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DISSERTATION ABSTRACT

A STUDY ON THE ADSORPTION PROPERTIES OF QUATERNIZEIELLULOSE

Weijun Wang
Doctor of Philosophy, December 16, 2005

(M. S., Auburn University, 2002)
(Diploma, China Textile University, 1982)

110 Typed Pages

Directed by Roy M. Broughton and Aliecia R. McClain

The dissertation consists of four chapters: LiteetReview, Anionic Dye
Decolorization from Textile Wastewater, the Chaeaeation of the Surface
Thermodynamics of Quaternized Cellulose Fiber byetse Gas Chromatography, and
Study on the Correlations between the Surface Clerstics and Adsorption
Capabilities of Quaternized Cellulose Fiber.

In the first chapter, the resources of cellulosensical and physical properties of
cellulose, and functionlization methods of cell@oare reviewed. Recent studies are
summarized as well.

In the second chapter, an efficient way to remdwe d@nionic dye for textile



wastewater is presented. The results of the tredtwiecellulose (recycled newsprint)
with  3-Chloro-2-Hydroxy-N,N,N-Trimethyl-1-Propanamim Chloride (quaternary
ammonium) indicate that the nitrogen contents démgeatly on the pH. The optimum
pH is higher than 10 and less than 13. Increasiagatnount of quaternary ammonium on
cellulose fiber increases the number of dye bondites and breaks up more hydrogen
bonds at the same time. Decreasing hydrogen bond#sglts in more swollen
macrostructures, which increases time to acces$isetalye bonding sites. Therefore the
dye removal kinetic is not only depended on theceaftration of attached quaternary
ammonium groups but also on the surface of fiders.also controlled by the number of
dye sites inside the wall of the pores or the ckénriThe process of dye removal for
guaternized cellulose can be completed within sgsomhen the concentration of dye
less than 220 mg/l at room temperature. The sauaratlue of quaternized cellulose is
10 times higher than that of activated carbon d&dduaternized cellulose exhibits an
extremely high capability for dye adsorption.

In the third chapter, the surface thermodynamicsuaternized cellulose fibers
are characterized by inverse gas chromatograph@)(l&ing specific gas probes over
different temperature. Surface energy charactesigisuch as interaction enthalpy, the
dispersive component of the surface energy), amtitsse properties of the quaternized
cellulose surface have been quantified.

The data generated in this study is derived from ftindamental parameter in
IGC measurements, the specific retention volumaripgcting neutral probes such as

saturated n-alkanes and by injecting amphoteridj@and basic probes such as acetone,

Vi



chloroform and THF. The dispersive components ofase energy derived from the net
retention values of n-alkanes are correlated with supermolecular structures of
cellulose. According to X-ray and FT-IR data, thepérsive components of surface
energy decrease with increasing the crystallinihe data obtained from I1GC

experiments by injecting amphoteric, acidic anddpsobes show that the surface of the
cellulose becomes more basic than acidic after egoiagtion in terms of electron

acceptor and electron donor constants, that isdasated by the Lewis acidity and Lewis

basicity constant{a and Kp. The FT-IR results indicate that the changes ofase

properties result from changes of chemical coristitu after quaternization. It is
proposed that the driving force for surface adsompis the heat of the Lewis acid-base
interaction between quaternized cellulose and anidyes.

In the fourth chapter, the surface characterigiidbe cellulose fiber are shown to
play a very important role in the adsorption catyadihe correlation between the surface
characteristics and adsorption capability of quarex cellulose is established. The study
shows that the fine structure of cellulose fibeveginot affect their adsorption capability
of cellulose, and the adsorption capability of wele is dramatically increased after
gauterniztion. The mechanical treatment, beatimgproves the surface properties
preferable for gauternization and adsorption. Thexmanism for increasing adsorption
capability is that an electron donor group, an retiu@actional group, and a cationic
functional group are introduced onto the polymerckb@ne of cellulose by
qguaternization. Therefore the acid-base interastiand ionic bonding could strongly

affect the adsorption capability. This study mighpply useful information for selecting

Vil



the best adsorbates and adsorbents in termg ahl{ Kz, the electron donor and accepter

constants.
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CHAPTER 1
LITERATURE REVIEW
1.1 Introduction

Cellulosic materials are reasonable strong, hydhophinsoluble in water,
insoluble in organic solvents, safe to living origams, reproducible, recyclable, and
biodegradable. Many technologies have been appbedroduce modified cellulosic
materials for our daily and industrial necessities.

Cellulosic materials are particularly attractivetims research because cellulose is
the most abundant resource of naturally occurriolgrpers on the earth. The chemical
structure and composition of cellulose determirgecitemical and physical properties.
Cellulose has been used as a substrate for chemmodifications even before its
polymeric nature was recognized and well understbodhis review, the history of the
modification of cellulose is summarized and dividetb three periods according to the
different market demands. The chemical modificationf cellulose involved
esterification, etherification, grafting, deoxyhgémation, and oxidation.

1. 2 Sources of Cellulose

Cellulose is the most abundant natural polymehéworld. There are three
Types of Cellulosic Materials:

Primary cellulosics: plant harvested for cellulsseh as cotton, timber, hay, etc.

Agricultural Waste Cellulosics: plant material remiag after harvesting such as

straw, corn stalks, rice hulls, sugar cane etc.



Municipal Waste Cellulosics: cellulose containingste from cities such as waste
paper, yard debris, etc.

Commercial cellulose production concentratesasilg harvested sources such as
wood or on the highly pure sources such as coftahle 1-1 gives us the composition of
different cellulose resources.

Tablel-1. Chemical composition of some celluloseseurces (Hon, 1996)

Source Composition (%)

Cellulose Hemicellulose Lignin Extract
Wheat straw 30 50 15 5
Bagasse 40 30 20 10
Softwood 4-44 25-29 25-31 1-5
Hardwood 43-47 25-35 16-24 2-8
Flax (retted) 71.2 20.6 2.2 6.0
Jute 71.5 13.6 13.1 1.8
Henequen 77.6 4.8 13.1 3.6
Ramie 76.2 16.7 0.7 6.4
Cotton 95 2 0.9 0.4

1.3  Chemical Structure and Composition of Cellulose

Whereas hemicellulose has an extremely heterogsenelmemical composition,
cellulose is a chemically homogeneous linear polyrok up to 10,000 D-glucose
molecules, which are connected by,4 bonds (see Figure 1-1) (Heinze, 2001). Because
each glucose residue is tilted by 180° towardsnédgghbor, the structural subunit of
cellulose is cellobiose. The chemical uniformitioals spontaneous crystallization of the
cellulose molecules. Hydrogen bonding within andmMeen multiple layers of parallel
molecules results in the formation of tightly pagkeicrofibrils.
1.4 The Supermolecular Structures of cellulose

The cellulose fibers consist of elementary fibrighich are a succession of



crystallites and intermediate less-ordered amorphoegions (Figure 1-2). The
crystallites (A) are characterized by their sized aheir orientation. Less-ordered
amorphous regions (B) connect successive crys@sli@ngth-wise; they are characterized
by their size, density, and orientation. Lateralrtiolecules-region (C) connects laterally
adjacent amorphous regions. The cluster forma{iD)isre regions where crystallites are

fused to large aggregates and region (E) represkatsoids Stana-Kleinschek et al.,

2001). The amorphous regions and inner surface @re@ids affect significantly the

accessibility, reactivity and adsorption properbésibers.

OH

OH
3 OH
Ho/ﬁl, ° ”
HO 2 (° O HO OH O
OH n-2

Non-reducing Anhydroglucose unit, AGU Reducing
end group (n = value of DP) end group

Figure 1-1 Molecular structure of cellulose including numiogy of C-atoms.

There are two main accessibilities. One is thaheflow-ordered regions which
constitute the amorphous regions in the fringedeitdac model, or the connecting chains
and disordered parts of the elementary fibrilshie fibrillar model, extending across the
fibrils periodically along their length. It wouldsa® include the lateral layers separating
the adjacent elementary fibrils from each otheg; shrfaces between consecutive crystal
blocks (see B, C, and E regions in Figure 1-2). $eeond accessibility is that of the

surfaces of the crystallites (see A and D regiorisigure 1- 2).



Figure 1-2. Fine structure of cellulose fiber—schematically; Arystallites; B,
amorphous regions; C, interfibrillar tie molecule; cluster formation; E, void (Stana-
Kleinschek et al., 2001).

The polymorphism of cellulose and its derivatives been well documented. Six
polymorphs of cellulose (I, II, i} lll13, V1 and IV13) can be interconverted, as shown in
Figure 1-3 (Marchessault and Sarko, 1967; Hayashale 1987; Marchessault and
Sundararajan, 1983).

Regeneration
Mercernization

Cellulose | ———————  Cellulose I
NHaq NH3,
~NHag) —NHag)

s Cellulose Ill,
heat heat

Cellulose IV, Cellulose IV,

Figure 1-3.Interconversion ot the polymorpns ot cellulose.



More recently, evidence for two polymorphs of clelde | has been offered
(VanderHart and Atalla, 1984; Sugiyama et al., 39¢1at is to say what was previously
thought to be polymorph (1) has now been founddaalmixture of two polymorphsy(l
and ). Proof of the polymorphy of cellulose was obtaineom nuclear magnetic
resonance (NMR), infrared and diffraction studiB&¢kwell and Marchessault, 1971,
Blackwell, 1982). Cellulose I, or native cellulose the form found in nature. Cellulose
II, the second most extensively studied form, mayobtained from cellulose | by either
of two processes: a) regeneration, which is thakslki#ation of cellulose | in a solvent
followed by reprecipitation by dilution in water tpve cellulose Il, or b) mercerization,
which is the process of swelling native fibers ancentrated sodium hydroxide, to yield
cellulose Il on removal of the swelling agent. Gkdses I} and IlL; (Marrinan and
Mann, 1956; Hayashi et al., 1975) are formed, ne\ersible process, from celluloses |
and I, respectively, by treatment with liquid anme or some amines, and the
subsequent evaporation of excess ammonia (Daval.etl943; Sarko et al., 1976).
Polymorphs 1\{ and 1Vi; (Hess and Kissig, 1941 and Sarko, 1987) may beapee by
heating celluloses Hiand Illy; respectively, to 208C, in glycerol (Wada et al., 2004).

Although cellulose forms some distinct crystallisteuctures, cellulosgbers in
nature are not purely crystalline, but with all degsof order from crystalline to
amorphous. Regardless of their orientationctiens are stiffened by both intrachain and
interchain hydrogehonds. The crystallineature of cellulose implies a structural order in
which all of the atoms are fixed in discrete positions wiglspect toone another. An

important feature of the crystalline arraythat the component molecules of individual



microfibrils are packed sufficiently tightly to prevent penetratiommt only by dye
molecules but even by small molecules such as wateaddition to the crystalline and
amorphous regions, cellulose fibers contain vartypes ofirregularities, such as kinks
or twists of the microfibrils,or voids such as surface micropores, large pitgl an
capillaries. The total surface area of a cellul@ber is, thus, much greater than the
surface area of an ideally smofityer of the same dimension. The net effect ofcitmal
heterogeneityvithin the fiber is that the fibers are at leasttipdly hydratedby water
when immersed in aqueous media, and some micraspodecapillaries are sufficiently
spacious to permit penetratibg relatively large molecules such as dyestuff muales.
The dimensions of Meyer-Mark-Misch and Andress @lyattice are shown in Figure 1-

4 (Kennedy et al., 1985).

?_ "'.'f' . Itz _n__.: ¢ ol

% NATIVE 2 "\/ MERCERIZED
Figure 1-4.Unit cell structure of native cellulose | (Mey&fark, and Misch) and of
mercerized cellulose Il (Andress).
1.5 Hydrogen Bonding

Each glucose of cellulose has three hydroxyl groupserefore, hydrogen

bonding plays a very important role in physical ah@mical properties. The molecular
motion of cellulose is restricted by inter- andraaimolecular hydrogen bonding. Each

chain forms two intramolecular hydrogen bonds: 63:O5’ as proposed by Hermans



et al. from (Hermans et al., 1943) a study of spgdilling models, and O2'-H...06’, as
suggested by the polarized infrared spectra (Manriand Mann 1956; Jones, 1958) (see
Figure 1-5). There is also an intermolecular hydrogond, O6’-H...O3’; linking

adjacent chains in sheets (see Figure 1-6).

u B ot R

Figure 1-6. Intermolecular hydrogen bonding.
1.6 Reactions of Cellulose
1.6.1 General Consideration

The typical modifications of cellulose are esteafion and etherifications of



hydroxyl groups. Most soluble cellulose derivativaeg prepared by these substitution
reactions which allow drastic changes in the oabiproperties of cellulose to be
achieved. Others modifications include ionic anddical grafting, acetalation,
deoxyhalogenation, and oxidation. Since the usahllosic materials originating from
wood and cotton pulps have aldehyde and carboxylipg in quite small quantities,
depending on the purity of the pulps, these minmmugs are also target positions for
chemical modification. Figure 1-7 shows schemagipresentation of positions in the
cellulose structure for chemical modifications.

The relative reactivity of the hydroxyl groups \ewifrom one reaction to another.

Usually the reaction varies in the order of OH-6GM-2 > OH-3 (Nevell, 1985).

Substitution reaction Esterification
Etherification
Deoxyhalogenation | [["a i hydrolysis
TRl Oxidative cleavage
Oxidation To carboxylic acid - 9
To aldehyde
: Oxidation to carboxylic acid
2 i|| Reduction to alcohol
CH,OH CH,OH i CH,OH
) 0 ' OH y
KOH o N oH o\oH CHO
HO ;
OH i e OH A OH
= i, irEneE
i
Oxidative cleavage || : Formation of radical
of C2-C3 glycol by abstraction of He

Substitution reaction Esterification
Etherification
Deoxyhalogenation
Acetalation

Oxidation To ketone

Figure 1-7.Positions in cellulose structure for chemical nimditions.
1.6.2 Esterification

Sincecellulose is an alcohol, it undergoes esterifigatiath acids in the presence



of a dehydrating agent or by reaction with acidoddles. The resulting esters have
entirely different physical and chemical propertfesm the original cellulose and are
soluble in a wide range of solvents. The cellulesters are divided into organic esters
and inorganic esters (Nevell and Zeronian, 1986pwling the reactant.
1.6.2.10rganic Esters
1. Cellulose acetate

Cellulose acetate is universally recognized asrhst important organic ester of
cellulose owing to its extensive applications ibefis, plastics, and coatings. Cellulose
acetates are prepared by reacting high purity loskuwith acetic anhydride, utilizing
acetic acid as the solvent and sulfuric acid asatalyst (Tanghe et al., 1963). The
secondary acetate and triacetate are obtainedlbwiiog reactions:

Secondary acetate:

Ac,0 / (OSO;H)q 50 H,O / (OH)g 20
Cell(OH), —— = Cell —— > Cell
H,SO, ™\ (0AC),4 N (OAC), g
Triacetate:
Ac,O
Cell —(OH), > Cell — (OAc),
HCIO,
2. Esters of other aliphatic acids

Other esters such as cellulose formate, cellulospignate and butyrate are
prepared similarly to the acetates, but in much llemauantities. Formic acid will
esterify cellulose in the presence of a catalysgdpcing mono-and di-formates.

Catalysts typically used, such ag3@,, HCI(g), ZnC}, or ROs, are not needed when the



more reactive regenerated cellulose is the stantiatgrial (Novell, 1985).
3. Carbamate esters

Cellulose carbamates (urethanes) are prepared éadtion of isocyanates on
anhydrous cellulose in the presence of tertiarynasii They have few commercial
applications; however, n-octadecyl and phenyl cadias have been known for some
years, the former being used to improve water tepey of fabrics (Hamalainene et al.,
1954).

RN
Cell(OH); + RNCO —— = Cell(OH),(OCONR)

4. Sulfonates

Cellulose can be esterified with organic sulfonyllotides in the presence of
tertiary amines or alkali hydroxides (Fisher, 193@pst of the work has been done using
p—toluenesulfonyl (tosyl) chloride, methane sulforfgnesyl) chloride, and benzene
sulfonyl chloride. A comparatively stable cellulosster is formed which has no affinity
for direct dyes. Yarns treated in this manner renvéhite when dyed and when blended
with untreated cotton produce special effect ydire chemical properties of these esters

have considerable preparative utility because efr#activity of the substituents.

Base
Cel(OH); + RsO,CI > Cell(OH),(OSO,R) + HCI

1.6.2.2Inorganic Esters
1. Cellulose nitrate

Cellulose nitrate is the oldest cellulose derivatiand the most important
inorganic ester of cellulose. It finds applicationglastics, coatings, and explosives. The

reaction (shown next page) is carried out by tngatiellulose with nitric acid in the

10



presence of sulfuric acid and water (Green, 1963):

(ONO,)
Cell —(OH); * nHONO, =Z————> Cell ~  °

(OH)S-n

2. Cellulose sulfate
Sulfation of cellulose takes place by direct act@n70-75% aqueous sulfuric

acid, followed by neutralization with a mild bagsedbtain a salt (Whistler and Spencer,

1963):
CellOH);  + nH,S0, ——= nH,0 + Cell(OH),, (OSOH).
NaHCO,
————> Cell(OH), (OSO,Na),
3. Phosphorous-containing cellulose derivatives

Cellulose phosphate esters of low phosphorus com@m be prepared by the
reaction of wood pulp or cotton linters with phosph acid in molten urea. However,
higher phosphorus contents can be obtained with degradation of the cellulose by
using excess urea and short reaction times (15minhigh temperatures (14D).
Reaction of cellulose with a mixture of phosphai@d, phosphorus pentoxide, and an
alcohol diluent has been shown to produce a staid¢er-soluble cellulose phosphate
with high degree of substitution (Touey, 1956).

1.6.3 New Cellulose Esters

New cellulose esters were prepared using new résgenl /or organic cellulose
solvent systems. Cellulose esters containing weti long aliphatic chains were
prepared with fatty acid chloride and pyridine untieterogeneous solid-liquid phase

conditions, and their liquid crystalline propertigsre studied (Itoh et al., 1992).
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Fluorine-containing polymers have unique thermaistance, water and oil

repellency, small dielectric constant, and piezdele properties. Introduction of

fluorine-containing groups through ester linkageoircellulose backbone has been

investigated (Isogai, 2000). Some fluorine-contagncellulose esters are listed in Fig.1-

8.

CF3;COCH
Cellulose -
Dissolution
(CF3C0);0 + CFsCOOH
Cellulose

Dissolution

perflucrononenyloxyphtharic anhydride
+

pyridine or triethylamine

Cellulose
LiCI-DMAc

1,1,2,2,3-pentafluoropropyloxy-
2 2-difluoroporpionly fluoride

i
pyridine or triethylamine

Cellulose
LiCl-DMAc
4-perfluoropropyloxy-
2 2-difluoroporpionyl fluoride
+
pyridine or triethylamine
Cellulose

LiCI-DMAc

CH,OCOCF3
(0]

OH

OH
DS=1

Il
Cellulose—O—CCF3

pS=15621

Cellulose-0

DS <21 COCH

Il
Cellulose-0— C\C ,G\O ,C\C ,CHaF

DS <2.1 Fa Fa

I Ha Fa CF
Cellulose- O—C\C ,C\O ,C\C s

DS < 2.1 Fo Fa

Figure 1-8 Chemical structures of fluorine-containing cetlsé esters.

1.7 Etherification

Patentdisclosing the preparation of cellulosthers date back to the early 1900s

(Lilienfeld, 1912 and 1916). Since that time, sfgpaint modifications of the processes

and reactions involved have been made, and the @setinues to be one of academic
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and industrial research.
Two types of reaction are employed in the prepratd cellulose ethers. The
most common is nucleophilic substitution. Methydatiof alkali cellulose with a methyl

halide (CHX) is an example of this type (the equations ashbelow):

. RN —
Cell —OH + NaOH <—= Cell—O O\ y=— CellO +Na* + H,0

Na

CellO- + CHX —— CellOCH;, + X

Preparation of hydrophobically modification wateitgle cellulose ether and
characterization of their solution properties dre turrent topics for cellulose ethers.
Some new cellulose ethers reported recently arstiited in Figure 1-9 (Isogai, 2000).
1.7.1 Carboxymethylcellulose

Carboxymethylcellulose (CMC) is a polyelectrolytéhwa pK, of approximately
4, thus approaching the acid strength of acetid. dtis usually marketed as the sodium
salt, since its acid form has poor water soluhiliyanufacturers are various and are
found in most technologically advanced countriespBration of CMC was first patented
in 1918(Jansen). Reactants have not changed sgmilfy since then, although the
preparation processes have. The use of alkalinecaguorganic slurry preparation has in
many instances replaced the high-solids shreddiogepures. Properly controlled slurry
etherification generally results in a more unifquroduct.

The three possible positions for chemical deriadion in cellulose are the
hydroxyl groups at C-2, C-3, and C-6. Experimentaktermined molar distribution of

carboxymethyl groups in CMC has been reported t@:he?2.5 for C-2, C-3, and C-6
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hydroxyls. While the C-6 primary hydroxyl is genérahought to be most reactive in
this particular system, this is not always so. €herconsiderable evidence that the C-2
hydroxyl group is the most acidic in cellulose. &sesult, many equilibriums and rate-
controlled reactions that involve cellulosic alkdei ions appear to favor this site;
exceptions are reactions in which steric hindranseimportant. Recent NMR
spectroscopic studies of substitution distributindicate the following order: C-2>C-
6>>C-3 (Parfondry and Perlin, 1977). The influenéeeaction conditions on reactivity

has also been studied (Gelman, 1982).

1.7.2 Hydroxyethylcellulose and hydroxypropycellulose

Hydroxyethycellulose is an important commercialdquct manufactured all over
the word. Annual capacity had reached more thamB&on pounds by 1979 and was
stil expanding. The hydroxyethyl group has the stiation -CH.CH,OH
Hydroxypropylcellulose is manufactured on a muchalden scale, mainly in United
States. The hydroxypropyl group has the constiuti@H,.CH,.CH,OH (Nicholson and

Merritt, 1985):

O

H Na
EEP LN N 4& o Jr RN
Cell O\Na/O\H + XC H,—CH, — > Cell O— CH,— CH, | O N H/OH

H+
— = Cell ‘Eo— CH,— CHZ%OH + Na* + H,0
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OH

NMe,
CHgOC~€QOMe)
3
o]
Cellulose—0 —gz C—OH
OH

NM
Cellulose—0—CyHom—OH (m = 12-24) g2
Cellulose— O { CHCH, ﬁoc:H3
Cellulose— O CH,CH, ):OCHZCHQ,
Cellulose—0—CH,CHCH;— O — CH,CHoCH,CH3

OH
Collulose — O — CHsGHCH, — NH — CH,CHRCHRCHRCHZCHa — NHp

OH CH,CHjz
o
Cellulose—O—CHyCH,—N

CH,CHg
OCH,COONa

CHj3
Cellulose — 0 — CH,CHCH, —N*—CHs

OCH,COONa OH CHa

Hydroxyethylcellulose — (@) CHz(lDH —/\/\/\/\/

OH
Hydroxyethylicellulose —O = CH,CH,CH,CH,CH3

Figure 1-9.Chemical structures of new cellulose ethers.

1.7.3 Alkyl ethers of cellulose

The three most common and commercially importaherst in this class are

methylcelllose, ethylcellulose and the mixed ethgdroxyproplmethlycellulose. Methyl
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and ethyl ethers os cellulose are prepared byethetion of methyl and ethyl halides with
alkali cellulose as described in section 15.1. @dlye commercial methylcellulose is
water-soluble, and commercial ethylcellulose sa@uinl organic solvents. As discussed
before, solubility varies with degree of substiuat(DS).

The hydroxyalkylmethylcellulose is prepared by teat of mixtures of methyl
chloride and propylene oxide with alkali cellulo@dicholson and Merritt, 1985) (the

equations are shown below):

H
- \
Cell—o0O (0] + CH,Cl— Cell —OCH., + +
\Na/ N H 3 3 NacCl H,O

O

H / N\
cel—o< \o\ + CH,—CH —CH, — Cell —0 -CH,— CH —CH,+ NaOH
Na OH
1.8 Grafting

In principle, all routes for polymer synthesis kmoteday such as radical, ionic,
and ring opening polymerization, polyaddition armypondensation can be used for a
covalent attachment of polymer side chains ontdulosle. In recent years, graft-
polymerisation has been recognized as a simpleeffedtive technique for introducing
large quantities of desirable functional groups iathost substrate meanwhile the surface
area of cellulose fiber is dramatically increasedure 1-10 and Figure 1-11 show the
changes on the surface area of cellulose fibersrdefnd after grafting. A considerable
number of initiation methods are available andgarerally based on ionizing radiation
(Ranby, 1977), gamma radiation (Dilli et al., 19%jthrie and Haq, 1974), ultraviolet

(Davis et al., 1977) and chemical reactions (RaaBy,7).
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In general, these have involved cationic or anigmefts. These products have a
large number of uses. As ion exchange materiaés; #ve used for cleaning up textile
waste water and for the recovery of precious metatt in principle, for various air and
water filtration and cleanup operations. They alan be used for binding enzymes and

as bactericides when exchanged with certain metadgher entities (Stannett, 1985).

Figure 1-10.Cellulose fiber before grafting.

Figure 1-11.Cellulose fiber after grafting
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1.9 Deoxyhalogenation

Preparation of cellulose derivatives that have C<Xhalogen) groups have been
studied often using nonaqueous cellulose solvestesys (Figure 1-12), and in some
reports these deoxyhalogenated cellulose derivativeere further subjected to
substitution reactions to add functionalities tdludese (Isogai, 2000; Furuhata et al.,

1992; Furuhata et al., 1995).

Figure 1-12. Deoxyhalogenation of cellulose.
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1.100xidation
Oxidation reactions applied to cellulose for cheahimodifications in this decade

are summarized in Figure 1-13.

Figure 1-13. Oxidation of cellulose.
Some oxidation reactions occur on cellulose selelstiat particular positions.

The periodate oxidation is typically involved inighcategory, and has been used to
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prepare dialdahyde cellulose at laboratory lev€enerally, the oxidation requires
several days at room temperature in the dark tpgreedialdehyde cellulose from solid
cellulose samples, whose C2 — C3 bonds are mdstlyed. Thus, degrade of polymer is
inevitable during the periodate oxidation (Morool,al., 1989; Varma and Chavan,
1995; Popa et al., 1996; Nevell and Zeronian, 1985)
1.11 An example of Anionic lon Exchanger from Celllose

Recently, researchers pay more attention to thécagipn of sugarcane bagasse
(BG) and rice hull (RH) as a raw material for proohg anion exchangers. Pure cellulose
(PC) and pure alkaline lignin (PL) were also ussdederence materials to elucidate the
reactivity of lignocellulosic agricultural waste teaals (LCM). Although a large number
of modification procedures for PL and PC have begported in the literature, no
chemical procedure to produce anion exchangerstefédy from both materials has been
developed (Funaoka et al., 1995; Hill and Malld@98). The main objective of this study
was to develop a new synthetic procedure to prodarden exchanger from LCM.
Chemical modifications of BG, RH, PC and PL werenducted by reaction with
epichlorohydrin and dimethylamine wusing pyridine asatalyst and N,N-

dimethylformamide (DMF) as solvent.

Pyridine was used as a catalyst to open the sttdlmee-membered ring of the
epoxide group in weakly basic conditions (Morrisand Boyd, 1992). The nitrogen
content of the final product was increased sigarfity from 0.6% to 4.80% by the
increase in the reaction time with pyridine from 8060 min. However, the nitrogen

contents in the final product were almost the s#h81%) between 60 and 120 min
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showing that an hour of reaction was enough to sx@dl available hydroxyl groups in
cellulose and to attach epichlorohydrin and dimketiyne. At reaction times of 60 and
120 min and in the presence of excess water imetaetion mixture, the nitrogen content
was 0.3% and 0.35%, respectively. Nitrogen contgas 0.36% in the absence of
pyridine. This suggested that the reactions praegeniore efficiently in an organic
medium. Hence, subsequent chemical treatment teecohCM, PC and PL into anion
exchangers was carried out without water and inptiesence of the weak-base catalyst
pyridine to increase the attachment of dimethylamim the final products. Nitrogen
content in the PC exchanger is known to indicatal tamount of reactive sites in the

exchanger (Ikeda et al., 1990).

Amino group incorporation into PC was decreasethbypresence of water in the
reaction mixture and increased with the reactioretand presence of a catalyst, pyridine.
Bagasse and RH demonstrated maximum nitrate exeheaggcities of 1.41 and 1.32
mmol/g, respectively, and vyields of 412.5% and 18084 the original material,
respectively. Both lignocellulosic agricultural iasmaterials appeared to be potential

materials to treat water contaminated with nitrate.

1.12 Two examples of Cationic lon Exchanger from Clellose

If negative charged functional groups are attddioethe cellulose backbone, the
cellulose will show the properties of positive abstion. Then the cellulose becomes a
cationic ion exchanger (Li, 2002 and Lehrfeld, 1096
In the first case, Li and his colleagues proposeuge of a commercially available, solid-

state ion exchange membrane as an alternativeetbitiding phases currently used with
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diffusive gradients in thin films (DGT) for the nmaement of trace metal species. There
are numerous such membranes currently availablde rbg the addition of electrophilic
functional groups, such as phosphoric acid, carh@ayidoxime, hydroxamic acid and
amidrazone hydrazide, to a backbone membrane steyctuch as cellulose. Cellulose
phosphate membranes, in particular, have been fmelinding metal ions and for
separation of trace metals. This material has &elon exchange properties combined
with a desired hydrophilic nature. The binding flmcal groups, which are chemically
immobilised on the cellulose backbone, provide gobdmical stability and uniformity
of coverage on all surfaces of the membrane. Tleeliext mechanical strength and
flexibility of the material also makes it convenidor handling and preparation of the
DGT assembly. Furthermore, the ion exchange priggeof the membrane can easily be
regenerated under acidic conditions to allow reaigbe material as a binding phase. The
new binding phase exhibited excellent mechanicapg@rties and overcame many of the
problems of hydrogel-based binding phases inclutliawgdling difficulty, fragility, ease
of assembly and uniformity of binding sites.

In the second case, Lehrfeld (1996) prepared asseficationic exchange resins
from very low-value agricultural residues. In hrsvéstigation, carboxylate (maleate,
succinate, and phthalate), phosphate, and sulfedapgwere incorporated onto the
complex polysaccharide matrix of oat hulls, corbg;cand sugar beet pulp (Figure 1-14).
The order of reactivity was sugar beet pulp > cosh > oat hull. Calcium ion binding
capacities of these modified materials were medsuamd some were additionally

evaluated for their ability to remove lead fromtanslard water solution.
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1.13 Research efforts on quaternized cellulose faplor removal

Early studies involving addition of quaternary ammumn hydroxides to cellulose
regarded quaternary ammonium as a swelling agdms fesearch did not continue
primarily due to the high cost of the reagents KTei al., 2003). Recently such research
has become popular again because the cost of ttrglmmonium hydroxide

decreased and the applications of quaternizediasdiumay increase.

Many studies have focused on the harvest agri@alltesidues as the adsorbents
in order to reduce cost. A description of the perfance characteristics of an ideal dye
adsorbent would be to have high capacity and ramding kinetics, to be easily and

inexpensively regenerated (Laszlo, 1994; Rock aededs, 1975).

Figure 1-14. A schematic depicting the special relationshipgh& functional groups
grafted onto the polysaccharide backbone (Lehrf&@96).
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Low cost of adsorbents can be prepared by quatgioizof agricultural residue
materials such as corn cob (Simkovic et al., 1988jgarcane bagasse (Laszlo, 1996;
Simkovic and Laszlo, 1997), soybean hull and sumezet fiber (Laszlo, 1994), and
sunflower stalk (Shi et al., 1999). The researgivesed that quaterinized cellulose could

be applied as an adsorbent in removal of both aneomd cationic dyes (Shi et al., 1999).

Because the bonding between quaternized cellulodalges involves coloumbic
interactions, as well as inherent adsorption, ttewebents can be regenerated by a simple
salt plus base treatment without using organic estlv (Laszlo, 1995 and 1997,

Jorgensen, 1979).

1.14 Summery

Due to the chemical and physical versatility ofldese, many modification
methods have been applied since a peak appeaeatlyn1950’s (Rowell and Young).
Cellulose as a polymer has been paid more and attaetion because the high prices of
oil based polymers. Research on the chemical nuadifin of cellulose has been
successful in expanding and maintaining the usecalfulose on textile industry,

environmental industry, and biological industry.
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CHAPTER 2

ANIONIC DYE DECOLORIZATION FROM TEXTILE WASTEWATER

2.1 Introduction

The decolorization of textile wastewaters is a maoncern to which many
diverse technologies have been applied with varigngls of success. Dyeing processes
are now under continuing scrutiny in order to prévaer minimize harmful effects that
may be attributed to any phase of wet textile pgecwy. This is true in the case of
anionic dyes (reactive, vat, sulfur, acid, direetd azoic) on cellulosic fibers, as well as
other fiber genera (nylon, etc.). There is a stroegd for a “low cost” viable technology
that can decolorize textile effluent. The procesgscolor removal from textile dye
house effluents include technologies such as bicdbdgreatment (Fernando and Grant,
2003; Zissi et al.,, 2003), coagulation (Sanghi @fthttacharya, 2003), adsorption
(Sakkayawong et al., 2002), oxidation (Michielsenaé, 2002), and hyperfiltration
(Gholami et al., 2003). Among these treatmentsoigudi®n has attracted a considerable
interest as a feasible procedure for removing ctilmm the effluents (Ho and McKay
1998; McKay et al. 1999; Khatri and Singh, 2000%tivated carbon is the adsorbent
most widely used for the removal of many organintaminants which are biologically
resistant, but it suffers two major drawbackssifprohibitively expensive and there are
many technical problems connected with the rege¢ioeraf the polluted support. The

carbon adsorption is slow and may pose hydrauliblpms when used in packed beds
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and when suspended solids are present (Montgorh@8p, Weber, 1972).

In order to remain competitive, textile mills mdstd a treatment method that is
very low cost in an environmentally benign mani@me discovery that offers significant
potential for improving the speed and yield of dgeoval in a non-polluting manner is
the use of quaternary ammonium cellulose. Quatgraarmonium cellulose is made by
the addition of compounds containing a quaternamgnanium group capable forming an
ether linkage to the cellulose molecule. Quatation of cellulose (recycled newsprint)
offers the potential of a large adsorption capaarty high speed for removing dye from
wastewater at a very low cost. The objective of tesearch was to prepare a quaternary
ammonium derivative of cellulose at room tempemtusing a no-salt, no-alkali dyeing

process. Dye adsorption studies of these quatercziulose fibers are reported.

2.2 Experimental

2.2.1 Materials

The cellulose used in the experiments was recyoéxdspaper. Dyes used in the
experiments were Direct Green 26 (C.l. 34045) fl@rganic Dyestuffs Corporation and
Congo Red (C.I. 22120; FW: 696.67; content: 54%MrSIGMA Chemical Co. The
quaternary ammonium compound, 3-chloro-2-hydroxi;N;trimethy-1-
propanaminium chloride was supplied by The Dow GlamCompany and was used
without further purification.
2.2.2 Pretreatment of Recycled Newsprint (Mercerizi cellulose)

The recycled newsprint was treated with 18% sodmyuaroxide (NaOH) at room
temperature with vigorous stirring. The swollenwdekic fibers were filtered and washed

with distilled water until the pH was around 7.(hi§ product will serve as the treated
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control sample designated as S1.
2.2.3 Pretreatment of Recycled Newsprint (Untreatedellulose)

Recycled newsprint was immersed in water for 24réioand then cut into very
small pieces using a blender. The product was tiftered. This product will serve as
the untreated control sample designated as S2.

2.2.4 Cellulose Quaternization Reaction (Cationiz&in)

The cellulose quarenization reaction is divided itwo steps. The first step of the
quaternization reactions with cellulose, involvies tonversion of the chlorohydrin form
of the reagent into quaternary epoxy intermedigi8-époxypropyltrimethyl-ammonium
chloride, FW: 188) shown in Figure 2-1.

OH

CICH,CH CH,N" (CH3)sCIT +  NaOH

Y

CHs CHCH,N™ (CHy)sCI
0

Figure 2-1.Conversion of the Quaternary Chlorohydrin to thmoky Form.

Next, the quaternary epoxy intermediate (FW: 151e@cts with the —OH group
on the cellulose polymer at the C-6 position tarfdhe quaternized cellulose fiber shown

in Figure 2-2.

PN

CH,——CHCH,N"(CHz)3CI + NaOH
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OH

OCHZCHCI-I2N+ (CHg)gcr

sl

OCHZCHCHZN (CHa)sCI
OCHZCHCHZN (CHg)sCI

OH
OH

Figure 2-2. Reaction of the Quaternary Epoxy with Cellulabert

2.2.5 Cationization: Method A:

Solution A was obtained by mixing 1 M quaternarynaomium and 1.1 M NaOH
in order to convert the quaternary ammonium toeghexy form at room temperature with
vigorous stirring. Then 70 g of the mercerized Wlele was reacted with 250 g of the
guaternary epoxy reactant (solution A) at room terafure with vigorous stirring,
followed by addition of a concentrated NaOH solntim reach 4% of NaOH . The
guaternized cellulose product (S3) was filtered aadhed several times with distilled
water. The similar procedures were used for otbactions designated as S4, S5, and S6

with some experimental changes. In the case ofS#ncentrated NaOH solution was
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added to produce the quaternized cellulose proaludtthe final concentration of NaOH
was 6%. For S5 and S6, mercerized cellulose aneatetd cellulose were reacted with
guaternary epoxy without adding NaOH solutions.
2.2.6 Cationization: Method B

Solution B resulted from mixing 2 M quaternary anmuoon and 2.2 M NaOH in
order to form an epoxy at room temperature undgoraus stirring. Then 70 g of the
filtered mercerized cellulose was reacted with §58f the quat epoxy reactant (Solution
B) at room temperature with vigorous stirring. Tharconcentrated NaOH solution was
added to produce the quaternized cellulose proaluatfinal concentration of NaOH of
8%. The product (S7) was filtered and washed sévenas with distilled water. The
same procedures were used for other reaction desigras S8 with some experimental
changes. With S8, no additional NaOH solution wddeal to the reaction mixture.
2.2.7 Effect of Quaternary Ammonium Concentrationson Nitrogen Contents

A quantity of mercerized cellulose was slurriedhmitater and 30% NaOH was
added to adjust pH to 12.5, then quaternary epoay added to the slurry in various
amount: 5, 10, 15, 20, and 25% based on the weigsiurries (liquor ratio: 20:1). The
epoxy quaternary was added drop wise to minimizirdiysis. The reaction was allowed
to stir for 1 hour at room temperature. The produas filtered and washed with distilled
water several times until the pH was around 7. iames of samples are H1, H2, H3,
H4, and H5 corresponding 5, 10, 15, 20, and 25%eatnations of epoxy quaternary.
2.2.8 Effect of pH conditions on Nitrogen Contents

A quantity of mercerized cellulose was slurriedhmitater and 30% NaOH was
added to adjust various pH, then quaternary epcy added to the slurry to form 10%

guaternary epoxy at the final step (liquor rati6:13. The quaternary epoxy was added
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drop wise to minimize hydrolysis. The reaction vedl®wed to stir for 1 hour at room
temperature. The product was filtered and wash¢ll avstilled water several times until
the pH was around 7.
2.2.9 Nitrogen Analysis

Samples were dried at 4& under vacuum in a vacuum oven. The nitrogen
contents were determined using a LECO CN-2000unwtnt at 1056C. The analysis
was performed at the Soil Test Lab of Auburn Ursitgr
2.2.10 Water Retention and Moisture Regain Tests

The water retention for each sample was measuredvashed and filtered
samples using the ASTM standard test method (AnBgk of ASTM Standards,
D2404-94, 1998). Moisture regain was measured #ftesamples were dried using the
ASTM standard test method (Annual Book of ASTM S, D4920-96b, 1998).
2.2.11 Precipitation Observation

Eight quaternized cellulose fiber samples weregaaio eight 50 mL graduated
cylinders containing 0.1% (0.005 g) Direct Greend3® solution at room temperature.
The boundary between the dyed cellulose and thdisolwas observed. The scales of
the high dyed cellulose were recorded after 12 sour
2.2.12 Dye Removal Kinetics

The quaternized cellulose fiber was placed into @00f dye solution containing
25 mg/L of Direct Red dye (C.l. 22120) at room temgture and stirred vigorously. The
concentration of the dye in the solution at spedifne intervals (every 1 minute for the
first five points and every 5 minutes thereafte@swmeasured using a GeneSys 6

spectrophotometer {ax = 500 nm).
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2.2.13 Dye Adsorption Isotherm

For the adsorption experiments, precisely weighedternized cellulose was
placed in 50 mL Direct Red dye solution (C.I. 2212The equilibrium isotherm
experiments consisted of ten flasks containingsdmae amount of adsorbent, mixed with
different concentration of dye solution. The liquatio is approximately 1:285. The dye
solution concentration varied from 25 to 1000 mgfidye.

Each of the flasks containing quaternized celkilfiber and dye solution was
agitated in a constant temperature water bath atC25 After 24 hours, the solution
samples were filtered using a glass filter. Thecentrations of the dye in the solutions
([D]s) was measured using a GeneSys 6 spectrophotofngter= 500 nm) in order to
calculate the amount of dye on the cellulose fil§fp$:). Then, the [D] was plotted as a

function of [D}.
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2.3 Results and Discussion

2.3.1 Nitrogen Analysis

Table 2-1 summarizes the nitrogen analysis resutider different reaction
conditions. For samples S3, S4, S5, S6, S7, and@&reliminary results show that the
percentage of nitrogen groups on the celluloseadibgerall depends on the concentration
of sodium hydroxide (pH) and the concentrationhadf juaternary ammonium group in
reaction solution (Rollins, 1997 and Hall 1996). wéwver, the pretreatment does not

affect on the nitrogen contents on the cellulober8 based on the results of sample S5

and S6.
Table 2-1. Nitrogen analysis results under differenconditions.
Sample  Mercerized Concentration %NaOH % Comments
# (18% NaOH) of Quat (mol/L) in Nitrogen
Reaction
S1 Yes 0 0.063 Control
sample
S2 Water swelled 0 0.075 Control
only sample
S3 Yes 1.0 4 1.33
S4 Yes 1.0 6 1.21
S5 Yes 1.0 0 0.26
S6 Water swelled 1.0 0 0.27
only
S7 Yes 2.0 8 1.70
S8 Yes 2.0 0 0.19

2.3.2 Effects of Quaternary ammonium Concentrationsand pH conditions on
Nitrogen Contents

In order to reduce any byproduct formation and enbathe efficiency of the
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reaction, a series of quaternary ammonium condgorisawere prepared to determine the
optimum reaction conditions. Figure 2-3 illustratee effect of quaternary ammonium
concentrations on the nitrogen contents on theilosk fibers at a pH 12.5. The result
shows that the percent nitrogen content on theilosk fiber increased with increasing
guaternary ammonium concentration when the quaterasmmonium concentration is
less than 10%; but decreased beyond 10% oncetrataymally the hydrolysis process
should increases with increasing liquor ratio akl pit has been determined that the
reaction of the quaternary ammonium with the cefieldoes not occur until the pH is at
least 11.5 (optimum at pH 12) (Rollins, 1997). Tasults of effects of pH conditions on
the nitrogen contents shown in Figure 2-4 indi¢htg at a pH of 12.5, we were able to
optimize the reaction conditions at 10% quaternamymonium concentration. This
concentration was calculated to be equivalent @oltld mol/L of quaternary ammonium

solution shown in Table 2-1.
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Figure 2-3. The effect of quaternary ammonium concentrationshe nitrogen contents
on the quaternized cellulose fibers.
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2.3.3 Water Retention and Moisture Regain

Water retention and moisture regain data for eaompse are shown in Figure 2-5
and 2-6. In the reaction mixtures, the sodium bymle solution added can only swell
the cellulose fibers in the amorphous regions lmitim the crystalline regions. On the
other hand, the quaternization occurred not ordidm amorphous regions but also on the
surfaces of the crystalline regions. The reactiesulted in increasing the polarity of
cellulose fibers because a quaternary ammonium readt been introduced into the
chemical structures of cellulose fiber. This waeved by FT-IR data presented in the
next chapter. Thus, both of the water retention gr@dmoisture regain increased with

increasing the percentage of nitrogen contenterfitier.
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Figure 2-4.The Effect of pH on the nitrogen contents at 1Q#teynary ammonium.
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Figure 2-5.The relationship between moisture regain and itr@egen contents on the
guaternized cellulose fibers.
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Figure 2-6. The relationship between water retention andrii®@gen contents on the
quaternized cellulose fibers.
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2.3.4 Precipitation Speed
The speed at which the quaternized cellulose fdattles from slurries strongly

depends on the nitrogen content or the dye adsorptendency at certain dye
concentration in solution. In Figure 2-7 sample iS7shown to have the highest
precipitation rate and on the contrary, a borderhas not been observed for sample S5,
S1, and S2. The cellulose fibers become positicblgrged after the fibers are reacted
with quaternary ammonium. Increasing nitrogen catstenake the fiber possess a higher
positive charge. As the positive charges increthsefibers can adsorb more anionic dye
from the dye solution and, consequently, the mbee dye adsorbed on the fiber the

easier it will be for it to precipitate from thelstion.
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Figure 2-7. The precipitation rate after 24 hour settling &m
2.3.5 Dye Removal Kinetics
The dye removal speed is shown in Figure 2-8. Thec8ntrol fiber has only

been mercerized. The adsorption of dye by the 8% fbccurs rapidly upon immersion in
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the dye solution and reaches equilibrium within B i@@lye concentration is 22 mg/L at
equilibrium). However the solution remained a degk color without dye being fully
removed. The adsorption of dye solution for eachthef S3 and S5 fibers occurred
quickly within the first 1 minute. Both of the #bs adsorbed the dye solution at a similar
rate, shown in Figure 2-8. Their rates remaineastamt for 25 min. There was a slight
difference in their initial adsorption rates witietS5 fiber adsorbing (dye concentration
is 2 mg/L at equilibrium) a little faster than tB& fiber (dye concentration is 0 mg/l at
equilibrium). The solution treated with the S3efikbecame clear after 1 minute upon
immersion in the dye solution and the solutiontedawith the S5 fiber became a clear
faint pink color (almost colorless) after 1 minug@on immersion in the dye solution. The
adsorption of dye solution for the S7 fibers alsowred quickly within the first minute.
However, the dye solution treated with the S7 filvas still reddish after 25 minutes (dye
concentration is 4 mg/L at equilibrium), even thbube S7 fiber contained the highest
nitrogen content. This phenomenon can be expldiyetie pore or channel model that is
usually applied for natural fibers due to theirriflar structures (Rattee and Breuer,
1974). Dye bonding sites are distributed on théaserof the pore or channel walls. The
higher nitrogen contents could break the more hyeinobonds in cellulose. This causes
the cellulosic fibers to swell more (water retentwan affect the structural changes) and
then the pores or channels start to collapse, hud the dye sites are difficult to be
reached within a certain time. Therefore, the dgsogption speed is controlled by a
kinetic process. The dye adsorption speed is niyt affected by the nitrogen contents,

but also governed by the geometry of the poreschadnels.
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Figure 2-8. The concentration of dye remaining in solutiontwse.
2.3.6 Dyeing Adsorption Isotherm

The adsorption of concentrated dye solution inrBbeith agueous media, is a
heterogeneous process, the following fundamentadgases have to be considered: (a)
diffusion of the dye into the polymer matrix; (bjsrption on the surface; and (c) the
adsorption which may or may not be followed by dp8on. In the case of adsorption,
there are two possible considerations: (1) adsmmptvithout any interaction on with
neighbors - Langmuir isotherm typad (2) adsorption involving the interaction betwee
the neighbors — Freundlich and Temkin type or BugmaEmmett and Teller (BET)
isotherm type (Rattee and Breuer, 1974). OnlyLgnegmuir type will be discussed here.
The Langmuir theory assumes that the adsorptiompdrepin single layer and every
available adsorptive site gets one dye moleculbowmit interaction with its neighbors.

The adsorption curves in Figure 2-9, 2-11, and 2ikBcate that the results

obtained from the adsorption isotherm experimeatslze explained using the Langmuir
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isotherm models. This can be calculated usingaheviing equation:

The rate of adsorption =¥ ki[D]«([S] — [D}s) (2-1)
In which kg is the velocity constant of adsorption; {[i§ concentration of dye in solution
at equilibrium; [D} is concentration of dye on the fiber; [S] is sation value of dye on
fiber.

The rate of desorption =\£ k;[D]¢ (2-2)
In which k is the velocity constant of desorption. At equililn the rates of absorption

and desorption are equal so that:

Va= Vq (2-3)

ki[D]«([S] — [Ds) = koDl (2-4)
let K = ky/ko,

[Dlr = KIDI«([S] - [D) (2-5)
or [Df (1+K[D]s) = KID1{S] (2-6)
Thus

rt -t 1 2-7)
[D];  KIDI[S] [S]
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Adsorption Isotherm (sample S3)
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Figure 2-9. Adsorption Isotherm of Sample S3.
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Figure 2-10.Adsorption Isotherm of Sample S3.

The interaction of the quaternary cellulose fibeithwthe dye solution was
measured at 2& with a definite amount of the quaternized cekal@nd with varying
concentrations of dye solution from 25 up to 100§/Lmuntil equilibrium was reached.

The model was successfully applied to the adsarpsiotherm of dye molecules onto the
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quaternized cellulose fiber, where a Langmuir tgpadsorption, involving saturation of
the active surface sites does quantify the isotherm

One should note the initial value of dye adsorbedjoaternized cellulose fiber,
[D]; in Figure 2-9 and Figure 2-11. The values do text &t 0 mg/g of dye remaining in
solution, instead it starts over 220 (mg/g) of dgmaining in solution. The reason for
this is after 24 hrs of agitation, the amount oé dpsorbed by the quaternized cellulose
fiber for the first five dye solutions (remainingel concentrations was less than 220
mg/g) were clear. Therefore, data collection began at 220mg/g of dymaining in
solution and higher. When the quaternized is rebaii¢h the cellulose fiber, it becomes
very highly positively charged. The attraction beén the positive charges in fibers and
negative charges in dye molecules makes the cslultave a very high adsorption
affinity toward the dye molecule, resulting in telaly strong adsorbent—adsorbate
interactions. On the contrary, the untreated cadlell(Figure 2-11) and activated carbon
do not posses such a strong positive charge, tirerg¢fie [D] values are started at O
(mg/g) with increasing dye concentrations (Martirale, 2003).

The plot of 1/[D] vs. 1/[D}is given in Figure 2-10 and Figure 2-12 and isngho
to be linear over the whole concentration rangbe adsorption data yield a correlation
coefficient greater than 0.96, and 0.99, for S1 8B8dibers respectively, confirming an

excellent fit to the Langmuir isotherm.
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Figure 2-11.Adsorption Isotherm of Sample S1.
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Figure 2-12.Adsorption Isotherm of Sample S1.
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In the Table 2-2, the saturation values, [S], d=itrom the Langmuir isotherm
model, are compared to that of the powdered aefivaarbon (Martin et al., 2003). As
shown in Table 2-2, the sample of higher nitrogentent has a larger dye adsorption
capability. The saturation values, [S], of quateedi cellulose are almost 10 times as high
as that of the activated carbon. The greater dy®ration capability is attributed to
higher nitrogen contents or higher positive chargeshe fibers. As mentioned before,
the dye adsorptions of samples S1 and H2 are vethd Langmuir model at lower
nitrogen contents because the linear regressi@n%.@® and 0.99 respectively. However,
the adsorption isotherm of sample S7 does not fitehe Langmuir model well because

the linear regression of sample S7is 0.72.

Table 2-2. Comparison of the parameters from fittig to Langmuir model with
activated carbon.

Sample [S] (mol/kg) N% R
Sl 0.22 0.06 1.00
H2 0.35 0.42 0.99
S3 0.90 1.33 0.96
S7 0.96 1.70 0.72
Activated carbon 0.07 0.17 1.00

(Martin et al, 2003)

In order to investigate the adsorption behavioquédternized cellulose fiber, the
molar numbers of adsorbed dye on the cellulose &ibd reacted quaternary group on the
fiber can be calculated from Table 2-2. The resuilthe calculation are listed in Table 2-

3. D and N represent the molar number of adsorlyed ah the fiber and the molar
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number of quaternary group on the fiber respectivised on 1 kg of quaternized

cellulose fibers. The proportion of D/N has an appnate value to 1 for sample H2 and

sample S3 respectively. That means one molecuigiatiernary group can bond one dye
molecule at relative high nitrogen contents. Thisets the assumption of Langmuir

isotherm adsorption. On the other hand, the prapof sample S7 is less than 1 and
indicates the adsorption is not a monolayer adsorpiThis is the reason that causes a
poor linear regression of sample S7 shown in Takle

Table 2-3. The proportion of molar numbers of dye ad nitrogen

Sample Dye moles/kg (D) Quat moles/kg (N) D/N
H2 0.35 0.30 1.17
S3 0.90 0.95 0.95
S7 0.96 1.21 0.79

2.3.7 Relationship between Saturate Values and Ndgen Contents

The saturation values of quaternized celluloseciase with the nitrogen contents
due to the adsorption of the quaternized cellufasehe Langmuir monolayer model at
lower nitrogen contents. However, the saturatiotuerdevels off after the nitrogen

content over is 1.5% shown in the Figure 2-13.
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2.4 Conclusions

Any cellulose resources including recycled newdprsiraw, cardboard, hay
(kudzu), and sawdust should posses an ability taga dye absorbent if they possess an
extremely high anion dye adsorption capability raftee cellulose is quaternized. The
results of reacting cellulose (recycled newspriwi)h quaternary ammonium groups
indicate that the nitrogen contents depend greatlyhe pH. The optimum pH is around
12. The alkali pretreatment is not important folutese to react with the quaternary
epoxy. The quaternized cellulose of higher nitrogemtents possesses highest dye-
adsorption capacity.

Increasing the amount of quaternary ammonium teactr with the cellulose
fibers, increases the number of dye bonding sitéke fiber. This is done by breaking up
the hydrogen bonds between the polymer chains. Tésslt in a more swollen
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macrostructures and thus the dye molecules istalijet to the other dyes site available
in the fiber. Therefore the dye removal kinetic sloet only depend on the concentration
of attached quaternary groups, but also on the purabdye sites available. It is also
controlled by the number of dye site exposed todye molecular configuration inside
the wall of the pores or the channels. The proadsdye removal for quaternized
cellulose can be completed within seconds wherctimeentration of the dye solution is
less than 220 mg/L. The process of dye absorpitsrtife Langmuir model extremely
well for S1 and S7 since the adsorption isotherta @acording to Langmuir equation
gave a linear plot over the whole concentratiomgeahus the homogeneous monolayer
adsorption process is significantly controlled bg tlye bonding sites on the surfaces of
the fibers and the surfaces on the walls of pomed ehannels inside fibers. The
guaternized cellulose of higher nitrogen contemes@nts the higher saturation value of
the dye. The saturation value of quaternized aakilis more than 10 times higher than
that of activated carbon. The quaternized cellufdsers are shown to have an extremely
high affinity for dye adsorption. These resultoowhthat the quaternized cellulose

possesses very high capacity of dye adsorptiomatihg the textile dye wastewater.
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CHAPTER 3
THE CHARACTERIZATION OF THE SURFACETHERMODYNAMICS O F

QUATERNIZED CELLULOSE FIBER BY INVERSE GAS CHROMATO GRAPHY

3.1 Introduction

Cellulosic materials, as an ionic exchange precurace particularly attractive
because cellulose is the richest resource of njtwecurring polymers on the earth. The
chemical structure, composition, and surpermolecstiactures of cellulose determine its
chemical and physical properties. The surface ptigse of cellulose or chemically
modified cellulose used as an ionic exchanger ateemely important. Inverse gas
chromatography (IGC) as a very useful tool hasuesdly been applied for the evaluation
of surface characteristics of cellulose and modifeellulose (Gurnagul and Gray, 1985;
Felix and Gatenholm, 1993; Belgacem et al., 19%abalala, 1997; Papirer et al., 2000;
Santos et al., 2001; Voelkel, 2004). It has becameccurate, reliable and rapid method
for the physicochemical characterization of polysnand their blends, fibers, and other
surfaces or surfactants.

The surface energetics and acid-base charactsrsiticellulose were investigated
according to Gutmann’s electron acceptor-donor @ggr (Felix and Gatenholm, 1993;
Shen and Parker, 2000). This method is a poweshlltd evaluate the filtration properties
of nonwoven fabrics because the filtration is dato the physicochemical phenomenon
on the surfaces of the fibers.

The work described in the previous chapter andniost of the researches on

guaternized cellulose have been done on a lab scalenone of these studies provide

52



insight about the adsorption mechanisms partiquléie surfaces properties of the
crystalline or amorphous structures.

The thermodynamic work of adhesion is directly tedlato intermolecular
interactions that can be split into dispersive gpelcific components (Mukhopadhyay et
al., 1995):

W = WD + WSP [3-1]
where W is work of adhesion or adsorption, D igdrsive interaction, and SP is specific
interactions like H-bonding, acid-base, and paléeractions.

The term “inverse” derives from the fact that 1G@=d not characterize the injected
probe, as in traditional GC, but instead the statip phase in the column. Experiments
yield the residence time in the column of a certdefined probe. This residence time, or
net retention time in an IGC column, appears infdllewing equation for calculation of
the net retention volume:

Vy = JF(E-1) [3-2]
where \{ is the net retention volume, F is the carrier fias rate, t is the retention time
of the probe, tis the zero retention reference time, dead timeti{ame), J is the James-
Martin correction, which corrects the retentiondifor the pressure drop in the column bed
(Reutenauer and Thielmann, 2003)

When IGC measurements are carried out at infinitetion, the free energy of

adsorption per mole of probeGads(Schultz and Lavielle, 1989; Flix and Gatenholm,

1993; Shen and Parker, 1999) is given by:

Gads= -RTInw + C [3-3]

53



where \{ is the net retention volume of the probe, C isoastant; R and T are the gas
constant and temperature, respectively. Assumiagthie free energy of adsorption due to
dispersive and specific (acid-base) interactioesaaiditive, a new equation can be derived

(Riedl and Kamdem, 1992; Schultz and Lavielle, 2989
-RTInVy+C= G2, + G [3-4]
Dorris and Gray (1980) proposed that the key ligtween the change in free
energy of adsorption and the work of adhesionvsmgby:
Gads= -N-a-W [3-5]
where N is Avogadro’s number, a is the surface ae#he adsorbate molecular (the
probe). When dispersive interaction is only conside(\W*" = 0), the specific dispersive

surface free energy of adsorption can be written as
W = WD = 2Na/r® |[r® [3-6]
After combination of [3-4], [3-5], and [3-6], thewe get:
RT Ln(Vy) = 2N(g5)" a(g?)* + C [3-7]
where g2 is the dispersive component of the surface enef@gdsorbent (cellulose fiber),

gl is the dispersive component of the surface enef@dsorbate (the probe), and C is a
constant.

The dispersive component of the surface energydebrbent ¢S ) describes the
potential of cellulose to exchange London typeradgons. From a plot of the free energy
of adsorption of liquid probes onto solids (RT|p\as a function of thg’ , a straight line

is obtained. The dispersive component of the salidiace energy is then obtained from the

slope of this line (see Figure 3-1).
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When the probes that are amphoteric (acidic astchapors) are injected into the
column, the free energy of desorption (or adsomtidG*>", corresponding to specific

interactions, which is given by

SP

-DG* =RT Ln(V'jef ) [3-8]
N

whereVy andV' are the retention volumes of polar probes owingptecific interactions
and retention volumes of n-alkanes (as the referdme) owing to dispersion forces,
respectively.

The determination oDG®" for specific probes is demonstrated in Figure 34
vertical difference between the polar probe andwakline gives the specific energy of

interactionDG*F.
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Figure 3-2. Representation of IGC data used for the deterrionatf OG* for the specific
probes.

In the same way, the calculation of the free dpthaf desorption or adsorption,
DH ", corresponding to specific interaction is given by
DG =DH " - TDS®® [3-9]
DH S"andDS®F are determined as the slope and intercept ofltdtep-
DG*MIT versus 1/T respectively (see Figure 3-3).

From the values oDH®, and from the AN and DN values of some specific
adsorbates, the acceptor and donor constaptani K; for the adsorbent can be obtained
using the expression (Shultz and Lavielle, 1989):

DH " = Ka- DN + Kp - AN [3-10]
where DN and AN are the donor and acceptor numbespectively, of the acid-base prob.
AN and DN numbers for the probes were determingzkementally by NMR (Gutmann,
1978). The quantity oDH °F/AN is linearly depended on DN/AN and thug i obtained
from the plot as the slope, while;Ks obtained as the intercept.
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Figure 3-4. Plot of ZH/AN as a function of DN/AN allowing the determipatiof the
acceptor constant Kand the donor constantpK

3.2 Experimental
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3.2.1 Materials

Cellulose fiber: In all experiments, a bleachelfiteupulp obtained from East Texas
Pulp and Paper Company is used.

Adsorbates: Adsorbates representing vapors with dispersion-force interaction
capabilities were n-pentane (n-C5), n-hexane (n-@@é)eptane (n-C7), n-octane (n-C8),
and n-nonane (n-C9). Chloroform (CHCI3), acetoned atetrahydrofuran (THF)
represented acidic, basic, and amphoteric vapqrabda of interacting specifically. All
adsorbates were of analytical grade and were usegtcaived.

Table 3-1. Characteristics of IGC probes used in geriment (Shen and parker, 1999;
Coupas et al., 1998).

DN Specific
Probe A (A)? g° (mJ/ nf) AN (kcal/mol)  characteristic
molecule
CsH1o 45,55 16.1 0 0 neutral
CeH1a 515 18.4 0 0 neutral
C7H16 57.0 20.3 0 0 neutral
CgHis 62.8 21.3 0 0 neutral
CyHyo 68.9 22.7 0 0 neutral
Acetone 42.5 16.5 17 12.5 amphoteric
CHCl; 45.0 25.9 23.1 0 acidic
THF 45 19.2 8 20 basic

The characteristics of adsorbates are listed inleT&1. The A stands for the
molecular surface area of the probes.
3.2.2 Methods

58



3.2.2.1Fiber treatments:
The following samples were prepared in order to para the surface properties of
fibers before, and after quaternization:
A — sample swelled in water 24 hours
B - mercerized sample for 24 hours
D - the sample B quaternized for 24 hours

All of samples were freeze dried, ground to pas$@ mesh and then dried under
vacuum at 45C for 12 hours before packing into a column.
3.2.2.2 Inverse gas chromatography:

A 0.5 m long stainless steel column of 0.635 cm wak used. Between 1.98 g and
2.65 g of freeze-dried and ground cellulose wasfodly packed into the column using a
handy massager.

Measurements performed on a HP 5790A Gas Chromagibgequipped with a
flame ioniztion detector. Helium at 15 ml/min wased as the carrier gas. Methane was
used as an inert marker for the dead volume otthemn. To assure conditions near zero
coverage and no interactions between the injectetles and the cellulose, very small
guantities (0.5 uml) of probe vapor were injectiejections were made from 1 microliter
Hamilton syringes, and each injection was repeat@ral times, showing that the elution
peaks were reproducible. The measurements wererpexdl at five different temperatures

in the range 40 — 8.

3.2.2.3 Moisture regains:
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The freeze-dried samples were kept in a vacuum avets°C for 12 hours and
then samples conditioned at 65% RH and°@0for 24 hours. Moisture regain was
determined by

W, -W
_"Ywet dry % [3_10]
W

dry

M.R.

Where Wiy and W, are the weight of samples before and after thepkemwere put into
a conditioned room respectively.

The accessibility of a cellulose sample is derigsduming the maximum moisture
regain (MR) for completely accessible cellulos&%fo relative humidity is 17.0% (Jeffries
et al., 1968)

% Accessibility (A2ovap) = 100MR/17.0 [3-11]

3.2.2.4 Crystallinity:

X-ray data were obtained in reflection mode by gaRu RU-200 BH with Ni-
filtered Cu-Ka radiation [ = 1.54 A) generated at 40 kV and 40 mA. The scanmias
performed through @ = 10 to 40 and the scanning speed was 2 degree/min at 0.05

sampling interval. The crystallinity index (Crl) waalculated as

crfoe” lam [3-12]

002
Where bo is the overall intensity of the peak af &bout 22 and Ly is the intensity of the
baseline at @ about 18 and 18 for mercerized and normal cellulose fiber respetyi
(Segal et al., 1959).

The other way to measure crystallinity is carried vsing a Perkin Elmer System
2000 FT-IR. Freeze-dried cellulose powder (1.5 arg) KBr (200 mg) were homogenized

using a vibrator mixture for 30 second and theezghressed into an almost transparent
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tablet at 167 MPa for 5 minutes. The pellets werayeed in the absorbance mode with a
resolution of 2 cnt in the range 4000 — 370 &mThe total crystallinity index (TCI) is

calculated by (Colom and Carrillo, 2002):

TCl = Bisre [3-13]

a2902

Wherea,.., and a,,,, are the adsorption bands at 1376 and 2902 respectively.

3.2.2.5Analysis of Chemical Constitution:

The results were obtained by Perkin Elmer Syste@0Z0T-IR. The spectra were
compared before and after quaternization. The sapngparation and test conditions were
the same as mentioned above.
3.2.2.6 Scanning Electron Microscopy (SEM):

A Zeiss DSM 940 SEM made in Germany was used faenation of surface
characteristics. The images of each sample weirdat at 500 and 2000 magnification.
The samples of each freeze-dried cellulose fibeewounted onto double-sided adhesive
tape over aluminum stubs and sputtered with gottbumacuum prior to the observation.
3.3 Results and Discussion

The dispersive interactions between non-polar moaed tested polymers are
discussed first. The net retention times of n-adlsarat different temperature fit an

exponential curve (see Figure 3-5, Figure 3-6 agdre 3-7).
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Figure 3-5. The net retention time of n-alkanes at differsrhperature for Sample A
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Figure 3-7. The net retention time of n-alkanes at differerhperature for Sample D
(quaternized sample).

The net retention time may reflect the interactismch as London force or
dispersive force between n-alkanes and tested mulyowders. It seems that materials
with a smaller surface area of a probe are lessitsanto temperature changes; on the
contrary, samples with higher surface area of ag@are more sensitive to temperature. For
examples, the net retention times of n-pentanesdonple A, sample B, and sample D are
recorded over the temperature from 40 °@0The net retention times of n- nonane was A
> B > D over the temperature from 40 —@D. From the data of the net retention time, we
can establish the relationship between the sudaeegy of tested polymer powder and the
surface energy of probes using equation [3-7] agdagon [3-8]. Furthermore, the

dispersive components of surface energy can benelktdy the slope of the plot shown in
Figure 3-1. The dispersive components of surfacaggn(gs) of samples A, B, and D
obey a liner relationship over 40 — 8C and also follow the order: A > B > D (see

Figure3-8).
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Figure 3-8.The values of)S versus the temperature.

The non-polar probes interact with a surface oirnderface of polymers through
intermolecular forces: a dispersion force, and aadudipole-dipole force. Sample A and B
interact with non-polar probes through the dismerdiorce. Sample D interact with the
probes through two forces because the quaternzativoduces an ammonium salt that
brings positive charges onto polymer chains. Thoderactions can be very strong
depending on the topological properties of therBb&he topological properties include the
surface areas of fiber and the surface areas offdmos regions in the fiber.

The explanation of the phenomenon mentioned abowme attribute to the
supermolecular structure of cellulose fiber. Thdlutese fibers consist of elementary
fibrils, containing a succession of crystallitesdantermediate less-ordered amorphous
regions. The crystallites (A) are characterizedttgir size and their orientation. Less-
ordered amorphous regions (B) connect successiystatiites length-wise; they are
characterized by their size, density, and oriemtatRegions containing laterally bonded

molecules (C) connect to laterally adjacent amough@gions. Cluster formations (D) are
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regions where crystallites are fused to large aggges and region (E) represents the voids
(Figure 3-9) (Stana-Kleinschek et al., 2001). Thmgphous regions and inner surface area
of voids are decisive factors with regard to adbédy, reactivity and adsorption

properties of fibers.

Figure 3-9.Fine structure of cellulose fibers—schematically crystallites; B, amorphous
regions; C, interfibrillar tie molecules; D, clustéormation; E, void (Stana-Kleinschek et
al., 2001).

Thus it is extremely important to explore the sapa&ecular structures of cellulose
fibers before and after quaternization. The criisigl as determined by X-ray and FT-IR

is listed in Table 3-2.

Table 3-2. The X-ray crystallinity index (Crl), FT-IR total crystallinity index (TCI),
moisture regain (MR), and accessibility of the sanmps

Sample X-Ray Crl TCI Moisture Accessibility
Regain (%) (%)
A 0.43 0.73 8.58 50.49
B 0.59 0.78 6.99 41.10
D 0.72 0.84 10.61 62.40
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Also the index of the accessibility of cellulosedhyxyl groups calculated from the
moisture regain method may be used to estimatettheges of crystallinity. X-ray studies
have shown that water molecules do not penetr&enystalline region (Wadsworth and
Cuculo, 1978). Thus the moisture must be absorbddld amorphous regions and on the
surfaces of crystallites. Moisture absorption iases with increasing disorder of the
cellulose structure (Saafan et al., 1984). Theeetioe accessible areas and crystallinity can
well reflect the proportion of two regions. The MiRsamples A and B agree with the Crl
and CTI. However, in spite of the highest degreergstallinity, sample D has the highest
MR and accessibility.

The supermolecular structures of samples A, B,age much different from each
other (see Figure 3-14). The crystal structureanfige A corresponds to that of cellulose I.
After mercerization and quaternization, the crystalctures become a mixture of cellulose
| and cellulose Il and the intensity of the peaksréases. That means the crystallinity of
cellulose increased after the quaternization. Hapgecthe intensity peak of sample D
becomes much shaper than that of sample B. A neak pecurred at @ = 31.9.
Additionally, the total crystallinity index obtaiddrom FT-IR and the moisture regain data
support the results of X-ray. The FT-IR spectray@ifé 3-10) indicate that sample A and
sample B display identical fingerprint regions wvehgample D exhibits a new adsorption
peak at 1478.70 cincorresponding to —CH stretching, and an asymmetric peak at 895.72
cm’ corresponding to an“NC stretching vibration that provides evidence tfoe success
of the employed quaternization reaction method (ldasand El-Shishtawy, 2001).

The topological observations made in SEM experisialso supply additional

information. The appearance of sample A shows rhanes and flat cellulose fibers (Figure
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3-11) compared with sample B that the appearaacerbes round and has more groves on

the surface of the fibers (Figure 3-12).
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Figure 3-1Q FT-IR spectra for sample A, sample B, and sarple

As Table 1-1 indicates that wood pulp contains Z@4cellulose and 25-35%
hemicellulose (Hon, 1996), the hemicellulose candi®solved in concentrated alkaline
solution during the mercerization. The groves trat the evidence of recrystalization and
the loss of hemicellulose during mercerization tesu increased crystallinity. After
guaternization, more deep groves and holes are nause(Figure 3-13). Because
guaternization happened at the C-6 position of lmlose-repeating unit, the quaternary
group attached at this position breaks up the nmbécular hydrogen bonding swells
cellulose or partially dissolves the cellulose witlthe amorphous areas in the aquatic
solution. The increasing crystallinity of sampler&sults from the new crystalline formed.
The X-ray diffraction signal provides the eviderafenew crystals formed atg2= 31.9.

The partially dissolved cellulose precipitated fréme solution and the new crystals were
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formed after the quaternized cellulose was wash#udistilled water and dried. Cellulose
dissolved in solution mixtures of urea and lithighioride also exhibits same peak gt=2
31.9 (Figure 3-14). This is the evidence that recryig@ion of quaterinzed cellulose

occurs due to the dissolution or partial dissolutdter precipitation.

The X-ray, FT-IR, and moisture regain data agreth whe results ofgS from
Figure 3- 8 for sample A and B. On the other hdiné,X-ray and FT-IR data fit the results
of g3, but the moisture regain does not fit due to thange of chemical constituents after

guaternization shown above in Figure 3-10. Theeeftine properties of surface and the

adsorption behaviors have been totally changed dimnge will be discussed below.

Figure 3-11.Topological observation of sample A. (800, (b) "2000.
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Figure 3-12. Topological observation of sample B. (&00, (b) 2000.

The enthalpy and the entropy of adsorption of {hecsic probes or polar probes
were calculated from the slope and intercepD@®™/T versus 1/T, respectively, according
to Equation [3-5] and Figure 3-3. The results ofhatpy and entropy of adsorption for

sample A, sample B and sample D are listed in Tai8e

Figure 3-13.Topological observation of sample D. (€00, (b) "2000.
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Figure 3-14.X-ray diffraction curves.

In the view of thermodynamics, the greater theigalf enthalpy, the greater is the
reaction or interaction intensity (Santos et &@0D). Bearing in mind that chloroform
(CHCI3), acetone, and tetrahydrofuran (THF) representadica basic, and amphoteric
vapors, these compounds are capable of interaspegifically: DHs- of THF is greater
than that of CHGlbefore quaternization for sample A and B whidél-of THF is less than
that of CHC} after quaternization for sample D.

From the values ddH®F and from the AN and DN values of the specific abates,
the acceptor and donor constants, &d K for the adsorbents can be obtained using
equation [3-6] and Figure 3-4. Theyland Ky constants of sample A, B and D are shown
in the Table 3-4. The Kconstants are greater than thg ¢onstants of samples A and B.

On the contrary, the iKconstants are greater than thedénstants of sample D.
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Table 3-3. The enthalpy and the entropy of adsorpbin of the specific probes

Sample

A

D

-DH (J/mol) DS (J/mol*K)
Chloroform Acetone THF | Chloroform Acetone THF
25.96 26.04 -39.20 -54.28 -60.83
24.45 19.5 -7.93 -50.89 -42.77
47.72 30.74 -105.31 -55.28 -94.09

Compared K and K, before and after quaternization, the surface patfr

cellulose become more basic than acidic after goiaetion. The attached quaternary

ammonium salt on the polymer back bone plays &atitole on the properties of surface

adsorption.

Table 3-4.Comparison of K, and Ko

Sample K Kb
A 0.93 0.66
B 0.8 0.41
D 0.97 1.23
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3.4 Conclusions

1. The net retention time of neutral probes with lamgdecular size is more sensitive
to temperature while that of neutral probes witlalken molecular size is less sensitive to
temperature. The net retention time is correlabeitie fraction of amorphous areas present
in the cellulose materials.

2. The dispersive components of surface energy defroead the net retention time
increase with increasing the amorphous areas.i$ iigtcause the non-polar probes can
penetrate the amorphous areas of fibers.

3. The surface characteristics of cellulose becomeerhasic than acidic after

guaternization in terms of Kand Kp. Therefore the driving force of adsorption is Heat

of Lewis acid-base interaction.
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CHAPTER 4
STUDY ON THE CORRELATION BETWEEN THE SURFACE
CHARACTERISTICS AND ADSORPTION CAPABILITY OF QUATER NIZED

CELLULOSE FIBER

4.1 Introduction

Very high dye adsorption capability of quaternizeellulose has been
demonstrated in Chapter 2. Much less is known attwutorrelation between the surface
characteristics and the adsorption capabilitieguaiternizaed cellulose fiber. Therefore, it
is very important to understand the driving force the interactions between the dye
molecule and the polymer adsorbent.

According to modern chemistry, a Lewis base is amlystance that has electron
density that can be shared with another substanaehemical reaction, and a Lewis acid
is any substance capable of accepting electrontgdram a Lewis base. The Lewis acid-
base concept and its more modern generalizatiores ggicomprehensive description of a
large class of interactions between organic mokscurhis concept has been successfully
applied to predict solubility, solvent effects ohemical reactions and many other
solvation phenomena. The acid-base concept was iatsoduced in the theory of
adhesion. The results showed that basic polymeesaict strongly with acidic surfaces

and vice-versa, giving rise to high adhesion stiteng
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Fowkes (1987) discussed the role of acid-baseaati®ns in term of contact force.
All polymers except saturated hydrocarbons havdi@ar basic sites according to the
modern Lewis acid-base theory. Electrons of oxygeitrogen, sulfur and similar
elements, as well gs-electrons of polystyrene and other polymers coitgi aromatic
groups are basic sites (electron donors, follovilng Lewis theory). On the other hand,
halogenated hydrocarbons, nitro groups and, inrgéral electrophilic sites are electron
acceptor; and thus are Lewis acids. The acid-b#seaction between polymers and their
surroundings (other polymers, solvents, plastifider, etc.) control the strength of the
contact interaction, whose enthalpy can be destribg the four-constant Drago’s
equation (Drago, 1994; Mukhopadhyay and Schreil#95):

-DH® = C,C, + EEp [4-1]
where the E terms relate to the electrostatic dmrtions, the C terms involve covalent
contributions to the overall acid-base interactjarsd the subscripts a and b denote acid
and base. The two constants for the base (subd)rigmd two (subscript a) for the acid
emphasize that the strength of the acid-base ttteradepends not only the ability to
donate or accept electrons but also on the polaliza As Fowkes points out, hydrogen
bonding can be considered a subset of acid-baseaations, since its enthalpy can be
accurately described by the Drago equation [4-hErBy contributions that vary with the
strength of the donor-acceptor interaction will imeorporated into the E and/or C
parameters obtained from fitting the experimenghdDrago, 1994).

In this chapter, the interactions between the sedaf the quaternized cellulose
fibers and dyes are predicted by acid-base parasneibtained from inverse gas
chromatography (IGC). A correlation between theddmsic characteristics and

adsorption capability of quaternized cellulose ifibas been established by IGC.
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4.2 Experimental
4.2.1 Materials

Samples A, B and D are described in Chapter 3 hadkached wood pulp for
beating experiments was supplied by the Chemicaglifeering Department of Auburn
University. The adsorbates for IGC are the samgsad in Chapter 3.

The dye for adsorption experiments, Acid Blue (@2755; FW 737.71), was
purchased from Acros Organics and was dried incuwa oven at 45C for 24 hours.

Then the dried dye was stored in a desiccator.

4.2.2 Methods
4.2.2.1 Fiber Treatments

The bleached wood pulp was blended for 5 minutesaartain amount of distilled
water. The blended wood pulp was used as an unbébez (sample 0). Then the blended
wood pulp was beaten using VOITH Beater at 10 dhthihutes (samples 10 and 50).
4.2.2.2 Measurements of Freeness

The freeness of pulp is designed to give a measutbe rate at which a dilute
suspension of pulp (3g of pulp in 1 L of water) nigydrained (according to TAPPI T227
om-92). Since the measurement was carried outlirtieo at 30°C, we have to correct
the number to 28C using the chart of freeness corrections.
4.2.2.3 Quaternization of Beaten Fibers

In order to study the surface increase after bgatamples 0 and 50 were reacted
with quaternary ammonium under the same condit{tfethod A mentioned in Chapter
2) for 1 hour, resulting in samples 0-N and 50-Bpectively. Another sample, 50-N-30H,
was reacted with quaternary ammonium for 30 houdeuthe same reaction conditions

previously used.

77



4.2.2.4 Nitrogen Analysis

The samples were freeze dried for 24 hours and dhied at 48C under vacuum
in a vacuum oven for another 12 hours. The nitrogaments were determined using a
LECO CN-2000 instrument at 108D The analysis was performed at the Soil Testdfab
Auburn University.
4.2.2.5 Analysis of Chemical Constitution

The data were obtained from Perkin Elmer SystenDZ00-IR and spectra were
compared before and after quaternization. Samgpgpation and test conditions were the
same as mentioned in Chapter 2.
4.2.2.6 Scanning Electron Microscopy (SEM)

Sample preparation and instrumentation are the sandescribed in Chapter 2.
4.2.2.7 Kinetic Dye Adsorption

Quaternized cellulose fibers (400 mg dried fibeerevplaced into 200 mL of dye
solution containing 1.6 g/L ofcid Blue 22 (C.I. 42755at room temperature with vigorous
stirring. The concentrations of the dye in the Botuat specific time intervals (1 min, 5
min, 30 min, 1 hour, 8 hours, and up to 24 hourgyemdetected using a GeneSys 6
spectrophotometer (.x = 559 nm). Then the saturation value, [S] was rdateed when
the curve is leveling off as the [mol/kg) versus time (hour) curve is plotted.
4.2.2.8 Adsorption isotherm

For the adsorption experiments, precisely weighedtarnized cellulose was
placed in 50 ml of solutions containing various dyancentrations. The equilibrium
isotherm was determined from experiments usingfleesks containing the same amount
of adsorbent, mixed with different concentratiordgé. The liquor ratio is approximately

1:300, and the dye concentrations varied from 50.rw2.5 g/L of dye.
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Each of the flasks containing quaternized cellulbbers and the dye solution
were placed in a constant temperature water bathagitated at 2&. After 24 hrs, the
solution samples were filtered using a glass filldre filtrate of each solution was taken
out to measure the residual concentration of tleesdjution.Concentrations of the dye in
the solutions ([B) was measured using a GeneSys 6 spectrophoto(ngiger= 559 nm)
to determine the amount of dye on the celluloser§l[D}). Then the saturation value,
[S] was determined when the curve is leveling sfftee [D} verse [D] curve is plotted.

4.3 Results and Discussion
4.3.1 Fine structure versus base-acid interactionnodye adsorption

In our study, three samples: water swelled celkilgsample A), mercerized
cellulose (sample B), and quaternized cellulosenfda D) were packed into the 1GC
column to investigate the interaction between ther§ and probes over the temperature
range of 40 to 86C. Enthalpies of interaction derived from IGC data listed in Table 4-

1. The enthalpy significantly increased after quamation due to the electron donor
group, electron acceptor, as well as a very strpogjtive charge introduced into the
polymer chains. This phenomenon fits the Drago eoguidd-1].

The data generated in this study are derived floenfundamental parameter in
IGC measurements, the specific retention volumejnipgcting neutral probes such as
saturated n-alkanes and by injecting amphoteridi@and basic probes such as acetone,

chloroform and THF.

A comparison of Ik and K; before and after quaternization, included in TabR
shows that the surface nature of cellulose becomese basic than acidic after

guaternization in terms of electron acceptor aredtedbn donor constants, or Lewis acidity
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and Lewis bacicity constanthe changes of surface properties result from lia@ges of

chemical constituents revealed by FT-IR (see Figui®).

Table 4-1. The enthalpy and the entropy of adsorpbin of the specific probes

Sample -DH (kJ/mol) DS (J/mol*K)

Chloroform Acetone THF Chloroform Acetone THF

A 14.69 25.96 26.04 -39.20 -54.28  -60.83
B 3.99 24.45 19.50 -7.926 -50.89  -42.77
D 34.45 47.72 30.74 -105.31 -55.28  -94.09

S —o—A
X
= =B
]
£ —a—D

Adsorption of Dye on the Fiber

0 0.017 0.083 0.5 1 8 18 21 24

Time (hour)

Figure 4-1.Kinetic dye adsorption.
Presented in Table 4-3 are data of dye adsorptipalility obtained from Figure
4-1. These results show that the saturation vaBl]eof quaternized cellulose is much

higher than that of water swollen and mercerizdilose. Also Table 4-3 shows that the
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surpermolecular structures do not much affect #taration values since the Samples A

and B have different crystallinity indices.

Table 4-2.Comparison of KA and KD

Sample Ka Kd R?
A 0.93 0.66 0.99
B 0.80 0.41 0.89
D 0.96 1.23 0.88

Table 4-3. Comparison of saturation values

Sample [S] (mol/kg) N%
A 0.23 0
B 0.14 0
D 0.71 1.5

In all, the high dye adsorption capability of quateed cellulose mainly depends
on the acid-base interaction and the high polaoitythe quaternary ammonium salt
introduced by the reaction, and the influence @ thystallinity, crystallite size and its
orientation on the adsorption character is lesomant (Kreze et al., 2002).

4.3.2 Surface areas verse base-acid interaction dge adsorption

The surface area is very important for any kindad§orptions, no mater which

kind of adsorption, either monolayer adsorption ndgauir model) or multiplayer

adsorption. Therefore, beating might be a good teaincrease the surface area of the
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fibers so as to increase the adsorption capacigerféss measures how fast a volume of
water can be drained at a specific volume of theedhisolution of water and fibers. The
freeness can reflect the surface area and bondimgegies (TAPPI, 1992). Table 4-4
shows that the freeness is increased with incrgalgating time. Also, the nitrogen
content of cellulose after the quaternization urstene reaction conditions can reflect the
surface areas. On the other hand, the TCI of teeseples do not change much. The
pictures of SEM can provide a direct way to obseheesurface changes before and after
beating. The pictures of SEM indicate that craaks fbrils in wood pulps become more
frequent with increasing beating time (see Figu&ahd 4-3).

Table 4-4 and the SEM pictures show that the sarfaea dramatically increased
with beating time. However, the IGC data do notveh&igure 4-4) any increase of

dispersive components of surface enemgy, As mentioned in Chapter 3¢ is related to

the amount of amorphous area. Interestingly theéifgpaloes not increase the amount of
amorphous area, it is speculated that the crystala hard to be broken by the beater and
the breaking points are located in the amorphoggomns. Therefore, the dispersive
components of surface energy do not vary beforeadtied beating because the amorphous
regions were not affected by beating.

Table 4-4. The freeness and nitrogen contents ofragles

Beaten Time (min) 0 10 50
Freeness (mL) 737 658 38
Nitrogen Contents (%) 0.54 0.66 0.72
TCI 0.85 0.86 0.88

* Total Crystallinity Index
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Figure 4-2. The Morphology of Control Sample (28500, (b) "2000.

Figure 4-3. The Morphology of Beaten Sample at 50 Min"&)0, (b) "2000.

As discussed above, the influence of surpermoleaitactures on the adsorption
character is less important, and also the mechamethod does not change the
crystallinity of beaten fiber, therefore the beafdyer does not increase the adsorption
capacity. Figure 4-5 indicates the dye adsorptaminsample 0 and 50 have exactly same
saturation values ([{p= 0.11 mol/kg) after 24 hours at equilibrium s&tThis is because

beating does not affect the surface chemical comipogFardim and Duran, 2003). Also
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an FT-IR spectrum does not show any differencesvdmt sample 0 and sample 50

(Figure 4- 6).
60
g L = -0.3681x + 68.568
g 55 == '
5 1 R =0.8876
ENE 50 - ¢ ON
o2 m 50N
é' 3 4 = inear (0-N)
g e 40 - y =-0.3872x + 70.618 = Linear (50-N)
g R? = 0.9588
§ 35 -
8 30 ‘ ‘ ‘
40 50 60 70 80

Temperature ( °C)

Figure 4-4 The values of? versus the temperature.
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Figure 4-5. Adsorption isotherm for samples 0 and 50 at 24r§iou
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Figure 4-6.FT-IR spectra for sample 0 and sample 50.

Compared the dye adsorption capacities after quiatdion shown in Figure 4-7
with that of unquaternized cellulose, the saturatv@lues of the quaternized cellulose
([Dg = 0.57 mol/kg and 0.66 mol/kg) are almost 5-6eihigher those of unquaternized
cellulose shown in Figure 4-5. With increasing thaction time from 1 hour to 30 hours
in Figure 4-8, the saturation value of sample 58\ ([Ds] = 1.07 mol/kg) is increased
by almost 60% as compared with sample 50-N. ThdeTéb listed the saturation values

compared with nitrogen contents.
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Figure 4-7. Adsorption isotherm for samples 0-N and 50-N ah@drs.
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Figure 4-8. Adsorption Isotherm for samples 50-N and 50-N-3P4ahours.

86



Table 4-5. The saturation values for different nitogen contents

Sample No. [S] (mol/kg) N%
0 0.11 0
50 0.11 0
O-N 0.57 0.54
50-N 0.66 0.72
50-N-30H 1.07 1.0

The dye affinities of quaternized cellulose fibengreased significantly after
guaternization (Giles, 1989). The saturation velaed the dye affinities of quaternized
cellulose increased because the reaction introdanezlectron donor site (-O- group) and
a positive charge group (quaternary ammonium). TFHigure 4-9 illustrates the
interactions between quaternized cellulose and raonec dye as an example (Rivlin,
1992). The acid-basic interaction takes place betwtbe electron donor (-O-) group and
electron acceptor (-N=N-) where a very strong idmmd is formed between (:N and
(SGs). Furthermore, another form of hydrogen bondingng in which the delocalized
electrons of a conjugated ring system provide antednegative center for involvement in
a bond (Rattee and Breuer, 1974). In this caseb#mzene groups of dye molecular
interact with proton donor or electron acceptortHH0 form a hydrogen bond.

According to physical chemistry, the higher entlyad interaction results in the
strong interactions or bonding. The enthalpy betwgaaternized cellulose fibers and
acid/basic probes increases with the nitrogen cbstETable 4-6). The strength of the
electrostatic interaction or ionic bonding alsoreases with nitrogen contents. Thus, the
enthalpy of acid-base interaction and ionic bondglgctrostatic interaction) is increased
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with increasing nitrogen contents according to #wguation [4-1]. Then, the dye

adsorption behavior of the quaternized celluloberB with different nitrogen contents is
able to be predicted by the enthalpy of interactidrhe dye affinity and saturation values
increase with nitrogen content as shown in Figueahd Figure 4-8, and the dye affinity

and saturation values are summarized in Table 4-7.

Van der Waals force

<«— Cellulose———

ionic bond

\

hydrogen bond

acid-basic interaction hydrogen bond

Figure 4-9. Chemical bonds and interactions between an acidye and the quaternized
cellulose.
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Table 4-6. The enthalpy and the entropy of adsorpbin of the specific probes

Sample -DH (kJ/mol) DS (J/mol*K)

Chloroform  Acetone THF Chloroform Acetone THF

0-N 3.0608 15.696 8.528 -4.1543  -29.642 -15.182

50-N 5.0272 13.555 8.7004 -5.0272  -21.669 -14.6

Table 4-7. Comparison of the dye affinity and satuation values of quaternized
cellulose with different beating time and reactiortime samples

Sample Affinity (mol/kg) [S] (mol/kg) N%
O0-N 0.27 0.57 0.54
50-N 0.45 0.66 0.72

50-N-30H 0.54 1.07 1.00

Table 4-8. The proportion of molar numbers of dye ad nitrogen

Sample Dye moles/kg (D) Quat moles/kg (N) D/N
0-N 0.57 0.36 1.58
50-N 0.66 0.51 1.29

50-N-30H 1.07 0.71 151

The dye adsorption behavior of quaternized beateodwpulp in acid blue dye is

different from the recycled newsprints in ChaptdFyure 4-5, Figure 4-7, and Figure 4-

8). The data of Table 4-8 are calculated from Tablé based on 1 kg of quaternized

cellulose fibers. Each molecule of quaternary amuormnon the beaten fiber can bond

more dye molecules because the D/N is greaterth@herefore, the adsorption behavior
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does not fit Langmuir isotherm model when the quated cellulose reacts with the acid

dye.

4.4 Conclusions

The supermolecular structure and surface areasotl@ffect the capability of
adsorption of cellulose because the saturationegabf dye adsorption are almost same
before and after beating. But the saturation vadfiedye adsorption is dramatically
increased after quaternization because the chengicalposition was changed. The
increases of the enthalpy of adsorption result femmal-basic interactions and the polarity
of cellulose after quaternization.

The chemical constitution plays a critical role fadsorption capabilities. The
interactions between dye and quaternized celluiloseease significantly due to the fact
that quaternization introduced more acid-base amwtidn interaction sites. With
increasing beating time, the increasing of the as@$ of cellulose fiber results in
increasing the reaction probability between ce#ialdiber and quaternary ammonium
chloride. At the same time, more quaternary ammmngalts are introduced onto the
polymer chains with longer reaction time. And thge adsorption behavior does not fit

Langmuir isotherm when the quaternized cellulosetraiith the acid dye.
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