized methylcellulosesaésig, 1993).
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The methylation of dissolving pulps is adopemical heterogeneous reaction
(Ye and Farriol, 2005b). The low diffusion velociy methylation reagents hinders
the obtaining of a higher degree of substitutionenée, a sufficient longer
methylation time is often used to obtain a highegréde of substitution. A higher
methylation temperature is also used to improve difiesion of reactants in the
fibrous celluloses. In both the industrial prodaoctand the laboratory synthesis, the
methylation reagents were often added as a exeessivo of several mole times of
AGU (glucose unit) of cellulose. In addition, thestimylation temperature is usually
set to be near the maximum temperature of thengppoint of the dilute solvent if
the methylation is carried out in organic slurry.

Table 56 lists the degrees of substitutiormethylcelluloses prepared froom
cellulose. With an increase of mole ratio of iodtma@e and the glucose unit, the
degrees of substitution increased. The degreesbsititution at the second hydroxyl
group and the third hydroxyl group also increaséd thhe increase of mole ratio.

Table 56. DS obi-cellulose methylcellulose

Mole ratio of CHI/AHG* DS, DS DS DS

903 048 032 025 1.05
1354 050 039 0.27 1.16
18.06 052 036 0.29 1.17
2257 056 036 036 1.28

*: Mole ratio of iodomethane and AHG (AHG stands @&mhydroglucose).

4.6.3. Effect of the species

Annual plants are diverse. The chemical comtipas, morphological structures,
and cellulosic fibers also are various. Thereftine, dissolving pulps produced from
annual plants had quite different characteristicsstibsequent methylation. Table 57
lists the properties of five pulps of annual plafitsx, hemp, sisal, abaca and jute),
which were produced by the soda/AQ pulping and EBFaching processes. In
Table 57, the methylcelluloses were produced frdmirt pulps by a same
methylation condition. Cellulose, no matter is proeld from whichever plant, has
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same chemical unit structure (Purve, 1956). Howewsr other structures and
properties are quite different after pulping anéalching processes, such as the
molecular weight, the degree of polymerization, tiber length and diameter, the
morphological structure that is bound by strongrbgen bonds and weak wan de
Wallls force. Different species, which have quitietlent chemical compositions and
morphological properties (especially pentosan austand fiber lengths), cause that
the synthesized methylcelluloses have quite diffedegrees of substitution and
other special properties.

Table 57. Properties of bleached pulps of somearpiants

Flax Hemp Sisal Abaca Jute
Degree of polymerization 1165 948 998 1928 1413
Brightness (%) 83.3 85.4 89.3 88.1 73.9
Fiber length (mm) 18-6.2 21-63 18-45 3.3-615-3.7
DS 1.45 1.36

4.6.4. Effect of pretreatments

The dried pulps used for cellulose dmixes are usually needed to be
activated in order to increase their accessislitend reactivities (Krassig, 1957).
Physical and chemical pretreatments have been tasadhieve this objective (Ye
and Farriol, 2005b). The accessibilities and redws of cellulose pulps are
influenced by the various structural parametersgdv@and pores, aggregated fibrils,
degrees of crystallinity, and hydrogen bond stiesigThe hydrogen bonds bind the
fibrils together, and cause the formation of ceka crystals, in which only their
surfaces are accessible (Timell and Purves, 195y pretreatments had been used
to improve the accessibility and reactivity of adbgcilp (Ye and Farriol, 2005b). The
water soaking can rupture the hydrogen bonds bghaatson function and thus
makes aggregated fibrils to be separated. Therefore accessible surface is
produced. The preliminary mercerization and meregion under 15 bars have two
main functions: swelling of the fibrils and ruptuoé the hydrogen bonds that bind
the crystalline cellulose together. The preliminargrcerization lasted longer than
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mercerization under 15 bars, therefore its effdcalkaline depolymerization and
decrystallization was much higher. The steam expioss a physical process, which
tears the bigger fibrils to smaller fibrils by adsien evaporation of high-pressure and
high-temperature liquid in the interior of fibergg and Farriol, 2005a). Thus the
steam explosion creates much more voids, and iseseanuch more accessible
surfaces. The degree of substitution of abaca mdfhylcellulose was significantly
improved by water soaking, mercerization under Hssp steam explosion and
preliminary mercerization. The preliminary mercatian was the best one of all
pretreatments to improve and to increase the degrkesubstitution of
methylcellulose.

Table 58. DS of abaca methylcellulsse

Pretreatments DS DS DS DS
Non-pretreatment 0.12 0.05 0.09 0.26
Water soaking 0.33 0.16 0.23 0.72

mercerization under 15 bars 0.35 0.20 0.25 0.80
Steam explosion 0.39 0.29 0.34 1.02

Preliminary mercerization 055 036 0.45 1.36

4.7. Cour se of methylation of bleached pulps of annual plants
4.7.1. Mercerization of pulps

Mercer found that a strong sodium hydroxidkitson shrank cellulose in width
and length, which therefore became denser (Met@50). The NaOH solution
penetrates and diffuses into the voids of bleaghdds. This process is shown in
Figure 47. After absorbing some of the NaOH sofuttbe original fiber | developed
into the larger fiber Il. The diameter of fiber llas the largest because the capacity
of absorption was the maximum. When the diffusiod aass transfer reached an
equilibrium state, most fibers adjusted to becoimerflV.
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NaOH solution NaOH solution

I Il Il v

Figure 47. Swelling and diffusion during mercernaat

The bleached pulp is impure cellulose. Tleadhed pulp usually contains more
than 90% cellulose, which is a complex compositehwhoth crystalline and
amorphous structures (Krassig, 1993; Lai, 1996)ririguthe mercerization, the
crystalline area is attacked by the strong NaOHtewi (Takai, 1977), which leads
to the cellulose chain gradually being debondethftioe crystal (Takai, 1977). Thus,
amorphous regions are formed and developed byi altatking the outer surface of
the crystal (Takai, 1977). The crystalline celddogradually develops into
amorphous cellulose. During the mercerization, mafsthe cellulose gradually
transfers its crystal lattice from cellulose | ta-Nellulose II; and some of the
cellulose changes its crystal lattice from celleldso Na-cellulose I; the amorphous
cellulose Il to Na-cellulose 1l (Takai, 1977).

The excess alkali was pressed out at a peegerfof 5. This press factor was
higher than the traditional press factor, 3, whigkant that the steam-exploded pulps
had a greater capacity of absorption and that tiygsphad more surfaces and voids.
These steam-exploded pulps, then, were more abtessid reactive, which favored
the following methylation.

4.7.2. Methylation of alkali cellulose

The methylation of alkali cellulose with aetmyl halide is a nucleophilic
substitution, which vyields a rate-controlled distition of methoxyl on the
methylcellulose molecules (Timell and Purves, 199randt. 1986). In a
heterogeneous organic reaction medium, the metbylas a rate determining
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transport process with chloromethane as the metbglaeagent under high pressure
(Timell and Purves, 1951). Under ambient pressuack with dimethyl sulfate and
iodomethane as methylation agents, however, thénytagion can be diffusion
controlled (Timell and Purves, 1951; Brandt. 1986)e heterogeneous methylation
is an intermicellar or topochemical reaction (Tihald Purves, 1951). The reagents
initially penetrate into the amorphous regions lestmw the crystalline cellulose
micelles. This penetration continues during thehylation from the surface to the
inner regions of the micelles. The reaction ofudee and iodomethane or dimethyl
sulfate is faster than the diffusion. Thus, thaltatethylation speed is determined by
diffusion (Timell and Purves, 1951).

4.7.3. Effect of the bleached pulps

The methylation of bleached pulps is a hegeneous reaction in organic slurry.
The cellulose pulp is a fibrous solid making uphaat lot of dispersed or aggregated
microfibrils, in which the cellulose consists obriis, microfibrils and the smallest
elementary fibrils in the matrix of residual ligsirand residual hemicelluloses
(Osullivan, 1997). In the elementary fibrils, cajéhe and amorphous cellulose
coexist and have completely different accessibegditind reactivities. It is well known
that the cellulose crystals have very little aci®l#ty. The crystalline cellulose,
which partially remains the order structure aft@rcerization, only has its surface to
be accessible by the methylation reagents in tiialistage of methylation (Brandt,
1986). The crystalline cellulose is gradually &ttt and ruptured by the
concentrated alkaline solution in the proceedingnefcerization and methylation.
The amorphous celluloses have quite different atodéies depending on the
species, the pulping conditions, the bleaching timm$ and the drying conditions
(Ye and Farriol, 2005b). The amorphous cellulosgastially accessible because
strong hydrogen bond strength and weak van de Viait® aggregate the small
fibrils to be bigger fibrils, which have inaccedsibinterior in the interiors of
aggregated fibrils. These inaccessible interiorsfibfils are also attacked and
ruptured by the concentrated alkaline solutiorhnproceeding of mercerization and
methylation.

The surface of the fibrils of bleached pulp®f course more highly accessible
and reactive than the interior is. The accessiate @f the bleached pulps consists of
the dispersed amorphous cellulose, the surfaceh®fdispersed microfibrils or
elementary fibrils, the surface of aggregated aimaup cellulose, the surface of the
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crystalline cellulose of the dispersed microfibrésd the surface of the aggregated
microfibrils. The accessible part of the bleachedpp is assumed to react much
more easily than the inaccessible part. The meaibylagents are assumed to diffuse
and penetrate more quickly in the assessable phars. unbalanced accessibility
causes a non-uniform distribution of the substduteethylcellulose in the
methylation of the bleached pulps. Not only thetrdigstion of substituted
methylcelluloses or un-substituted celluloses loan, but also the distribution of
methoxyl groups on the methylcellulose moleculertigalso random. In addition,
the distribution of methoxyl group on a single AGE also random. These
assumptions are further confirmed by our data efrtiolecular weights and degrees
of substitution of synthesized methylcelluloses @tel., 2004a, b; Ye and Farriol,
2005a, b). The methylcelluloses had higher molecwaights and degree of
substitution if they are synthesized from pulpshadher accessibilities (Ye and
Farriol, 2005b).

According to this topochemical assumption, thefibrillation of pulping is
essential for the subsequent methylation. Thugtiebeffect of impregnation and a
higher p-factor of cooking will cause a pulp ofdesggregated microfibrils, more
disintegrated microfibrils, smaller diameters ofcrofibrils, and more voids in the
microfibrils. Thus, the accessible parts of thepgudre increased and the reactivities
of the pulps are improved.

The residual lignin and hemicellulose coexasd distribute randomly in the
cellulose because of incomplete pulping and blemchiThe residual lignin and
hemicellulose adhere on the surface of the cekul@sullivan, 1997), causing the
difficulty of diffusion and penetration of the ch&ral reagents onto the surface of
the cellulose. The residual lignin and hemicellalesso can compete with cellulose
to react with alkali and methylating reagents. Thestalline cellulose of course has
less reactivity than lignin and hemicellulose havéhe residual lignin and
hemicellulose consume some alkali. The methylatieads to be remained with a
certain concentration of alkaline solution in treaction medium (Brandt, 1986).
Thus, when the concentration of alkaline solut®as low as the limit concentration,
the gradual consumption and reduction of alkaliseathe stop of the proceeding of
methylation process. The annual plant pulps usublye higher contents of
hemicellulose. The residual hemicellulose as welesidual lignins consumes a part
of alkaline and methylation reagents, which leamsynthesized methylcelluloses
with lower degrees of substitution. Therefore, tbgs contents of the lignin and
hemicellulose in the bleached pulps will cause thedter accessibilities and
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reactivities of the bleached pulps, and furthertdseproperties of synthesized
methylcelluloses (Ye and Farriol, 2005b).

4.7.4. Factors influencing the properties of metbifuloses

During impregnation, a longer retentiondiand a higher concentration of the
NaOH solution showed that the pretreatment had reflmal effect on the
subsequent cooking. A longer retention time andghdr concentration led to a
higher water soluble content, a higher DS valubjgher DS value at the second
hydroxyl group, a higher DS value at the third foygt group, a higher DS value at
the sixth hydroxyl group, a higher viscosity in ihdMSO and 4% NaOH solution,
and a higher intrinsic viscosity in 4% NaOH solatio

During the cooking, a higher p-factor demoatsd a better effect of
defibrillation, removed more lignin and hemicellsép and created more voids in the
microfibrils. A better-cooked pulp led to a bettarcessibility and reactivity of the
cellulose and therefore a better synthesized nehylose.

A plant species has an inherent fiber morphologgt an inherent chemical
composition. Inherent properties are essentialofacto consider when preparing
methylcelluloses, not only in terms of the impregaparameters but also in terms
of the cooking variables. In this study, we therefobtained different properties for
the synthesized methylcelluloses. Even with theesgpecies, different harvest times
influence the properties of synthesized methyléedles. Different pulp
accessibilities and reactivities are therefore ioleth by the same pulping and
methylation methods. For different species, thapaters of impregnation, cooking,
bleaching, and even methylation need to be adjustetbtain suitable properties of
synthesized methylcelluloses.
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5. Conclusions

A novel facile methylation method was developed. The methylation of o-
cellulose, miscanthus, cardoon, and eucalyptus p@dyed this method. The
methylcelluloses, which were synthesized in annagi apparatus, had sufficient
and different properties to compare plant speeied, process parameters of pulping
and bleaching. Therefore, this method is approptiat evaluating whether certain
plants could be used to produce methylcellulose.

It is feasible and appropriate to producethyleelluloses from miscanthus,
cardoon, and eucalyptus. As the added volumesdoihmethane increased, so did the
DS and water-soluble contents. Most methylcellulsskitions in 4% NaOH and
DMSO were Newtonian type. When the pulping sewsithcreased, the DS and the
water-soluble contents also increased while intringiscosities and solution
viscosities of methylcelluloses decreased. Theipglgeverity was one of the key
factors in the production of pulps and methylceli@s. However, the species was a
decisive factor for the preparation of methylcelids. Cardoon easily provided high
quality pulps and was suitable for synthesizing hhignolecular weight
methylcelluloses. Miscanthus was suitable for sgsitting methylcelluloses with a
high degree of substitution. Eucalyptus was sugtabior synthesizing
methylcelluloses with high purities and degreesutfstitution.

Flax, hemp, abaca, jute and sisal pulps low accessibilities. Most of the
amorphous celluloses in the pulps were inaccesdiBlere pretreatment. After
preliminary mercerization, the intrinsic viscositynean hydrogen strength and
relative crystallinity index of the pulps decreasedhich improved their
accessibilities and reactivities. Water soakinge-mercerization, mercerization
under 15 bars of pressure, and steam explosioreased the accessibility and
reactivity of the abaca pulp. These pretreatmeate [different effects on different
celluloses of annual plants, which indicates thagcges is the main influencing
factor.

It is also feasible and appropriate to produeghylcelluloses from the bleached
flax, hemp, sisal, jute, and abaca pulps. Each yteethulose synthesized from these
ECF bleached pulps was a mixture of methylcellldasfedifferent DS. The flax was
the best raw material to produce methylcellulodge Preliminary mercerization of
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pulps improved the properties of the synthesizethyheelluloses. The preliminary
mercerization had a different effect on each pufgecges. The water soak,
preliminary mercerization, mercerization under 18rsb and steam explosion
improved the properties of the abaca methylcelkgoIhe steam explosion was the
best pretreatment for the abaca pulp

A higher alkali charge and a longer time in the liegmation led to lower Mw
and higher DS of spring cardoon methylcellulosdg impregnation conditions had
little influence on the Mw and DS of summer cardoogthylcelluloses. The Mw and
DS of miscanthus methylcelluloses increased withititrease of cooking time. A
shorter cooking time with a lower cooking temperatosaused a higher Mw and a
lower DS of the eucalyptus methylcellulose. Thelgd pretreatments increased Mw
and DS of methylcelluloses of abaca, flax, sisate,j and hemp. The species
decisively influences Mw, DS, and effect of pretneent.

The water-soluble methylcelluloses with intermeeliatolecular weights were
prepared from juvenile eucalyptus and annual plarfice effect that the
impregnation times, the impregnation temperaturéise alkali charge of
impregnation, the cooking times, the pulping seygerine pretreatments and the
charge of methylation reagents have on the molecwiights of synthesized
methylcelluloses depends on the species. The gressarch shows that the species
is a decisive factor in the production of methylldekse. However, the pulping, the
cellulose pretreatments and the methylation camltican adjust the molecular
weights and degrees of substitution of the syntieelsimethylcellulose. Therefore,
the present research may be used to control andnimpt the quality of
methylcelluloses prepared from annual plants.
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