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Abstract

English Abstract

In the presented master thesis, the zeta potential of different types or regenerated cellulose fibers
has been investigated in order to compare the differences in the electrochemical properties of
various Lyocell and viscose fibers from Lenzing AG (Austria). In view of the fact that the zeta
potential analysis of regenerated cellulose fibers is restricted to apparent values due to bulk material
swelling and the complex structure of the fiber surface, further background information on
chemistry and surface charge of cellulose fibers were prepared in this thesis. In addition, the
manufacturing process significantly influences the different structural and morphological
properties of both Lyocell and viscose fibers. The theory of zeta potential analysis of macroscopic
solids focusing on cellulosic fibers, and the description of the electrokinetic analyzer used are of
further interest. The results represent individual electrokinetic properties of both treated and
untreated Lyocell and viscose fibers, indicating differences in their inherent surface structure
and/or different physiochemical properties. In search for a fast and reliable method for surface
charge analysis of various Lyocell and viscose fibers, the application of the streaming potential
technique proved to be a suitable measuring method, although there are limitations concerning the

complex behavior in aqueous solutions.
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Kurzfassung

Deutsche Kurzfassung

In der vorliegenden Diplomarbeit wird die Bestimmung des Zeta-Potentials von unterschiedlich
modifizierten cellulosischen Regeneratfasern der Firma Lenzing AG (Osterreich) durch die
Anwendung von Strémungspotentialmessungen beschrieben. Hierzu wird ein Uberblick iiber den
Aufbau und die physiochemischen Figenschaften der Cellulose, die Unterschiede im
Herstellungsprozess sowie die daraus folgenden strukturellen Eigenschaften der beiden wichtigsten
cellulosischen Regeneratfasern Lyocell und Viskose gegeben. Eine Beschreibung des Messaufbaus
sowie die theoretischen Aspekte der Zeta-Potential Analyse von makroskopischen Feststoffen
setzen weitere inhaltliche Schwerpunkte. Die Darstellung der Messergebnisse in Abhiangigkeit vom
pH-Wert und der lonenstirke der Elektrolytlosung reprisentieren die unterschiedlichen
elektrokinetischen Eigenschaften von Lyocell- und Viskosefasern, bedingt durch die Unterschiede
in ihrer supramolekularen und morphologischen Struktur. Ferner zeichnet sich der erzielte Effekt
der entsprechenden Faserbehandlungen deutlich sichtbar in den elektrokinetischen Messungen ab.
Unter Berticksichtigung des komplexen Verhaltens von cellulosischen Regeneratfasern in wissriger
Losung und den daraus folgenden Einschrinkungen in der Bewertung der generierten Zeta-
Potential Werte erweist sich die Anwendung des Strémungspotentialprinzips als rasche und

reproduzierbare Messmethodik.
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I Introduction and Motivation

I Introduction and Motivation

It is well established that the surface charge of regenerated cellulose fibers is an essential
feature of their physiochemical properties, which strongly affects the post-treatment and the
final properties of cellulose fiber-based products, like textiles or nonwoven materials [1-3].
The surface charge correlates with the number of functional groups and varies with the origin
and chemical processing of the cellulose material. It significantly influences the bonding
strength of the fiber network and the adsorption properties of cellulose with respect to
hydrophilicity and swelling, or to chemical components, e.g., surfactants, dyes,
polyelectrolytes or metal ions.

The main functional groups present in cellulose fibers are carboxyl and hydroxyl groups and
dissociate when brought in contact with a neutral or alkaline aqueous solution, remaining a
negative charge. It is obvious that a better understanding of the nature of surface charge is
essential for a specific modification of the physiochemical properties of regenerated cellulose

fibers with regard to product and process development [1—4].

Some studies reported the determination of surface and/or total charge of natural and
regenerated cellulose fibers by different titration methods, including conductometric and
potentiometric titration as well as polyelectrolyte adsorption [1,5-9]. The integration of these
analytical methods into the research operations proves to be cumbersome and time-
consuming in many respects and contradict the demand for a fast and reliable analytical
method with a high degree of automation. Ensuring a stable dispersion without grinding the
fibers into small particles contributes an additional challenge for the feasibility of the titration
methods mentioned. It is known from previous experiments that even staple fibers tend to
wrap themselves around the stirrer, thus impeding a continuous and reliable performance of
the analysis. The experimental approach to achieve a homogeneous dispersion by the

application of ultrasound turned out to be successful, but difficult to implement.

In comparison, the streaming potential or streaming current analysis proves to be a more
applicable method for comparative investigations of surface charge analysis of different
cellulosic materials, especially viscose and Lyocell fibers [10,11]. The streaming potential or
streaming current measurement of macroscopic surfaces is a powerful characterization tool
in recent research and can be applied to various scientific fields, such as membrane and filter

science, biomaterials, semiconductor devices, polymer surface characterization, or natural

Page 1
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I Introduction and Motivation

and man-made fibers [11,12]. With regard to the experimental technique used, the

information about the surface charge is expressed as the zeta potential (.

The streaming potential and streaming current method are implemented in the used
electrokinetic analyzer SurPASS™ 3 by Anton Paar, which features a fully automated zeta
potential analysis of macroscopic solids in real-life conditions. Not only the characterization
of surface properties of various materials but also the adsorption and interaction processes

of different components at the solid-liquid interface can be investigated [13].

In order to meet the increasing demand on multifunctional and biodegradable textiles and
nonwoven materials, the knowledge regarding the surface charge of regenerated cellulose
fibers in combination with suitable analysis methods is of essential importance. However,
the interpretation of zeta potential surface analysis of regenerated cellulosic fibers may be
difficult due to bulk material swelling and the complex structure of the fiber surface. Based
on these considerations further background information on chemistry and surface charge of
cellulose fibers were prepared in this thesis. In addition, the manufacturing process
significantly influences the different chemical and structural properties of both viscose and

Lyocell fibers.

Page 2
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II Cellulose and Wood

IT Cellulose and Wood

The main constituents of all wood species can be represented by cellulose, hemicelluloses
and lignin. Cellulose as the most common and major biopolymer is of great importance as
raw material. By far, the predominant use of industrially produced cellulosic fiber material
are paper and textiles. Besides commercially important sources such as wood and cotton,
other natural sources to be mentioned are algae, (e.g., Valomia ventricosa, Chaetamorpha
melagonicum) [14] and cellulose of animal origin [15], but rather exceptional. Furthermore,
acetic acid-producing bacteria such as Gluconacetobacter xylinum and Acanthamoeba castellani are

able to produce pure cellulose from organic carbon sources [16,17].

IL.I Structure of Cellulose

Cellulose is a homopolysaccharide consisting of long unbranched linear chains of linked
anhydroglucose units (AGU). The AGUs are connected by [3-1,4-glycosidic linkages resulting
in a rigid and straight conformation with neighboring monomer units being rotated by 180°
with respect to each other. Thus, the constitutional repeating unit (CRU)) of cellulose is the

cellobiose (4-O-3-D-Glucopyranosyl-B-D-glucopyranose), demonstrated in Fig. I1.1.

The structural properties of the cellulose chain molecule result in different reducing effects
at both ends: The terminal C-1 bearing hemiacetal functionality shows reducing activity,
whereas the C-4 position is non-reducing. Therefore, each cellulose chain is terminated with

a non-reducing and a reducing end as shown in Fig. IL.L.

Anhydroglucose uni
(G

o £
—te 3 i ]
HO : -_S\/ - —
Oe._df 3 e ol N\ w T h H
il d O HO -

ol oM oM

TOH

oH
m"":-'rx‘\":ij-"‘“u
HO~__J, T 4

~—oH

n

Man-reducinyg end group Cellobiose anit Reducing end group

1,03 mm

Fig. I1.I Cellulose chain composed of cellobiose subunits with both reducing and non-

reducing end group.
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II Cellulose and Wood

The reducing end groups are the only naturally occurring carbonyl functionalities in cellulose.
They are highly likely to be present as hemiacetals, but only to a small extent as aldehydes

and aldehyde hydrates [18-20].

II.I.I Polydisperse System

Cellulose as synthesized by nature is to be considered a polydisperse molecule. Since the
number of anhydroglucose units in molecular chains vary from each other, not all cellulose
macromolecules are of the same length in a native system. Therefore, the degree of
polymerization (DP) of cellulose represents always an average value. It is assumed that native
cellulose in wood has a very high degree of polymerization (up to 10’000 or more) [21,22],
however, there are considerable variations depending on the source of cellulose and their
pre-processing. Furthermore, any kind of chemical treatment tends to decrease the degree
of polymerization. This chain-length shortening is mainly caused by isolations and
purification procedures, (e.g., pulping and bleaching) since cellulose in higher plants is always
incorporated into a matrix of hemicelluloses, lignin and low molecular-weight extractives
[23]. This reduction in chain length (hydrolysis) is accompanied by the introduction of
functional groups, such as carbonyl and carboxyl groups, or lactones. [19, 24]. Even
environmental influences (natural aging) cause a number of autoxidative reaction to reduce

DP values. For regenerated cellulose only a DP of approx. 250 to 800 is reported [22].

The mechanical properties of cellulosic fiber materials are related to the degree of
polymerization of the constituent cellulose molecules and so to the chain length distribution.
For instance, the DP is a determining factor when it comes to fiber strength. If the average
molecular weight is decreasing below a certain number, it will cause significant deterioration

in strength [15,21,23-25].

II.I.IT Supramolecular Structure of Cellulose

Even if the molecular structure of cellulose seems rather simple, the inherent ability to
organize itself in an extensive network of different types of hydrogen bonds makes it an
extremely complicated material with complex supramolecular structure. The very stable [3-
1,4-glycosidic linkages are reinforced by intramolecular hydrogen bonds formed between O-
3(H) and O-5"of the adjacent AGU. A second intramolecular hydrogen bond between O-
2(H) and O-6’ 1s shown in Fig. ILII, providing an even more rigid configuration, however,

its existence depends on certain arrangement criteria of the chains to each other. In addition,

Page 4
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II Cellulose and Wood

adjacent cellulose chains are interconnected by various types of hydrogen bonds resulting in
a supramolecular entity. These intermolecular linkages are responsible for the formation of
highly ordered ¢rystalline domains, (i.e., fibrillar units) and fundamental for the majority of

properties of cellulose. Less-ordered non-crystalline region in the supramolecular structure are

considered amorphous [20,26—33].

Fig. I1.II Intra- and intermolecular hydrogen bonds in cellulose I according to Liang

and Marchessault [31].

Cellulose considered as a polymorphic material can adopt different crystal structures. Native
crystalline cellulose occurs as cellulose I and is composed of two coexisting phases known
as I, and Iz. Native cellulose can be converted into the thermodynamically more stable
cellulose II modification by sufficient treatment with strong alkaline solutions or when it is
precipitated from a dissolved state (e.g., Lyocell process). By comparison, the supramolecular
aggregation of hydrogen bonds in cellulose II is more complex as it occurs in cellulose I, but
is the most important form from a technical perspective. In cellulose 11, the formation of
intermolecular hydrogen bonds is favored and thus a higher packing density of the molecular
chains and shorter average bond length. Other allomorphs (e.g., cellulose 111, Iy, IVy and
IV1) are obtained from cellulose I at elevated temperatures or by special chemical treatments

and of minor importance only [20,34-306].

I1.I1 Structural Characteristics of Wood

ILIL.I Wood Components

Native cellulose has so far been described as linear but semicrystalline polymer consisting of
highly structured crystalline regions (fibrils) as well as amorphous parts. But in nature,

cellulose in its pure form is only present in limited extent. In almost pure form it is found in
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II Cellulose and Wood

the seedhair of cotton (Gossypium sp.) or kapok (Cezba pentanadra sp.) [22]. However, wood or
other lignocelluloses offer a far greater source of raw material for cellulose, but mostly
combined with lignin, hemicelluloses, and other accessory compounds (extractives). The
content of cellulose in wood varies according to origin and species between 30 — 50% [22].
Hemicelluloses or polyoses constitute 20 — 30% of wood [37]. Unlike cellulose mentioned
as linear homopolysaccharide, hemicelluloses are branched polymers consisting of several
sugar moieties, where xylose and glucose are often referred to as most abundant monomeric
units [38]. Relative to cellulose, they have lower molecular masses with a DP lower than 200

and are removed during purification steps by alkaline extraction [39—43].

The amount of lignin present in wood species ranges from 20 — 40%, hence it is the third
major polymeric component building up the wood cell walls [37]. The three-dimensional
network of lignin consists of phenylpropane units linked by alkyl-alkyl, alkyl-aryl, and aryl-
aryl groups (structure and characteristics of lignin) and its complex and irregular molecular
structure cannot be expressed by a structural formula. Lignin is extracted from wood
hydrolytically, or converted to a soluble derivative. Linkages have to be broken to free the

cellulosic fibers during chemical pulping operations [43,44].

In addition, wood contains several thousands of other low- and high molecular compounds
(wood extractives), which can be extracted with either neutral organic solvents or hot water.
Terpenes, fats, waxes, sterols, phenolic compounds and inorganic salts have many different
functions in wood and affect the properties to varying degrees, (e.g., swelling,
biodegradability, stability, color, reserves of energy, protection, etc.) [30,32]. The chemical
composition of wood varies according to origin and species. A rough distinction is usually

made between hardwood and softwood ' [46).

ILILII Ultrastructure of Cell Walls and Morphology

The wood cell wall is composed of the three main structural components cellulose,
hemicelluloses and lignin. While cellulose is characterized by a partially ordered semi-
crystalline structure, hemicelluloses and lignin are amorphous. The framework structures
consist of cellulose chains ordered in form of microfibrils formed by intermolecular

hydrogen bonds, i.e., microfibrils are aggregates of elementary fibrils surrounded by shorter

! Botanically, woods are classified in angiosperms or conifers (softwoods), and gymnosperms or broad—leafed trees
(hardwoods).
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II Cellulose and Wood

hemicellulose chains. The microfibrils form macrofibrils again, building up wall layers with
different thickness and microfibril’s orientation. Lignin and the hemicelluloses are
incorporated between the cellulose microfibrils, which are chemically linked together. Thus,
resulting in a close but irregular fiber cell wall architecture.

As illustrated in Fig. ILIII, the cellulose fiber cell wall morphology is composed of several
individual cell wall layers in a concentric arrangement, differing in their chemical composition

and fibrillar orientation [46—49].

Cell wall layers Fibrillar structure

Hemicellulose

Cellulose

AGU

Ambydroglecos uni

Fig. IL.III Individual cell wall layers with fibrillary structure and their chemical

composition, adopted from [50].

In addition to the fibrillar morphology, there is a system of pores, capillaries, voids, and
interstices present in the fibrillar system. These perceptions in organization of structural
components within the cell wall layers and arrangement of cellulose microfibrils proved to
be determining for the characteristics of wood cell walls with regard to e.g., strength and

density properties, dissolution mechanism, or swelling behavior [15,51].
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II Cellulose and Wood

III Chemical Pulping Processes

Cellulose as a plant origin offers an almost inexhaustible and sustainable source of raw
material. Through pulping, wood or other lignocellulosic material is reduced to a fibrous
mass, denoted as pulp. For industrial paper and fiber production, pulp is obtained from
hardwoods and softwoods. This process of defibration within the wood structure is
accomplished commercially by mechanical, chemical, or semi-chemical treatments. In
chemical pulping, the fibers are separated through chemical reactions at elevated
temperatures (130-170 °C) [52], but without further mechanical defibration. However, a
sufficient degree of delignification is required. The characteristics of pulps obtained from
different processes are decisive for further applications. Depending on the wood species and
its chemical composition, the dissolution of wood components differs for each pulping

process [53].

Since cellulose cannot be melted and is insoluble in the most common solvents, the
processing into regenerated cellulose fibers shows more complexity compared to petroleum-
based polymers [54]. With regard to the global environmental impact of industry, the
recycling of valuable resources requires new technical approaches (e.g., Lyocell fibers with

REFIBRA™ technology)® [55,56].

II1.I Dissolving Pulp

Pulps are predominantly produced by chemical pulping processes, but only 2—-3% of annual
pulp production applies to high purity chemical pulp, i.e., dissolving pulp for regenerated
fibers and cellulose derivatives [54]. The use of chemical pulps in Lyocell and viscose fiber
production places much higher quality demands compared to pulps for the paper industry.
Dissolving pulp is characterized by high cellulose content with a minimum amount of
inorganic and non-cellulosic organic impurities. For the production of dissolving wood pulp,
the prehydrolysis Kraft and the acid sulfite processes are used comprising additional

purification stages [53]. Whereas the pulping process for papermaking pulps is intended to

2 REFIBRA™ s a trademark of Lenzing AG
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11T Chemical Pulping Processes

maintain the content of hemicelluloses, due to essential strength properties and cost savings,

they have to be largely removed in oder to produce dissolving pulps.

In the viscose and Lyocell manufacturing process certain pulp properties are required to
produce high-quality fibers, e.g., a high content of non-cellulosic impurities such as
hemicelluloses or inorganic compounds affects the quality of the regenerated cellulose fibers
and can lead to process issues [57-59]. The Lyocell process in particular comprises
challenging demands on pulp quality since the pulp is dissolved directly in the solvent without
the formation of an intermediate cellulose derivative [60—62]. In terms of processability of
dissolving pulp, the reactivity towards derivatives or solvents is related to the accessibility of
chemicals to the functional groups within the cellulose. Therefore, a reliable analytical
characterization of dissolving pulps is essential for optimum process conditions and high

product quality [63].

ITI.I.I Kraft Pulping Processes

Commercial Kraft or sulfate pulping accounts for 89% of the chemical pulps and dominates
as the principal cooking process for paper pulps. By using NaOH and NayS as main active
chemical agents, a selective delignifation process at high pH (12 to 13.8) [64] is accomplished.
During the cooking process (140-175°C) [65], lignin is cleaved to short fragments that
dissolve in the alkaline solution [66,67]. Initially, the a-aryl and B-aryl ether bonds in the
phenolic units within the lignin structure react with hydroxide and hydrosulfite anions
present in the aqueous cooking liquor. Further cleavage of 3-aryl bonds in nonphenolic units
continue the degradation until a certain limited degree of delignification is reached. The
enriched cooking liquor containing a complex mixture of degraded lignin and carbohydrate
substances is removed after countercurrent washing of the unbleached pulp. Since the Kraft
process is not capable of removing the lignin completely, the Kraft pulp is subsequently

bleached to eliminate the residual lignin and color [53,68].

Since hemicelluloses are comparatively resistant under alkaline conditions, conventional
alkaline pulping processes are not suitable for the high-purity specifications of dissolving
pulps. In order to prevent yield losses due to alkaline hydrolysis of cellulose under increased
reaction conditions and precipitation of short-chain hemicellulose fractions, a prehydrolysis
step is applied prior to the Kraft cooking process. This selective solubilization of
hemicelluloses in wood is achieved by hydrolysis in water, mineral acids, or acetic acid

[53,69-73]. Progresses in Kraft cooking over the past two decades led to the development

Page 9



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m You

11T Chemical Pulping Processes

of Visbatch© and VisCBC (abbreviation for “Viscose Continuous Batch Cooking”) process
combining the advantages of displacement technology and steam prehydrolysis [74—77].
ITI.I.II Sulfite Chemical Pulping

Sulfite pulping covers the pulping process of wood with aqueous solutions of hydrogen
sulfites (HSOj5") and sulfur dioxide, usually performed under acidic conditions [53,64]. Both
hemicelluloses and lignin can be removed in the same process step. The procedure primarily
is characterized by the type of base chemical used with sulfurous acid in order to effect
delignification, and further by its acidic conditions. During (acid) sulfite cooking the
equilibrium in terms of free SO, and combined sulfur dioxide (HSO5") [Eq. (IIL.I)] needs to

be balanced to assure sufficient delignification, but limited condensation reactions [53].

SO, + H;0 — H,S0; — HSO, + H* (IILI)

The cleavage of the glycosidic linkages (heterogenous hydrolysis) in hemicelluloses occurs
randomly under acidic conditions and more rapidly than within the cellulose structure until
the desired degree of cooking is achieved [78]. The predominance of sulfite pulping in
dissolving pulp production is based on higher pulp yield, improved bleaching operations,
and higher reactivity, compared to the prehydrolysis Kraft process. However, most
softwoods and some hardwoods are considered less suitable for sulfite pulping [53]. For the
production of their viscose fibers, Lenzing AG (Austria) gains dissolving pulp, inter alia,

from beech wood by acid magnesium sulfite pulp processing [79].

II1.II Bleaching

The (acid) sulfite process provides comparatively bright chemical pulps, whereas pulp
obtained from (prehydrolysis) Kraft is much darker in color depending on respective residual
lignin contents. Since cellulose and hemicelluloses appear inherently white, for chemical
pulps the bleaching process primarily serves to remove the residual lignin
(1.5 - 6%) [80,81] after cooking. As mentioned in section IL.I.I, an extension of the cooking
process to reduce non-cellulosic impurities leads to cellulose degradation and inevitably
reduces the pulp quality. Therefore, various bleaching methods have proven to be effective
to continue the delignification process in order to produce high-quality dissolving grade
pulps (e.g., chlorination, alkaline extraction, chlorine dioxide, molecular oxygen at high

pressure, hypochlorite, peroxide, or ozone). Lignin-preserving bleaching treatments merely
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destroy the chromophore structures left in the pulp to achieve a higher degree of brightness

afterwards [81,82].
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IV Regenerated Cellulose Fibers

IV Regenerated Cellulose Fibers

Regenerated cellulose refers to a class of materials that primarily includes cellulosic man-
made fibers including viscose, Modal, Lyocell (TENCEL™)’ and also films (cellophane),
membranes and sponges. In oder to manufacture regenerated cellulose fibers, dissolving-
grade wood pulp has to be dissolved first. Since cellulose itself does not dissolve in most
common solvents, it needs to be chemically modified by derivatization in terms of viscose
and Modal. In the Lyocell process, wood pulp is directly dissolved in IN-
methylmorpholine N-oxide (NMMO) or by using different solvents, (e.g., ionic liquids)
[54,83,84].

IV.I Viscose

Viscose generally refers to both viscose fibers for the production of textiles or nonwovens
and the solution of cellulose xanthate in caustic soda. Over the past 100 years the production
of viscose has evolved into a complex industrial process: Wood pulp or cotton linters are
converted in a series of processing steps to a spinnable solution (dope) and then into long
filaments with defined length, denier, and cross-sectional shape. To illustrate, the flow
diagram in Fig. IV.I shows a typical multi-stage process for viscose with each step allowing

to engineer the fiber chemically and structurally [84,85].

Pulp sheets or flakes

Caustic soda

.

—

l Deaeration

Lye
Water
Carbon Disulfide

Lye removal

Steeping Shredding Aging  Cooling Xanthogenation Dissolving Filtration Ripening  Spinning

Fig. IV.I Scheme of viscose fiber production according to Lenzing AG (Austria),

adopted from A. RuBler [85].

3TENCEL™ is a trademark of Lenzing AG
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IV Regenerated Cellulose Fibers

In the first step, dissolving pulp is steeped in an aqueous solution of sodium hydroxide
converting the cellulose to sodium cellulosate often referred to as alkali cellulose. The
treatment causes swelling of the pulp, i.e., the separation of the intermolecular hydrogen
bonds increases the accessibility of the hydroxyl groups for subsequent xanthogenation and

thus the solubility of the cellulose xanthate [84—80].

Residual hemicelluloses and in particular short cellulose fragments are dissolved in the
steeping stage and then removed from the pulp while pressing off the excess lye. After the
pressing is completed, the alkali cellulose is shredded to provide adequate surface areas for
optimal accessibility to the chemicals and further uniform reactions. The subsequent (pre-
)aging or mercerizing is performed under controlled condition of time and temperature to
adjust the desired degree of polymerization by oxidative depolymerization, improving the

later solubility and spinnability [84—806].

In xanthogenation, carbon disulfide is added to the aged sodium cellulosate to form sodium
cellulose xanthate prior to dissolving in sodium hydroxide. A uniform introduction of the
xanthate groups within the cellulose is significant for the process considering dissolution and
filtration properties. The adjustment and control of temperature (heat of reaction), CS;
consumption, CS; vapor pressure, and the composition of the alkali cellulose (and so its
reactivity) are jointly decisive for an effective derivatization. Simultaneous side reactions
additionally complicate reaction control during sulfidation. The cellulose xanthate is
dissolved in dilute sodium hydroxide to yield a honey yellow- to orange-colored solution —

preferably at low temperatures to increase the solubility [84—88].

After filtration, the viscous solution is ripened to the desired coagulation point suitable for
spinning. The ripening continues about 18 to 48 hours and thus represents the most time-
consuming process step in viscose production. Gradual filtration serves to remove solid
particles like undissolved cellulose fibers that otherwise would plug the spinnerets. Like
filtration, deaeration is important for continuous spinning, since the formation of gaseous

inclusions affects the strength properties as the viscose is extruded into filaments [84,85].

Additives (modifier or spinning aids) and pigments can be added to the viscose dope prior
to the spinning process. Surface active components are generally used to slow down the
regeneration process. Thus, a higher orientation of the cellulose chains is achieved at

stretching.

Page 13



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

m You

IV Regenerated Cellulose Fibers

Often the addition of titianium dioxide pigments is used for the manufacture of dull instead

of bright fibers, usually for NW applications [84,85].

The filtrated and deaerated spinning solution is formed into fibers in a wet spinning process,
whereby the viscose dope is extruded through a spinneret into a spinning bath formulated
from diluted sulfuric acid, sodium sulfate, zinc sulfate, and specific additives, supporting the
reformation process of cellulose. Most spinnerets ate fabricated from platinum/gold alloys
to meet the tremendous requirements regarding the spinning bath. For spinning of various
types of fibers, (e.g., staple fibers or filaments) one spinning unit contains a few thousand to
707000 single holes with diameters in the range of 25 to 250 um. The design of the spinnerets
and the balanced composition of the spinning bath are decisive factors for the structure of

the fiber and thus the fiber properties [84,85,89].

The spinning process involves a complex series of physical and chemical reactions that take
place almost simultaneously. Initially, the content of sodium sulfate in the acid spinning bath
causes the viscose to coagulate. Coagulation is primarily a physical process including
dehydration, densification, orientation, and crystallization. The viscose first solidifies into a
gel, which initiates the formation of the so-called skin-core structure of the filament. As the
sulfuric acid diffuses into the filament, the cellulose regenerates from sodium cellulose
xanthate with the formation of carbon disulfide and sodium sulfate. However, this follows
the transient state of thermodynamically preferred zinc cellulose xanthate complexes in
certain regions where additional more complex species also occur, especially when using
viscose modifiers. Accordingly, the addition of zinc sulphate in the spinning bath decelerates

the regeneration process, thus enabling a higher orientation of the regenerated fibers [84,85].

To achieve acceptable tensile properties, the extruded viscose filaments are further stretched.
However, cellulose is not thermoplastic like some plastics, (e.g., polyester) so stretching takes
place during or very soon after extrusion, when the structure within the viscose filaments is
not yet completely fixed and the cellulose chains can still be aligned. Further post-treatment
steps are necessary to obtain a finished product, including several cleaning and bleaching
steps and drying. For the production of staple fibers, the viscose filament is fed into a clipper,
which cuts the fiber into the desired staple length, usually before cleaning [84,85]. A general

post-treatment scheme is shown in Figure IV.II.
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Fig. IV.II Scheme of post-treatment of viscose fiber production according to [84],

adopted from A. RuBler [85].

Further textile processing of the fibers (e.g., in spinning and weaving machines) is difficult
due to the rough surface of the cellulose fibers. Finishing agents or lubricants, mostly
solutions or emulsions of fatty acids and/or detivatives, commonly known as avivage, are
applied before drying to prevent friction. Antistatic or hydrophobic substances are also used

for certain applications [84,85].

As the last production step, the drying process again has a decisive influence on the final
fiber properties. During the drying process, the dimension of the fiber changes (shrinkage)
and also its molecular structure, which impacts e.g., the water absorbency and dyeability [90—

94].

IV.L.I Environmental and Health Aspects

It is already mentioned in section IILI that cellulose needs to be derivatized in the viscose
process, 1.e., the cellulose is alkalized and dissolved as sodium cellulose xanthate in carbon
disulfide, followed by its regeneration as filament or staple fiber in acid solution. In this
process, carbon disulfide exposure occurs concomitantly with the exposure to hydrogen
sulfide (H.S), a malodorous highly toxic and flammable gas. In particular, CS; is an irritant
and metabolic toxicant that vaporizes at room temperature and is readily absorbed by
inhalation in man, although skin contact is also possible. CS; causes both acute and chronic
forms of poisoning. Its vapor forms a highly explosive mixture with air and is spontaneously
flammable at 130 — 140 °C. Furthermore, in liquid CS», a static electric charge may occur and
initiate an explosion. Thus, the greatest caution is required when handling carbon disulfide
and must under no circumstances come into contact with an electric charge, spark, flames,

or even high temperatures [94-96].
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IV Regenerated Cellulose Fibers

In addition to health problems, CS; poses additional dangers for the environment as it is
converted to SO; and carbonyl sulfides in the lower atmosphere. Thus, the control of toxic
and air-polluting compounds like CS; in the viscose industry is essential to protect people

and environment [95-97].

IV.II Lyocell

Lyocell (or TENCEL™)* is first in a new generation of cellulosic fibers. The direct
dissolution of the wood pulp without the formation of an intermediate compound
differentiates the Lyocell process from other rayon routes. As already mentioned in section
IILLI, the production of viscose fibers results from the use of CS,, a toxic, flammable, and
environmentally sensitive chemical compound, that cannot be recycled after use. The
continuous demands for the fiber industry to become more sustainable and economic have
driven the development of the Lyocell technology since the first commercial production in

1984 [60,62].

Lyocell manufacturing requires a few numbers of process steps compared to viscose
production. The direct dissolution of the cellulose favors this process and ideally NMMO
and water can be reprocessed almost completely, e.g., the NMMO recovery in commercial
large-scale plants is more than 99%. Thus, the Lyocell process offers an environmentally

friendly technology for the industrial production of cellulose fibers [60].

Apart from environmental advantages in processing, the Lyocell fiber proves its high product
quality through very high strength properties and excellent tenacity in the wet state. Lyocell
fibers can be well blended with natural or synthetic fibers, (e.g., silk, wool, linen, or polyester)
and have good thermal resistance and shape stability. However, due to the high degree of

crystallinity, the wet fibers show an increased susceptibility to fibrillation [62,98—102].

In order to achieve high quality fiber, comparatively high demands are placed on the pulp
quality. In contrast to the viscose process, a modification of certain quality characteristics of
the pulp is not feasible as no derivatization occurs. Furthermore, the process is very sensitive
to metal compounds and further byproducts (exothermicity), i.e., at elevated temperatures
NMMO tends to undergo highly exothermic decomposition catalyzed by the presence of

some metal ions [103]. Nevertheless, the flexibility of the process has been sufficiently

4TENCEL™ is a trademark of Lenzing AG
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IV Regenerated Cellulose Fibers

optimized with regard to the cellulose material used. Rosenau et al. [60] indicated that paper

grade pulp, unbleached chemical pulp, cotton, and viscose fibers, or even cotton waste

fabrics (REFIBRA™) can be employed for Lyocell production [104].

A commercial Lyocell process starts from a slurry, a suspension of wood pulp in a 50:50
(w/w) aqueous NMMO solution with the addition of small amounts of antioxidants (e.g.,
propyl gallate) to prevent cellulose degradation. The dissolution of the cellulose is based on
the interaction of the hydrogen bonds between NMMO, water, and cellulose. The oxygen of
the strongly N-O dipole in N-methylmorpholine N-oxide is able to disintegrate the inter-
and intramolecular hydrogen bonds within the cellulose. The simultaneous swelling favors
the gradual separation of the interfibrillar cellulose structure. Since water and cellulose show
a competitive behavior towards hydrogen bonding with NMMO with water being dominant,
solutions containing more than 15— 17% (w/w) water are not able to dissolve cellulose.
Thus, excess water is removed under reduced pressure from the ternary system
NMMO/ water/ cellulose to dissolve the cellulose. However, at water concentrations below
4% (w/w) NMMO tends to decompose due to elevated temperatures (72 — 120 °C) required
for the dissolution process [60,62,105,106]. According to the ternary phase diagram in Fig.
IV.III, the appropriate range for the water content in NMMO is set between 4 and 17%
(w/w). The approximate (very small) solubility region of cellulose is highlighted in grey in
Fig. IV.III [107].

Ideally, the dissolution procedure of cellulose in NMMO is supposed to be entirely physical
causing no chemical changes in the pulp or in the solvent. However, according to Rosenau
et al. [60], numerous interrelated chemical processes proceed, involving solvent and the
solute cellulose. A complication of the process control is caused by the tendency of NMMO
in solution to degrade exothermically, e.g., due to incorrect commissioning or chemical
contamination of the solution (copper or iron ions). If an exothermic reaction occurs, the
temperature of the solvent increases rapidly and so is the pressure. The decomposition

products are volatile amines and water [60,62,103].

Prior to spinning, the filtration of the solution is necessary to remove various impurities out
of the solution as undissolved fibers or inorganic compounds may affect the spinnability of

the dope. At temperatures around 100 °C, the spinning solution is extruded out from a

> REFIBRAT is a trademark of Lenzing AG
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IV Regenerated Cellulose Fibers

spinneret and spun through an air gap into a dilute NMMO solution where the regeneration
of the cellulosic solute takes place. Each spinneret consists of multiple holes with diameters
about 4 — 100 um, designated for the comparatively high viscosity of the solution. In the

Lyocell process, the high viscosity of the dope enables very stable spinning of fibers [62,108].

....................

SLURRY
~‘-l' ,\J *

0 / 02 0.4 0.6 0.8 1
dissolution region water —p

Fig. IV.III  Phase diagram of the ternary system NMMO/water/cellulose indicating
process steps in Lyocell production at about 100°C [107].

Compared to the viscose process, the extruded filaments pass an air gap (organic solvent dry
jet-wet spinning process) and are cooled with a gas flow before they enter the spinning bath.
In the Lyocell process, the regeneration of the cellulose proceeds via spinodal decomposition
through desolvation with NMMO being exchanged for water. The diffusion rates range here
from 10" to 10” m™s™, which is sufficient to complete the precipitation of cellulose in a
time period of milliseconds to seconds. As result, the chain orientation within the extruded
filaments needs to be achieved before entering the spinning bath, which demonstrates the

influence of air gap conditions on the structure formation of Lyocell fibers [62,109-111].

To remove remaining NMMO, the fibers are washed with hot demineralized water. The
amine oxide solution of the precipitation and washing baths is then recovered and reused as
solvent in a close loop system. After washing, the fibers could be bleached if required. Prior

to the drying process the avivage is applied to make processing easier, like the viscose fiber
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post-treatment mentioned in section IILL In order to achieve specific fiber properties,
further post-treatments (also mentioned for viscose fibers in section IILI) can be carried out

[62,112].

IV.III Structure and Properties of Viscose and Lyocell Fibers

Lyocell fibers are clearly different in structure compared to viscose fibers. The longitudinal
indentations, which can be seen especially in the cross section of the viscose fibers are due
to the regeneration mechanism during the spinning process. In the spinning bath, the
external layer of the dope emerging from the spinneret first coagulates. In this way a skin-
core structure is formed, which acts as a semi-permeable membrane. The osmotic pressure
between the cellulose solution and the precipitation bath then leads to the diffusion of water

out of the filament and as a consequence to the folding of the still plastic skin [62,113,114].

a) b)

Fig. IV.IV. a) Lyocell fiber cross-section and b) longitudinal view; c) viscose fiber
cross-section and d) longitudinal view. The pictures were provided by

courtesy of Lenzing AG (Austria).

During the dry jet-wet spinning in the Lyocell process, the fibers are oriented and then

crystallization occurs. In contrast, Lyocell fibers exhibit a rather smooth fiber surface, a
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IV Regenerated Cellulose Fibers

circular cross-section, and a homogeneous appearance, as well as a dense fibrillar structure.
For instance, Mortimer et al. [111] examined the influence of the air gap condition on the
formation of fibers from a solution of cellulose in NMMO and water. The core of the Lyocell
fibers consists mainly of numerous fibrils arranged along the fiber axis with high orientation
in both crystalline and amorphous regions. It appears that a thin skin wraps the inner fibrils
together. As a result, Lyocell fibers show higher mechanical properties, higher dry and wet
tenacity, as well as higher wet modulus compared to viscose fibers. However, some
unexpected fibrillation can also occur around the regenerated fiber surface.

[62,108,111,113,115,116]. A comparison of the structural differences is shown in Fig. IV.IV.

The cross section of regenerated cellulose fibers can be modified by adapting the spinning
conditions accordingly. This enables the production of fibers with completely new properties
and thus opens up new fields of application, e.g., the trilobal cross-section of the viscose
fiber (LENZINGViscostar®)® offers an enhanced absorption capacity due to the higher
fiber surface area of the trilobal cross section, favoring higher water retention without loss
in mechanical properties. Due to its absorbent properties, the fiber is particularly suitable for

nonwovens in hygiene applications [117].

IV.II1.I Fiber Fineness

In addition, the fiber fineness T, (i.e., linear density or titer) is an essential property for
characterizing man-made fiber materials as a measure of the mass per unit length. A
distinction is made between fibers (or staple fibers) and filaments. Filaments are also called
endless fibers because they are more or less of infinite length. A filament can be made from
a single thread (monofilament) or consists of several threads (multifilament). For the

production of staple fibers filaments are cut to approx. 30 — 150 mm.

Fiber fineness is of decisive importance for the physiological properties of textiles and
nonwovens. Furthermore, appearance and dyeability depend on it. Man-made cellulosic
fibers are usually specified in the internationally recognized unit fex or decitex, for which the
fiber weight in grams is normalized to a length of 1000 m or 10°000 m respectively. The

traditional unit denzer refers to a fiber length of 9000 m and is close in value with decitex.

The corresponding mathematical relationship is given by Eq. IV.I), where T; is the linear

density (titer) and wy the corresponding weight of the fiber of known length L, where S is

8 LENZING Viscostar® is a trademark of Lenzing AG
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IV Regenerated Cellulose Fibers

the normalizing factor given each type of unit [118-121].

Ly

Ty = (V.0

In the case of cellulosic fibers, an estimate value of 1.5 g/cm’ is usually used for the material
density p to determine the fiber diameter df according to Eq. (IV.II). The corresponding

differences in length and volume dimensions must be taken into account [121].

(IV.II)
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V The Zeta Potential

V The Zeta Potential

The zeta potential ¢ (or electrokinetic potential) is a model parameter used to indicate the
charging behavior at interfaces, especially in solid-liquid interactions. The charging behavior
at solid-liquid interfaces and the zeta potential are illustrated using the model of the
electrochemical double layer (EDL), generally based on the work of Gouy, Chapman, Stern and
Grahame. 1f a solid surface is in chemical equilibrium with an aqueous solution, the interfacial
charge distribution is different from the charge distribution within the liquid (bulk) phase,
ie., in contact with an aqueous solution an electrical/electrochemical double layer of
counterions is formed at the solid-liquid interface to compensate the surface charge [122].

As depicted in Fig. V.1., the EDL consist of a stationary or immobile layer (Stern layer) and
a diffusive or mobile layer of ions, where the Stern layer may be divided into a substructure
referred to as the inner and the outer Helmholtz planes. The surface charge gives further rise
to a surface potential W, which decreases with increasing distance from the solid surface

[123].

solid surface (

o
1 l %
% S ©
2 SO0&
q O
'y
— ~ shear plane water dipol
Yy @
SoS
1' _1_ ) diffuse layer .
outer Helmholtz plane
inner Helmholtz plane stationary layer
Fig. V.I Model of the electrochemical double layer (EDL) at the solid-liquid

interface, adopted from [123].

Page 22



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

m You

V The Zeta Potential

The zeta potential is defined as the electrical potential at the boundary between the stationary
and the diffusive layer of counterions known as shear plane. It indicates the location of slipping
of the moving liquid phase relative to the stationary layer during the electrokinetic
measurement. As an interfacial property, the zeta potential depends on both the surface
potential (surface charge) and the properties of the liquid phase. For the investigation of
electrokinetically ideal surfaces with e.g., low surface roughness and no porosity or swelling,
the position of the shear plane is identical to the outer Helmholtz plane. However,
considerable deviations occur when preforming zeta potential analysis of electrokinetically

non-ideal surfaces, such as regenerated cellulose fibers [122,123].

V.I Surface Charge Formation

The formation of the surface charge at the solid/liquid interface is based on acid-base
reactions between sutface functional groups and the aqueous solution and/or the
preferential adsorption of (water) ions. Cellulosic materials contain acidic surface
functionalities such as carboxylic or hydroxyl groups. The surface charge arises from the
protolysis, i.e., the functional groups dissociate in water and remain negatively charged,
whereas basic surface functionalities are protonated and assume a positive surface charge.
The equilibrium of the surface charge depends on the area density of surface functional
groups and, hence, the pH value and the ionic strength of the aqueous solution [122].
However, the determination of the dissociation constants of functional groups in cellulose
is rather complex and different pK, values have been reported for cellulose [1,124-127].
Since cellulose can be considered a polyelectrolyte, the pK, value itself is dependent on the
neighbor electric charges in the chain and in the medium. Nevertheless, the kinetics of

cellulose degradation in alkaline solutions must be taken into account [128].

Even in the absence of functional groups, hydrophobic surfaces acquire an interfacial charge
and thus a zeta potential. Preferential adsorption of hydroxide ions (OH") has been suggested
as source of surface charge formation at the solid-liquid interface for non-ionogenic,
assuming that OH™ ions behave more hydrophobically than hydronium (H;O") ions.
According to this process, the surface charge and thus the zeta potential depend on the pH
of the aqueous solution. At high pH the surface will acquire a negative electrokinetic potential
due to the presence of OH™ ions, whereas the concentration of H;O" ions becomes more
dominant with decreasing pH.

Based on a different model, the formation of a “virtual” surface charge relies on polarization

effects of the hydrophobic solid surface on the water molecules, but the charging behavior
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V The Zeta Potential

at the solid-liquid interface again strongly depends on the pH of the aqueous solution and

the effect on the zeta potential remains the same [122].

V.II The Streaming Potential Technique

As describes in the previous section, the zeta potential is defined as the electric potential at
the shear plane between the stationary layer and a mobile layer of charges. The zeta potential
is determined by measuring an electrokinetic effect, whereby the relative movement between
an electrolyte solution and a charged solid surface is caused by either a mechanical or an
electrical driving force. Among several techniques, the streaming potential technique (or
alternatively the streaming current method) is most suitable for solid surface zeta potential
analysis. In this context, the zeta potential refers to the charging behavior at the macroscopic
solid-liquid interface [122,123]. Electrokinetic phenomena, (e.g., electrophoretic mobility,
electro-osmotic flow, and electrokinetic sonic amplitude) where the driving force is applied
by an electric field, assess the zeta potential of colloidal dispersions of particles and liquids,

and are discussed in detail elsewhere [129].

If a tangential flow of liquid is generated across a solid surface when an aqueous electrolyte
solution is forced through a capillary system, (e.g., a porous plug of fibers) by means of
hydraulic pressure, the counterions compensating the surface charge in the diffuse layer are
moved in the direction of flow due to Stoke’s friction. In an electrically non-conductive
capillary system, the resulting streaming current leads to the formation of a potential
difference. The charge separation generates an electric field that forces a back-current of
charges which partially compensates the streaming current in flow directions. In equilibrium
condition, the streaming current is equal to the incipient back-current and the appearing
potential difference is referred to as streaming potential. A term for the calculation of the
zeta potential { (usually in millivolt) from streaming potential measurements is given by the

Helmbholtz-Smoluchowski equation [122,123]:

‘T amp ee AR VD

d Ustr

In this Eq. (V.I) the measured streaming potential coefficient is related to % the cell

constant of the sample. Ugy, is the induced streaming potential at a constant pressure

difference Ap and R is the electrical resistance within the streaming channel. 1] is the dynamic
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V The Zeta Potential

viscosity of the electrolyte solution, where €, is its relative permittivity (dielectric constant)
and € is the permittivity of free space. With this approach, the zeta potential is metrologically
defined. In theory, a linear dependence of the streaming potential (or streaming current) on
the pressure difference is assumed. It proves to be advantageous to record the streaming
potential at continuously variable pressure difference, i.e. a defined pressure ramp is set
individually for the analysis. Thus, in zeta potential analysis the streaming potential
coefficient is interpreted as the gradient of the recorded straight line, where Uy, is plotted

over Ap [122].

The cell constant consists of two parameters, i.c., the length L, and the cross-sectional area
A of the streaming channel that cannot be determined easily for samples of complex
geometry, such as plug of randomly oriented fibers. For irregularly shaped samples where
the geometry of the streaming channel is not accessible a derivative of the Helmholtz-

Smoluchowski equation is applicable, using the definition of the electrical conductivity K:

(V.1I)

|
|

Since the electrical conductivity K within the streaming channel cannot be measured directly,
it is a valid approach for non-conducting samples to replace K by the conductivity of the bulk

electrolyte solution Kpy . Eq. (V.I) can be replaced by:

_ AUgqy n
dAdp ¢€.-¢,

" Kpulk (VIII)

However, Eq. (V.III) neglects the possible occurrence of interfacial surface conductivity or
related conductivity effects contributed by the solid sample. The surface conductivity leads
to an increased electrical conductivity within the streaming channel compared to the bulk
solution. The zeta potential calculated according to Eq. (V.III) thus refers to a smaller
(electrolyte) conductivity and is therefore rated too low. It is denoted as the “apparent” zeta
potential. In oder to obtain the correct or “real” zeta potential various methods have been
introduced in the literature to compensate the effect of the increased conductivity within the

streaming channel compared to the bulk conductivity [122].
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V The Zeta Potential

The approach of Fairbrother and Mastin [129] determines the cell constant % according to

Eq. (V.II) by measuring the electrolyte conductivity Kp;gp and cell resistance Rp;gp at high

ionic strength.

(= dip '_—O'E'Khigh'Rhigh (V.IV)

With this approach, it is assumed that additional conductivity effects introduced by the solid
sample are suppressed with increasing conductivity of the electrolyte solution. The correction
equation of Fairbrother and Mastin is primarily applicable to compensate the influence of
the surface or interfacial conductance, but it may be invalid for other conductivity sources,
(e.g., electronic, or ionic conductivity of the solid sample) or complex sample systems such

as fibers [122,131].

V.III Dependences of the Zeta Potential

The charge formation at the solid-liquid interface has been explained by two different
mechanisms in section V.I. Since both acid base reaction of surface functional groups and
the physical adsorption of water ions depend on the pH of the aqueous solution, it is
important to take into account the pH dependence of the zeta potential in the measurements.
In particular, the isoelectric point (IEP) is a strong indicator for the chemical composition
of the sample surface, ie., for the present surface functional groups, or specific ion
adsorption. Depending on whether a material surface has acidic, basic, or amphoteric
properties, a characteristic curve of the zeta potential becomes significant when recorded
over a certain pH range. Even for zeta potential measurements on hydrophobic surfaces a
strong dependence on the pH value of the electrolyte solution is observed. The charge
formation on hydrophobic surfaces is attributed to the described adsorption of water ions
and it appears that the equilibrium surface concentration of adsorbed charge carriers
(hydroxide and hydronium ions) is at pH 4 [132,133]. Therefore, the localization of the IEP
of material with hydrophobic surface character (e.g., polymers) at pH 4 is expected [122].

Irrespective of the chemical properties of the material surface, the magnitude of the zeta
potential decreases with increasing concentration of the electrolyte solution. This
dependence of the electrokinetic potential on the ionic strength is commonly related to the

compression of the electrochemical double layer at high ionic strength. If the zeta potential

Page 26



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

(]
|
r ki

m You

V The Zeta Potential

analysis is limited to the use of a 1:1 electrolyte such as sodium chloride (NaCl) or potassium

chloride (KCl), the extension of the EDL can be expresses by the Debye length k™

V.V)

Where [ is the ionic strength of the electrolyte solution, Kpg is the Boltzmann constant, N
is the Avogadro number, € is the elementary charge and T is the absolute temperature. Due
to the specific interactions of multivalent ions with the solid surface, the applicability of this
equation is limited to 1:1 electrolyte solutions i.e., the decrease in the magnitude of the zeta
potential with increasing ionic strength deviates when using a complex solute, e.g., 2:1 or 3:1

electrolytes [122].

In general, the zeta potential analysis is considered to be independent of the sample size
provided that the solid sample does not exhibit complex properties such as porosity, intrinsic

conductivity, surface roughness, or swelling [122,131].

Furthermore, a reliable measurement of the streaming potential requires an equilibrium state
of the EDL between the solid surface and the surrounding electrolyte solution, whereby the
required time for equilibration strongly depends on the solid material. Therefore, this time-
dependence of the system must be taken into account, especially in case of running pH or
concentration changes in the electrolyte during the measurement. Although individual
measuring parameters for the calculation of the zeta potential are dependent on the

temperature, a significant effect of temperature on the zeta potential is not observed [122].

V.IV Zeta Potential Analysis of Regenerated Cellulose Fibers

Regenerated cellulose fibers have a crystalline/amorphous structure, which is retained
independently of the conversion of the cellulose in solution and further fiber formation
processes. The fine structure of regenerated cellulose fibers is schematically shown in Fig.
V.II. As indicated in section IL.ILII, cellulosic fibers consist of elementary fibrils composed
of a network of crystallites (A) and intermediate less-ordered amorphous regions (B).
Additional regions, where crystallites are fused to large aggregates (C) and where adjacent
amorphous regions are laterally connected (D), including voids (E), complement the fiber

structure.
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Fig. V.II Fine structure of regenerated cellulose fibers (schematically): A, crystallistes;

B, amorphous regions; C, cluster formation; D, interfibrillar tie molecules;

E, voids, adopted from [134,135].

Amorphous regions and the inner surface area of voids are decisive for the accessibility,
reactivity, and adsorption properties of fibers. Their physiochemical peculiarity makes
cellulosic fibers highly accessible for water and gives them a pronounced hydrophilic
character [10]. A significant factor regarding the adsorption properties of fibers is the
presence of accessible hydroxyl and carboxyl groups and the proportion of amorphous
regions and voids, as there is no water penetration into the highly crystalline regions. The
competing interaction of the water molecules with the cellulose (adsorption process) breaks
the intermolecular hydrogen bonds between the less-ordered cellulose chains, which causes

significant swelling of the fiber [10,122,131].

This swelling capacity of cellulosic fibers has significant effect on the zeta potential.
Cellulosic fibers are inherently negatively charged, due to the presence of acidic surface
functional groups e.g., carboxyl and hydroxyl groups. When an aqueous solution flows
through a plug of randomly oriented cellulosic fibers, it penetrates into the porous fibers and
causes an interfibrillar swelling of the surface layers. The incorporation of water molecules
extends the fiber surface and shifts the shear plane of the EDL towards the mobile liquid
phase [10]. This effect leads to a reduction of the magnitude of the zeta potential. Fig. V.III
shows a schematic representation of the shift of the electrokinetic shear plane, (i.e., the

location of the zeta potential is defined) in the water-swollen state [10,122].
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Fig. V.III Reduction of the magnitude of the zeta potential caused by swelling of the

fibers in contact with water according to [10].

Furthermore, the uncharged water molecules not only refrain from participation in the
process of interfacial charge formation, but also shield the contribution of dissociated surface
functional groups [131]. The penetration of the aqueous electrolyte solution additionally
increases the ionic conductance within the fiber plug regarding streaming potential
measurements, which clearly exceeds the bulk electrolyte conductivity [131]. As discussed in
section V.II, inserting the comparatively too low bulk conductivity into Eq. (V.III) distorts
the calculation of the “real” zeta potential, especially for electrolyte solutions with low ionic

strength.

In general, the swelling behavior of regenerated cellulosic fibers is determined by the
molecular and super molecular structure of cellulose. Since the interaction of a solid surface
with an aqueous electrolyte solution depends, among other things, on the pH value, the ionic
strength, and the chemical composition of the electrolyte solution, it also influences the
adsorption properties of cellulosic fibers. Nevertheless, when comparing zeta potentials
analysis of different regenerated cellulosic fibers, the structure of voids proves to be more

important than other structural characteristics in terms of sorption properties [10].
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The complex behavior of cellulose fibers in contact with an aqueous solution presents a
challenge for zeta potential analysis. However, the swelling characteristics of cellulose fibers

per se may be of interest for the investigation.
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VI Materials and Methods

VLI Sampling and Preparation
Different staple fiber samples were provided by Lenzing AG (Austria) for surface charge

analysis. The investigation mainly covered the two most common types of regenerated
cellulose fibers Lyocell (CLY) and viscose (CV). In table VLI., the specifications and
structure characteristics from all fibers taken into account for measurements are present.
With the exception of special treated samples, the fibers were taken directly from the
production process after washing but before the application step for finishing agents
(avivage). Following the sampling, the fibers were hermetically sealed and stored at room
temperature (20 to 25 °C) between measurements. In this case the fiber is called never dried
because the fiber has not been subjected to any drying process. Since the sampling was also
carried out before the finishing agent bath (avivage), the fiber can be indicated as never dried

before avivage.

Table VI.I: ~ The specification and characteristics of investigated regenerated cellulose

fiber samples

. . Linear Fiber ..
Designation . Description
density length
T, (dtex) / (mm)
CLY-NDBA 1.7 38 Standard lyocell fiber; bright
CV-NDBA 1.3 38 Standard viscose fiber; bright
CV-NW-NDBA 1.7 40 Viscose fiber; bright; for NW applications
CV-trilobal-NDBA 33 30 V1s§ose fiber; bright; trilobal fiber cross-
section
CLY-0.1%AKD7-DS 1.7 38 Lyocell fiber; dull; hydrophobic
CV-0.1%AKD-DS 1.7 40 Viscose fiber; dull; hydrophobic
H . 1 . 0 " 1
CV-15%KA1-DS 13 33 V1s§c?se fiber; bright; 15% cationic
additive 1
H . 1 . 0 " 1
CV-18%KAL-WA-DS 13 33 V1s§c?se ﬁber., bright; .18 ”0 cationic
additive 1; without avivage
H . 1 . 0 " 1
CV-20%KAL-DS 13 33 V1s§c?se fiber; bright; 20% cationic
additive 1
Viscose fiber; bright; 20% cationic
_ 0 _G° _ ) 2]
CV-20%KA1-6%KA2-DS 1.3 38 additive, 6% cationic additive 2
H . 1 . 0 " 1
CV-25%KA1-DS 13 38 Viscose fiber; bright; 25% cationic

additive 1

7 AKD = Alkyl ketene dimer
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VI Materials and Methods

The abbreviation (NDBA) refers to this context in the following text. For initial trials, similar
tibers never dried after avivage NDAA) as well as dryer samples (DS) were tested additionally but

should only mentioned here for the sake of completeness.

Due to the fact that the fibers were taken directly out of the current process, the appropriate
selection of samples was determined by, inter alia, the company’s production plan.
Furthermore, special fibers from earlier experiments were already present in their dried
state (DS). Nevertheless, these exceptional fiber characteristics were of great interest

regarding surface charge analysis.

Besides the fiber samples, there was an additional approach to perform the surface charge
analysis of the alkali cellulose - termed as an intermediate in viscose production where beech
hardwood pulp is treated with caustic soda. Thus, the alkali cellulose was taken directly from
viscose production at Lenzing AG in Lenzing (Austria). For sample preparation it was
necessary to wash these strongly alkaline (pH = 12) pulp lumps neutrally. As pulp is not
sufficiently stable in this mercerized form, samples were measured immediately after the

washing process to prevent degradation.

VLII Instrumentation

Measurements were performed with SurPASS™ 3 from Anton Paar GmbH heading in Graz;
Austria. The device is used for macroscopic solid surface charge analysis enabling fully
automated zeta potential analysis in real-life conditions. The instrument was used in
combination with an integrated titration unit to investigate the zeta potential stepwise over a
selected pH range. This application proves to be useful in determining the isoelectric point
of a sample surface. A picture is provided with kind permission of Anton Paar GmbH in

Fig. VLI

Together with the instrument a software for the remote control of the SurPASS™ 3 was

provided.
With SurPASS™ 3 electrodes are already mounted in the instrument. For conductivity

monitoring a conductivity electrode (WTW TetraCon 235) with temperature sensor was in

use.
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Fig. VLI SurPASS™  3;  electrokinetic analyzer for zeta potential analysis of

macroscopic solids with additional titration unit (Anton Paar GmbH).

The following information on the instrument and its functionality are in accordance with the recommendations
of the “Reference Guide for SurPASS™ 3 and SurPASS™ 3 Eco” by Anton Paar GmbH,
Austria [136]. General explanation of the principle of the streaming potential method for geta potential
analysis is based on the work of T. Luxbacher, described in bis “Zeta Guide” [122).

VLIIL.I Measuring Principle

For direct solid/liquid interface analysis the SurPASS™ 3 is based on the streaming potential
and streaming current method. Initially, an aqueous electrolyte solution flows through the
measuring cell with the brought in fiber sample. The flow resistance is adjusted manually to
generate a pressure difference between inflow and outflow of the measuring cell while the
electrolyte solution is passing through the permeable fiber plug. This electrolyte flow causes
an electrical charge separation along the measuring cell, resulting in potential difference
(streaming potential) or electrical current (streaming current). These two electrical responses
are detected by corresponding electrode systems at the inlet and the outlet of the measuring
cell. The volume flow is generated by pressurization of the fluid tank with either atmospheric
air or inert gas, followed by pressure equalization. During a measurement the streaming
potential AUj, or streaming current Aly, is rerecorded with continuously decreasing pressure

difference Ap across the measuring cell (pressure ramp).

Page 33



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

blio
knowledge

o
i
r

m You

VI Materials and Methods

Samples of irregular shape (e.g., voids between the fibers in a mounted fiber plug) represent
in themselves a capillary system. Therefore, the streaming potential and streaming current
analysis for fibers is performed in permeation mode. Appropriate design and geometry of
the provided measuring cell ensures that each individual sample is sufficiently permeable for
the liquid flow and offers also enough flow resistance to obtain a reasonable pressure
difference [122]. Fig. VLII illustrates the permeation mode for streaming potential and

streaming current analysis.

.w’“

electrolyte flow .

fiber plug

Fig. VI.II Illustration of the permeation mode for streaming potential and streaming

current analysis, adopted from [122].

VLILII Measuring Cell

To achieve measurements on fibers, granular or powder samples the SurPASS 3 Cylindrical
Cell was in use. Depending on the respective fiber moisture, a quantity of 0.3 to 1 g fiber
sample was weighed out. In order to ensure the reproducibility of the measurements, the
fibers were placed in a particular prescribed measuring cell setup. The fiber sample was filled
into the cavity of upper part of the measuring cell and fixed with a liquid-permeable support
disk on the top. From below, a previously inserted piston could be used to compress the
fiber bundle by pushing it forward gently. This upper part was placed on the lower part of
the Cylindrical Cell and fixed with two screws. To adjust the permeability of the sample later,
the knob (micrometer screw) was screwed slightly onto the thread of the piston. Finally, the
measuring cell was mounted on the instrument. A picture of the Cylindrical Cell is provided

with kind permission of Anton Paar GmbH in Fig. VLIII.
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VI Materials and Methods

Fig. VL.IIT  Components of SurPASS 3 Cylindrical Cell for fibers, granular and powder

samples (Anton Paar GmbH).

For measuring fibers with avivage the Cylindrical Cell using the sample holder for powders
proved to be better applicable. The design of the sample holder allows the formation of a
fiber plug with defined permeability. Thus, the adjustment of the permeability during the
rinsing cycle can be omitted. Hence the permeability of the fiber plug correlated with the
weighed sample quantity. To evaluate the required amount of fiber, between 0.05 an 0.07 g
of fibers material was mounted into the sample holder. This measuring set-up was considered
due to the supposed water solubility of the avivage components and therefore to avoid
contamination of the electrolyte and changes of the outermost layer of the fiber surface. For
the investigation of alkali cellulose, the same sample holder was used by reason of its pulpy

morphology.

VLILIII Measurement Conditions and Calibration
Since the zeta potential analysis may be affected by contaminations, high purity chemicals
are mandatory for successful measurements. According to the crucial requirements for water

quality compiling with the ASTM I*, only ultrapure water type 1 from Milli-Q® IQ water

8 American Standard for Testing and Materials 1
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VI Materials and Methods

purification systems was in use. This includes the preparation of electrolyte solutions and
titrants as well as the cleaning steps of the entire measuring equipment. Once the
measurements were finished, the electrolyte system of the instrument was cleaned with the

cleaning device mounted.

The inorganic salts used for this purpose were at least pro analys, or analytical grade, to avoid
contaminations and to ensure reliable electrolyte concentrations. The solutions were freshly
prepared each day and exchanged after each measurement. To prevent absorption of CO»
the electrolyte solution was continuously purged with nitrogen 5.0 during measurements.
The operation pressure was set to 6 bar at the double-stage gas valve of the gas cylinder to

reduce the primary pressure.

For the titrants, volumetric solutions (Titrisol®; Merck) were prepared by diluting the
concentrate accordingly. Acid (HCI) and base (NaOH) solutions for the titration unit were

exchanged after every week.

To maintain a reliable monitoring system, the pH electrode was calibrated once a week with
three buffer standard solutions of known pH value, covering measuring range (pH 2, pH 7,
pH 10). If not in use, the electrode was stored in 3 mol/l KCl solution. The single point
calibration of the conductivity electrode was required once a month with a conductivity
standard solution. At the beginning of each measurement the electrodes were cleaned with
ultrapure water and wiped off with a lint-free cloth before inserted into the electrolyte

solution.

In oder to determine reliable working conditions, a verification measurement was performed
when the instrument was put into operation. A standard cotton fabric was folded and
mounted in the center of the sample holder of the specific measuring cell. The verification
measurement for zeta potential was carried out with 0.01 mol/l KCI standard solution
according to the conditions specified in the instruction manual. Since the results met the
specific range of the zeta potential of the cotton fabric standard, thus, the reliability of the

instrument could be confirmed.

VI.IL.IV Measurement Procedure

In oder to perform a successful zeta potential analysis on fibers, the implementation of what

has been said so far is a prerequisite. 150 to 200 ml of the prepared electrolyte solution was
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VI Materials and Methods

filled into the glass beaker including a magnetic stir bar. The pH and conductivity electrodes
were put into the respective holder that was covering the glass beaker for monitoring the
electrolyte solution. Before starting the experiment, the gas supply was switched on for
purging the electrolyte solution constantly with nitrogen. The corresponding burette tips for
dosage of acid and base from the titration unit should be inserted in the beaker correctly.
Once the sample has been mounted into the corresponding measuring cell set-up, it can be

mounted on the instrument and the experiment can be defined in the software.

While rinsing the system three to five times with electrolyte solution the permeability index
of the fiber plug was approximately adjusted to 100 by turning the micrometer screw. In
order to ensure an equilibrium condition for correct zeta potential analysis during the
experiments, the pressure ramps need to overlapp after finishing the rinse cycles. If there
was no ovetlapping observed from the measuring view, the measurement was stopped, and

a higher number of cycles was used to reach equilibrium conditions.

A single or series of zeta potential measurements at defined electrolyte composition could
be performed typing a certain number of measurements in the selected zeta potential
measurement field. Changing the pH value of the electrolyte solution could be achieved by
selecting the dosage task to either acid or base until a certain pH value is reached. If starting a
new zeta potential measurement after changing the pH value of the electrolyte solution at

least two rinse cycles have to be performed to reach equilibrium conditions.

To perform zeta potential analysis in a determined pH range automatically, the measurement
type “pH scan” intended for this purpose was selected in the software menu. Various
parameters for the measurement (e.g. rinse cycle, zeta cycle, pH step, end pH value) can be
set there. The instrument is able to execute up to a number four repetitions of zeta cycles at
the adjusted pH value. To ensure a sufficient statistic evaluation of the data, three to four
geta potential cycles were set for the measurement at each pH increment.

It was important to set at least three rzuse ¢ycles to ensure sufficient equilibrium conditions
between each pH step during the measurement. Both the end pH value and the pH increment
for the scanning procedure were defined before the start. The start pH value required for the
experiment was previously set via dosing function. Once the experiment has been started, the
measurement routine can be followed on the monitor, where the zeta potential is plotted

against the pH value.
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VI Materials and Methods

Before starting a pH scan, it is important to make sure that the titration hoses are filled with
acid and base sufficiently and all parameters are set correctly. The electrolyte solution should
also be flushed with nitrogen. Depending on the size of the selected increment and the width
of the pH range to be scanned, a measurement can take up to several hours. Therefore, a

suitable time schedule for pH scan experiments should be considered.

Another important parameter for a successful zeta potential analysis is the pressure range.
The values for start pressure (600 mbar) and stop pressure (200 mbar) were default values.
It proved to be advantageous to increase the value of the start pressure to 800 mbar, in order

to eliminate impairments of the experiment (e.g., appearance of air bubbles).

For each performance of reliable zeta potential analysis, the corresponding pressure ramp
(streaming potential against pressure difference) is expected to be linear. Deviations become
noticeable mainly at the beginning of the decreasing pressure ramp or were caused by air
inclusions in the fiber plug, high ionic strengths, and strongly acidic pH values (around pH 2),
or strongly basic pH values (>10). To achieve a better correlation for the calculation of the
zeta potential, a specific pressure barwas set at 450 mbar. Thus, only the recorded data between
200 and 450 mbar were used for calculation. Furthermore, this limitation to a sufficiently

wide pressure range was favored by extending the starting pressure to 800 mbar.

Each time an experiment was finished, the system was emptied before demounting the
Cylindrical Cell from the instrument. For this, a specific task “empty the system” is listed in
the cleaning procedures of the program. The nitrogen flush also is switched off. After
emptying the system, the measuring cell could be removed and cleaned to be ready to prepare

further experiments.

In oder to achieve reliable results between different experiments, an appropriate cleaning of
the system is essential. Whenever a new fiber sample was intended to be measured, the
system was cleaned with ultrapure water. Instead of the Cylindrical Cell the Cleaning Cell
(especially provided for the cleaning routine) was mounted on the device. The empty and
properly cleaned 250 ml glass beaker for aqueous solutions was filled with 200 ml ultrapure
water and the cleaning process was selected in the listed cleaning procedures. After cleaning
the beaker was cleaned and filled with fresh electrolyte solution, or dried, if the device has to

be switched off.
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VI Materials and Methods

VLIII Preparation of Electrolyte Solutions

Based on the experiences and research of T. Luxbacher the recommended ionic strength of
solid surface zeta potential analysis is 0.001 mol/1 while using a 1:1 electrolyte. With regard
to this reference the majority of measurements were carried out with 2 0.001 mol/1 potassium
chloride (KCI) background electrolyte solution. An aqueous solution containing chloride

ions is preferred since the use of Ag/AgCl reference electrodes [137,138].

To prepate the stock solution, 0.9319 ¢ KCl (Mka = 74.5513 g/mol) were weighed into a
250 ml volumetric flask and filled up with ultrapure water. As soon as the salt has been
completely dissolved under repeated shaking, 5.000 ml of the clear solution were transferred
with an Eppendorf® Repeater™ M4 into another 250 ml flask and filled up to the mark with

ultrapure water again.

By suppling an electrolyte solution with defined ionic strength its effect on the reproducibility
of the streaming potential and streaming current measurement can be eliminated. Thus, the
preparation of the electrolyte solutions requires a high degree of accuracy and clean
laboratory equipment. To additionally prevent the introduction of foreign ions, the glassware
was cleaned exclusively by hand and rinsed several times with ultrapure water afterwards.
Nevertheless, the application of the streaming potential and streaming current method
considering the dependence of the zeta potential on the ionic strength is of certain interest.
Besides the use of an aqueous solution with a 1:1 electrolyte (KCl) the dependence of the

zeta potential on the ionic strength was investigated with multivalent ions too.

For measurements with salt solutions of different valency and varying ionic strength, 250 ml
stock solutions with an ionic strength of 0.9 and 0.09 mol/1 out of each salt were prepared.
Further solutions with ionic strengths of 0.009, 0.0009 and 0.00009 mol/1 could be made
from these stock solutions afterwards. For this purpose, 2.500 ml of each solution
conforming to 100 times the requested ionic strength was transferred with an Eppendorf®
Repeater™ into a 250 ml volumetric flask and filled up with ultrapure water. Following this
procedure, dilution series for potassium chloride (KCI), calcium chloride (CaCly), magnesium
chloride (MgCl,) and aluminum chloride (AlCl;) were prepared according to the scheme in

table VI.II.

Concentrations of 0.05 mol/1 acid and base were prepated for the titration unit. Hydrochloric

acid was used as acid and NaOH as base.
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VI Materials and Methods

Table VI.II: Compilation of the prepared electrolyte solutions and chemicals used for the

analysis of the dependence of the zeta potential on the ionic strength

Stock solution (250 ml)

Tonic

Electrolyte strength Concentration | Weighted Salt used for preparation
(ol /1) (mol/]) sample (g)
ss1 0.9 0.9 16.7736 | KCL 99.5-101.0%
KCl CAS Number: 7447-40-7
SS2 0.09 0.09 1.6774 | VWR Chemicals
SS1 0.9 0.3 8.3235 | CaCly, anhydrous = 96%
CaCl, CAS Number: 10043-52-4
SS2 0.09 0.03 0.8324 | T'WR Chemicals
SS1 0.9 0.3 7.1415 | MgCls, anhydrous = 98%
MgCl, CAS Number: 7786-30-3
SS2 0.09 0.03 0.7152 | TVWR Chemicals
SS1 0.9 0.15 9.0536 | AlCl; ‘6H2O = 99% p.a.
AlCl; CAS Number: 7784-13-6
SS2 0.09 0.015 0.9054 | Honeywell Chemicals
Dilution series (250 ml)
Electrolvte stf:(e)flncth Concentration | Stock solution used for preparation
y (mol%l) (mol /1) (2.500 ml)
SS3 9-10-3 9:-10-3 KCI - SS1
KCl S4 9:-104 9-104 KCI—SS2
S5 9-10-3 9:10-5 KCI—-SS3
SS3 9-10-3 3-10-3 CaCl, — SS1
CaCl S4 9-10-4 3-10-4 CaCl, — SS2
2
S5 9-10- 3-10-3 CaCl, — SS3
SS3 9-10-3 3-10-3 MgCl, — SS1
MgCl, S4 9:-104 3-10-4 MgCl, — SS2
S5 9-10- 3-10-3 MgCl, — SS3
SS3 9-10-3 1.5-10-3 AICl; — SS1
AlCl; S4 9:-104 1.5-104 AICl; — SS2
S5 9-10- 1.5-10- AICl; — SS3

SS1/2/3... Stock solution 1/2/3; S4/5... Solution 4/5
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VIII Results and Discussion

VII Results and Discussion

With regard to the comparison of the zeta potential analysis of different regenerated cellulose
fibers (and various surface treatments), great importance was attached to a reproducible and
consistent measurement performance. One data point usually corresponds to 3 —4
measurements (or more) in the presence of an electrolyte with a certain ionic strength at a
defined pH value. With a measuring time per point of approx. 5 to 10 min it is assumed that
temperature effects can be neglected. However, the influence of temperature is significant at
very low ionic strengths, as the conductivity depends on the temperature, so it was

considered that all measurements were performed at constant room temperature (25 °C).

0.0

l
NS
e}

~
=)
P

c\”
N
/

Zeta Potential (mV)

|
o]
e}

-10.0 | = —/—\

0 2 4 6 8 10 12
pH Value () | 0.001 mol/1 KCI
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Fig. VIL.I pH dependence (0.001 mol/1 KCI) of zeta potential for three different types
of viscose: Standard (CV-NDBA), red curve; nonwoven application (CV-
NW-NDBA), rose curve; LENZING Viscostar®”’ (CV-trilobal-NDBA),
brown curve; and Lyocell standard fiber (CLY-NDBA), blue curve.

9 LENZING Viscostar® is a trademark of Lenzing AG
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VIII Results and Discussion

Regarding the zeta potential analysis of three different types of viscose fibers in comparison
of Lyocell standard fiber CLY-NDBA (Fig. VILI), clear differences can be observed between
both viscose standard fiber (CV-NDBA) compared to Lyocell standard fiber and
LENZINGViscostar® (CV-trilobal-NDBA) compared to CV-NW-NDBA and CV-NDBA.
The measurements were performed as a function of pH value in the presence of a
0.001 mol/l KCl electrolyte solution. Disregarding the different bleaching process,
LENZINGViscostar® fiber differs from the other viscose fibers investigated by its trilobal
cross-section. In comparison, the values of the zeta potential for the trilobal viscose fiber are
shifted parallel upwards (+3 mV). Because of its characteristic cross section, the
LENZINGViscostar” fiber has evidently a much higher surface area and the packing in the
fiber plug will be different, i.e. when absorbing water (or aqueous electrolyte solution), the
special trilobal shape generates peculiar spaces between the fibers, thus improving the
capillary effect. This effect is consistent with the dependence of the zeta potential on the

fiber swelling and its adsorption characteristics.

The results in comparison to standard lyocell and viscose fibers differ from previous data in
the literature [10]: The magnitudes of the negative zeta potential for viscose fibers were
reported smaller in comparison to Lyocell, which is the opposite of the observation in Fig.
VILI. In relation to the results, how far do structural effects, (e.g., roughness) have influence
on the magnitude of the zeta potential, the answer to this question has not yet been clarified.
In principle, the streaming potential describes a macroscopic effect, but the charge
contributions of the fiber, which are represented by the streaming potential, are microscopic
or even nanoscopic (e.g., boundary layer). Further investigations with regard to differences
in structural properties of both Lyocell and viscose fibers are necessary to discuss these
results in more detail. However, the identical results for CV-NDBA (T; = 1.3) and CV-NW-
NDBA (T; = 1.7) suggest that there is no dependence of the zeta potential with respect to

the linear density of the fiber (titer).

VII.I Adsorption of Multivalent Ions
VIIL.I.I (1:1) Electrolyte — KCl

The dependence of the zeta potential for Lyocell and viscose standard fibers was investigated
as a function of the conductivity (Fig. VILII) or ionic strength (Fig. VILIII) of an aqueous
KCl solution (1:1 electrolyte). In general, the course of the curve is to be expected for the

complex sample (fiber sample) and cannot be explained by the classic model of the EDL.
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Fig. VILII = Dependence of the zeta potential of regenerated cellulose fibers (Lyocell and
viscose; standard) on the conductivity of an aqueous KCI solution.
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Fig. VILIII Dependence of the zeta potential of regenerated cellulose fibers (Lyocell and

viscose; standard) on the ionic strength of an aqueous KCl solution.
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VIII Results and Discussion

According to the classic model of the EDL, a continuous decrease in magnitude of the zeta
potential would be expected with increasing conductivity, which is the opposite of what can
be observed. A decrease in the amount of the zeta potential only occurs at a conductivity of
125 mS/m or at an ionic strength of 0.009 mol/l, i.e., from 0.009 to 0.08 mol/l is a course
that goes from theory to expectation. The results below an ionic strength of 0.009 mol/1
(corresponding to 125 mS/m) are to be interpreted as apparent zeta potential, because

especially at low ion strengths the data do not represent the real zeta potential values.

Both the slope of the curves and the position of the minimum are material properties or
properties of the packing density. For comparable measurements, therefore, the
reproducibility of the packing density (fiber plug) must be ensured, using the same fiber
quantity for each measurement. The uniformity of the fiber packing density is represented
by the permeability during the measurement. Therefore, a constant (recommended)
permeability index of 100 was maintained during the measurements. Since the minimum as
well as the curve progression for both viscose and Lyocell does not differ from the position
with respect to the x-axis and the sample preparation, and the measurement procedure were
performed according to the instructions, it can be assumed that the packing density was

reproducible.

The course of the curve is therefore mainly related to the material properties, e.g. surface
charge, swelling behavior, and porosity (if present). However, the minimum of the curve is
comparatively localized at very high ionic strength (0.009 mol/1), but it should be noted that
a significant localization of the minimum would require additional measuring points at
different ion strengths. Additional measurements at closer ionic strength intervals could also

provide more information about the formation of the peak in the curve at approx. 30 mS/m.

The characteristic curve is due in part to the swelling of the fiber. The swelling causes the
fiber to become electrically conductive when in contact with water or an aqueous electrolyte
solution. As mentioned before, this intrinsic conductivity of the fiber in the swollen state
cannot be taken into account in the calculation of the zeta potential because it is not known.
If the bulk electrolyte conductivity is very small compared to the unknown total conductivity,
this results in significant miscalculation of the zeta potential, which obviously is the case at
low ionic strength. (As mentioned in chapter V, according to the Helmholtz-Smoluchowski
equation [Eq. (V.I)], the calculation of the zeta potentials is referred to the bulk electrolyte

conductivity).
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VIII Results and Discussion

The reason for this error is not based on the measured streaming potential but the value of
the electrical conductivity used for the calculation of the zeta potential. At high ionic
strength, the conductivity of the electrolyte solution actually becomes representative of the
total conductivity of the sample. Therefore, in case of KCl electrolyte solution, the values at
high ionic strength (> 0.1 mol/I) are considered as real zeta potential values. The recorded
values below 0.1 mol/l represent apparent zeta potential values, which indicates that the

magnitude of the individual electrolyte conductivity is underestimated in the calculation.

After the mentioned impact of the packing density of the fibers on the zeta potential analysis,
it is obvious that the distance between the randomly arranged fibers is of some importance,
although the distance between the fibers is an effective size, i.e., some fibers are very close
packed together in the fiber plug with including voids or cavities (otherwise it would not be
possible for the liquid to flow through). Due to the fact that the fibers are on average very
close to each other, the effective distance between the fibers does not correspond to the
conditions for the applicability of the Helmholtz-Smoluchowski equation [Eq. (V.I)], and is

therefore not appropriate for a correct calculation of the zeta potential [139].

According to the model of the EDL, an excess of counterions are present at the interface
between the stationary layer and the diffusive layer and therefore a higher conductivity occurs
compared to the bulk electrolyte. Since the cellulose fibers are very close to each other during
the measurement, hence the ion concentration inside the pore channels between the fibers
is higher compared to the liquid phase, i.e. the effect of the interfacial conductivity increases
with decreasing distance between the fibers in the plug. Referring to a fiber system with no
material swelling, the small distance between the fibers would cause the streaming potential
to experience a higher conductivity not corresponding to the conductivity of the bulk
electrolyte solution used for the calculation. Depending on the ionic strength of the
electrolyte solution, this causes a certain expansion of the interfacial layer, which varies from,
e.g., 1 nm for 0.1 molar KCl solution (Fig. VL.IV) to 100 nm for (ultrapure) water [122]. In

consequence, the interfacial layer is further extended at low ionic strengths.

The representation of the calculated zeta potential as a function of the ionic strength proves
to be more advantageous than the representation as a function of the conductivity, since the
ionic strength is an absolute quantity and independent of the composition of the electrolyte.
Conductivity, on the other hand, is a dependent variable, since the different mobility of

separate ion species is a decisive factor and so is the concentration. This is intended for the
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VIII Results and Discussion

further representation of the measurements results. In addition, in the model of the EDL,
the Debye length indicates the extension of the double layer and is represented as a function
of the ionic strength. Fig. VLIV compares the zeta potential as a function of the ionic
strength of an aqueous KCl solution for standard Lyocell fiber with the compression of the
electrochemical double layer with increasing electrolyte concentration (to be observed by a

decay of the Debye length). The values were calculated using Eq. (V.V).
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Fig. VILIV  Dependence of the zeta potential of Lyocell (standard) on the ionic strength
of an aqueous KCI solution in comparison with the decay of the Debye
length, indicating the extension of the EDL in correlation with the fiber

spacing.

In oder to eliminate the effect of the interfacial conductivity, a different measurement setup
should be considered, where the fibers can be arranged further apart (several micrometers)
and thus, the expansion of the boundary layer is significantly smaller compared to the
distance between the fibers. However, this required setup is not given by the principle of the
measuring cell geometry with the respective fiber arrangement (fiber plug), moreover, at large
fiber distances the prerequisite for the measurability of the streaming potential is not given,

because the permeability of the sample would be much too high.
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VIII Results and Discussion

Another option regarding the elimination of the interfacial conductivity, is to increase the
ionic strength of the solution. This means that even with small distances between the fibers,
the interfacial layers of adjacent fibers do not tend to approach each other. In the presence
of a KCI electrolyte solution, this effect can be observed experimentally above an ion
strength of about 0.01, corresponding to a conductivity of about 125 mS/m, both for Lyocell
and viscose fibers. The position of the minimum at about 0.009 mol/1 (or 100 mS/m) is

therefore to be interpreted as a property of the packing density.

However, the different slope of the individual curves for Lyocell and viscose is a material
property. The differences in the properties of the two fibers Lyocell and viscose are therefore
characterized by a different magnitude of the zeta potential at the minimum, ie. the
magnitude of the zeta potential at the minimum is attributed to a material property, but the
corresponding ionic strength or conductance is basically a property of the packing density

(fiber plug) and the material swelling.

It was suggested to implement a mathematical correction for the influence of the interfacial
conductivity with regard to the zeta potential analysis of Lyocell and viscose fibers at
different KCI electrolyte concentrations. This correction was first proposed by Fairbrother
and Mastin in 1924 [130], according to which the quantity of the interfacial conductivity is
determined by means of static resistance measurement. When performing the correction
calculation according to Eq. (V.IV), it should be observed that the magnitude for the zeta
potential increases, especially at lower ionic strengths but the results do not represent a
significant deviation between the correct and the apparent zeta potential as shown in Fig.

VILV.

The application of the Fairbrother and Mastin method shows little difference compared to
the measurements performed with SurPASS™ 3 according to Eq. (V.1.). Even at low ionic
strength the resistance is comparatively very low due to the fiber packing density and the
fiber properties. The instrument is not specified as a resistance analyzer and therefore the

error is very large and cannot be measured with enough accuracy.

The Fairbrother and Mastin correction is intended to correct the influence of the interfacial
conductivity and it applies to a rigid interface between solid and liquid phase, which is not to
be expected with regenerated cellulose fibers. In particular, the swelling behavior results in a

continuous transition between the fiber material and the liquid phase and not in a rigid
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VIII Results and Discussion

interface. Therefore, the swelling of cellulose fibers has a much greater effect on the
magnitude of the zeta potential compared to the interfacial conductivity. Experience proves
that the influence of the interfacial conductivity eliminates at an ionic strength above 107
mol/l. However, the results show that the minimum zeta potential is located at around 10~
mol/l mentioned before, i.e., a further effect which is dominated by the material swelling of

the fiber system.
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Fig. VILV  The zeta potential data for standard Lyocell and viscose evaluated from
Eq. (V.IV), (correct; black broken line) compared to the apparent

measurement results according to Eq. (V.1.).

Thus, it is proven that the Fairbrother and Mastin approach is not applicable to regenerated
cellulose fibers and, as suspected in advance, the real zeta potential is not accessible at low
ionic strength. Therefore, only an apparent zeta potential can be assumed for low ionic
strengths. The fact that the Fairbrother and Mastin correction cannot be applied to
regenerated cellulose fibers has not yet been discussed in the literature, but it is only of minor
importance to the application to compare viscose and Lyocell fibers. For this reason, it is not

recommended to apply this correction to the system of regenerated cellulose fibers.
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VIII Results and Discussion

VIIL.LII (2:1) Electrolyte — CaCl, and MgCl,

The dependence of the zeta potential for Lyocell and viscose standard fibers is represented
as a function of ionic strength (Fig. VIL.VI) of an aqueous CaCl, solution (2:1 electrolyte).
Additionally, for CV-NDBA (standard viscose) the zeta potential at different ionic strength

of MgCl, was investigated.

As already discussed in detail for the results as a function of KCl, the observed curve is
characteristic for the complex fiber sample. Therefore, the conclusions regarding the effects
of the characteristic properties of cellulosic fibers on the zeta potential analysis (e.g. swelling,
fiber packing density, extension of the EDL) are also valid for the discussion of the results

concerning complex electrolytes.
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Fig. VILVI  Dependence of the zeta potential of regenerated cellulose fibers (Lyocell and
viscose; standard) on the ionic strength of an aqueous CaCl, (and MgCl,)

solution.

In the results for viscose with divalent Ca®* ions, the positive effect on the characteristic of
the curve becomes clear when the measurements are performed by the stepwise addition of
concentrated electrolyte solution. Due to the higher density of measurement points it can be
seen that the curve is indeed almost linear on the left side of the minimum. The minimum

for CV-NDBA-CaCl; is located at 0.004 mol/] and shifted to lower ionic strength compared
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VIII Results and Discussion

to the results for KCI (0.009 mol/l). The same shift to low ionic strengths is observed for
standard Lyocell fibers, both in the presence of CaCl, and MgCl.. Moreover, the magnitude
of zeta potential is comparatively lower (-10.35 mV, CV-NDBA-CaCl,; -13.10 mV, CV-
NDBA-KCI; -5.80 mV, CLY-NDBA-CaCl,; -8.50 mV, CLY-NDBA-KCI).

The error bars are particularly noticeable for Lyocell in the higher ionic strength range but

have no negative impact on the interpretation of the data.

According to expectations, the results show that the bivalent ions (Ca**, Mg*") ate involved
in the formation of the zeta potential for both Lyocell and viscose fibers, i.e. the ions have
been adsorbed on the fiber surface at a certain amount and thus have an effect on the
magnitude of the zeta potential. A specific interaction of the fiber in comparison of calcium
and magnesium ions is not clearly recognizable from the measured data. Therefore, no higher

affinity of the Lyocell fiber to Ca®" ions compared to Mg®* ions can be assumed.

Despite of the fact that the resulting magnitude of the zeta potential for Lyocell and viscose
are comparatively small, the two curves differ significantly, even if the minima of the two
fiber types differ only by about 5 mV (in accordance with the results for KCI). The results
indicate that the material differences between the two regenerated cellulose fibers are
reflected in the zeta potential analysis. One reason for the material differences between
Lyocell and viscose is the different manufacturing process of the two regenerated cellulose
fibers. In the viscose process, cellulose is converted into cellulose xanthate (derivatization)
and thus becomes soluble (chemical process). The production of Lyocell fibers is a physical
process, where the cellulose is dissolved directly in an organic solvent (NMMO) without
chemical modification. As a result of the differences in the spinning process, the respective
characteristic morphology of the two fibers is formed. Lyocell fibers exhibit a smooth surface
(round cross-section), whereas viscose fibers show longitudinal indentations (irregular cross-
section). Therefore, the specific surface area of viscose fibers is higher than that of Lyocell

fibers.

VIIL.LII (3:1) Electrolyte — AlICl3
The measurement results for standard Lyocell and viscose fibers with different ionic strength
of AICl; show further interesting observations (Fig. VIL.VI). However, a shift of the

minimum to again lower ionic strength in comparison to the measurements with divalent

cations is observed in the graphic (-6.80 mV, CV-NDBA-AICl; -8.30 mV, CLY-NDBA-
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VIII Results and Discussion

AlCl5). Nevertheless, the magnitude of the zeta potential for Lyocell is comparatively higher
than for viscose, (i.e., in Fig. VIL.VII the blue curve is seen below the red curve), which is an
opposite observation compared to the previous measurements in the presence of mono- and

bivalent ions (KKCl, CaCl).

The characteristic of the curves again indicates the swelling of the fibers but differs in its
curvature compared to KCl, CaCl, and MgCl.. While the graph for the viscose fiber initially
follows the criteria for negative curvature, the graph for the Lyocell fiber shows a positive
curvature. For the last two measuring points the Lyocell fiber reaches a plateau and converges
to the x-axis, i.e. the zeta potential approaches a steady-state value which is close to zero.

Despite the comparatively high ionic strength, the error bars are low.
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Fig. VILVII Dependence of the zeta potential of regenerated cellulose fibers (Lyocell and

viscose; standard) on the ionic strength of an aqueous AgCls solution.

The reason for the formation of the plateau is that no further ions can be adsorbed into the
interfacial layer. Although the viscose fiber has a higher specific surface area, the negatively
charged surface in aqueous solution becomes positive as the ion concentration is raised
above 0.002 mol/l, whereas the curve for the Lyocell fiber remains below the x-axis. This

13+

characteristic of the curve confirms the higher affinity of the viscose fiber to Al’" ions.

However, the question arises regarding the possible explanation for the higher affinity of
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VIII Results and Discussion

AT" jons for viscose compared to Lyocell fibers. Considering the extreme curve progression
of the viscose fiber at high ionic strength, it can be assumed that the effect is not only caused
by a physical adsorption but the AI’* ions also tend to form complexes or interact chemically
with the fiber surface. AgCls itself has a very pronounced affinity for water (hygroscopic
properties) and when mixed with water, the CI” ions get replaced with water molecules in the
lattice to form the hexahydrate (Al(H.O)¢Cls) and partially dissociates in aluminum hydroxide

and HCI, depending on the pH of the solution (hydrolysis) [140].

Similar results were obtained by Mosur et al. [141] for their investigation of the pH
dependences of the zeta potential of MCC (microcrystalline cellulose) particles in aluminum
chloride solution with different concentrations. Further Baty et al. [142] reported, however,
an important mechanism of degradation in papermaking in the presence of A" (the metal

cation in alum).

VII.II Hydrophobic Lyocell and Viscose Fibers
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Fig. VILVIII pH dependence of the zeta potential of hydrophobic (0.1% AKD)
regenerated cellulose fibers (Lyocell and viscose; standard) in the presence of

0.001 mol/1 KCl electrolyte solution.
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VIII Results and Discussion

Details abont the AKD-modification of cellulose fibers are discussed in the literature [143—145] and should
be further mentioned there. For the discussion of the results it should be sufficient that this treatment is used

Jor the hydrophobization of cellulose fibers.

For regenerated cellulose fibers treated with AKD (alkyl ketene dimer), differences between
Lyocell and viscose are also observed (Fig. VILVIII). The graphic represents the
measurement results as a function of the pH value in the presence of 10 mol/1 KCl
electrolyte solution. If the results for CLY-0.1%AKD-DS are compared with the untreated
fiber (Fig. VILIX), no increase in the curve can be observed in the alkaline range. At high
pH values, the magnitude of zeta potential of the fiber treated with AKD is more negative

compared to the untreated fiber, for both Lyocell and viscose (Fig. VILIX and Fig. VIL.X).

With regard to an entirely hydrophobic fiber, an isoelectric point (IEP) at pH 4 would be
expected, i.e. as a characteristic of material surfaces that have no functional groups. This
phenomenon is a consequence of the adsorption equilibrium of water ions on hydrophobic
surfaces, which is reached at pH 4. Hydroxide ions (OH") and hydronium ions (H;O") differ
in their physiochemical properties in terms of size, polarizability and also in their attraction
to water molecules, i.e. hydrate shell, which should keep the two ions separate. As a result of
these different properties, the hydroxide ions exhibit a higher level of affinity to hydrophobic
surfaces than the hydronium ions. Therefore, H:O" concentration in the aqueous solution
must exceed that of OH™ to achieve an equivalent adsorption of the two ions at hydrophobic
interfaces, i.e., it takes 1000 times more H;O" ions to adsorb in the same number of OH"

ions on the hydrophobic surface and is intended to be sufficient as a qualitative explanation.

Nevertheless, the hydrophobic property of the AKD Lyocell fiber is more pronounced as
compared to AKD treated viscose fiber. For AKD Lyocell it can be seen that a curve plateau
is reached at low pH values, which is also lightly marked for AKD viscose. In the course of

the AKD Lyocell curve a small maximum is reached at +10 mV (at pH = 2.8).

This trend reversal at low pH values results from the high ionic strength of the aqueous
solution due to the added acid (HCI), taking into account the higher activity of hydronium
ions (HsO") compared to K+ ions. The observed pH effect on the zeta potential is
determined by the increase of ionic strength with decreasing pH value and therefore a valid
evaluation of the data at low pH values is difficult. An exception to this is observed at high

pH values where there is no effect on the zeta potential with regard to increasing ionic
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VIII Results and Discussion

strength (or conductivity) of the bulk electrolyte solution, and therefore, the recorded data
in the range of pH 4—10 can be interpreted based on the pH dependence of the zeta potential.
This information is valid for the use of a 10~ mol/1 KCl solution.

At low pH values it is therefore critical to state that the magnitude of the zeta potential
increases with lower pH values, because the effect of the higher ionic strength is observed

simultaneously.

The graphic (Fig. VIL.VIII) shows another interesting example of the difference between the
two regenerated cellulose fibers. The two fibers also show different results for the AKD
treatment, as already noted for the adsorption of multivalent ions. The comparison between
the zeta potential data for the AKD Lyocell and viscose fibers indicates a preferential

bonding of the AKD to the Lyocell fiber.

The AKD-treated regenerated cellulose fibers show clear hydrophobic properties based on
the zeta potential data, especially when comparing the data with the untreated fibers (Fig.
VILIX and Fig. VIL.X), which would also result from the determination of the contact angle

but are difficult to investigate for fibers.

Since Lyocell and viscose fibers have already been treated with AKD (and the hydrophobing
agent has not been applied in the measurement, e.g., AlCl; adsorption), the measurement
results also indicate the stability of the AKD treatment. If the AKD treatment had washed
out, neither an IEP close to 4 nor the very negative zeta potential in the alkaline range would
be observable, but due to contact with the aqueous solution it cannot be excluded that the

hydrophobic effect has been washed away

With regard to the AKD treated viscose fiber, it can be assumed that the ADK treatment is
either less effective, i.e. leads to a less hydrophobic character or the exposure to the aqueous
solution tends to an effective reduction of the hydrophobic property. Further investigations
are necessary to confirm the assumptions, e.g. storing the fibers in water for a longer period

of time.

Based on this approach, the zeta potential measurements are applicable for quality control

during the manufacturing process of hydrophobic fibers.
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VIII Results and Discussion

VILIII Cationic Viscose Fibers

Due to the fact that this treatment of cellulose fibers is still in trial, no further details about the treatment can
be specified. 1t shonld nevertheless be sufficient for the discussion that (in this case) viscose fibers treated by
this method exhibit a positive surface charge in contact with an aqueons solution. In order to exclude possible

effects of the avivage, the fiber sample withont avivage (W.A) was chosen for this measurement.
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Fig. VILXI pH dependence of the zeta potential of viscose fibers treated with a cationic

additive (18% KA1) in the presence of 0.001 mol/1 KCl electrolyte solution.

The results in Fig. VIL.XI show the influence of the cationic modification, which causes a
positive charge of the fiber surface over a wide pH range. Significantly, the sign of the zeta
potential is positive, and the results show an expected course for viscose (resp. cellulose)
fibers treated with a cationic additive (KKA). The curve falls linearly, then reaches a plateau
(pH 4) until it rises at pH 8. Due to the fact that the measurements were also performed in
the presence of a 10~ mol/1 KCl solution, the already discussed limiting conditions for the
pH dependence of the zeta potential also occur for this investigation, i.e., for the recorded
data at pH < 4, the pH dependence of the zeta potential is impaired by the conductivity
effect, especially at low pH values and is not to be interpreted as a characteristic of this
cationic treatment. The same effect of conductivity applies to higher pH values (pH > 9),
which means that the increase in zeta potential with increasing pH is equally affected by the
higher conductivity of the electrolyte solution. In other words, the characteristics of the zeta

potential as a function of the pH value is more an effect of the conductivity of the electrolyte
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VIII Results and Discussion

solution. This effect would be significantly lower when using a more concentrated electrolyte

solution.

Nevertheless, the physicochemical and structural properties of the regenerated cellulose
fibers affect the magnitude of the zeta potential, e.g., swelling, packing density (fiber plug),
extension of the EDL. Therefore, it can be assumed that the alleged real zeta potential is
shifted to higher values for these measurements as well; an intentional miscalculation that is

(or must be) made due to the inaccessible conductivity in the fiber plug.

The interpretation of the measurement results leads to the conclusion that cationic modified
viscose fibers are not affected by the pH of the electrolyte solution and retain the cationic
properties over the entire pH range, i.e., the effect of the cationic additive is not changed by

contact with the electrolyte solution.

It should be noted that most zeta potential measurements published in the literature are
performed on inherent negatively charged surfaces and that there is comparatively little

information about positively charged materials as a function of ionic strength.

VII.II1.II Viscose Fibers with different amount of KA

With regard to differences in the zeta potential analysis of cationic viscose fibers, 5 samples
with different percentage of cationic additive(s) were investigated. To prevent the results
from possible influences of the water solubility of the avivage components during the
measurement, an adapted measurement setup was used (mentioned in detail in chapter VI).
It proved to be difficult to set the required permeability (PI = 100) for the measurement, as
this can only be controlled by the amount of fiber filled into the measuring cell. However,
since the zeta potential is dependent on the permeability of the fiber sample, different PI

were adapted for this investigation.

The measurements were therefore performed with different amounts of viscose fiber (using
2 0.001 mol/1 KCl electrolyte solution) and plotted as a function of permeability (represented
by the permeability index (PI)) and are illustrated in Fig. VILXII. The error bars have been
omitted for a more favorable presentation of the data. It was to be expected that with regard
to higher additive concentration the zeta potential would shift to higher values, but this
assumption can only be confirmed for CV-25%KA1-DS. A comparison of the

corresponding zeta potential values (for similar PI) clearly shows that there is no significant
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VIII Results and Discussion

correlation between the quantities of additives and the magnitude of the zeta potential.

However, it can be seen that the magnitude of the zeta potential decreases with decreasing

permeability.
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Fig. VILXII Dependence of the zeta potential of viscose fibers with different percentage
of cationic additive(s) on the permeability index in the presence of

0.001 mol/1 KCl electrolyte solution.

VILIIL.II The Effect of Avivage Treatment

As already mentioned, the possibility of washing off the components of the avivage when
the fiber is immersed in an aqueous solution limits the applicability of the zeta potential
analysis for regenerated cellulose fibers, i.e., the fibers to be examined need to be sampled
before the avivage is applied in the manufacturing process. This limitation is nevertheless

relevant for the investigation of cellulose fibers at the end of the production process.

Due to the fact that (except for one sample) the viscose fibers with different amounts of
cationic additives were provided with aviviage, the possible influence on the zeta potential
analysis was investigated for the sample CV-15%KA1-DS. The results (zeta potential and
pH) are illustrated in Fig. VILXIII as function of time. A more distinct illustration of the

dependence of the zeta potential as a function of time is shown in Fig. VIL.XIV.

Page 58



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

(]
10
ledge

know

o
i
r

m You
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Fig. VILXIII Time dependent zeta potential (and pH) of viscose fibers treated with a
cationic additive (15% KA1) and avivage in the presence of 0.001 mol/1 KClI

electrolyte solution.
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Fig. VILXIV Time dependent zeta potential of viscose fibers treated with a cationic
additive (15% KA1) and avivage in the presence of 0.001 mol/1 KCI

electrolyte solution, and linear regression (black broken line).
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VIII Results and Discussion

The effect on the zeta potential due to the solubility of the avivage is observed to be relatively
small. The maximum deviation of the magnitude of the zeta potential is about £0.25 mV.
However, the change in the pH value (8.3 —7.5) of the electrolyte solution during the
measurement can be seen more clearly as the measuring time progresses. A comparison with
the measurement in Fig. VILXI indicates that the zeta potential is almost constant in the
range of pH 4 to 8, and therefore this observed pH effect caused by the sample should not
influence the course of the zeta potential. From this perspective, it is still ambiguous whether
the change in pH is a cause of the avivage or the cationic additive, while different time
dependency of the zeta potential can also give information about the swelling of the fibers

in contact with an aqueous solution.

VII.IV Alkali cellulose

The results for the investigations on the system alkali cellulose as a function of the pH value
(Fig. VILXV) show high dispersions of values (i.e., comparatively large error bars).
Therefore, the (possible) course of the curve has not been marked for this example. In the

range of a pH of 4.5, a minimum of the zeta potential can be observed at approx. -7.3 mV.
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Fig. VILXV pH dependence of the zeta potential of alkali cellulose in the presence of
0.001 mol/1 KCl electrolyte solution.
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VIII Results and Discussion

Although the deviation range is comparatively large, the curve of a characteristic cellulosic
material can be assumed. During the performance of the measurement, the assumption was
confirmed that the sample had not been (or could not be) washed sufficiently neutrally after
sampling from the manufacturing process by changes in the pH value of the electrolyte
solution during the analysis and difficulties in the adjustment of low pH values. This effect
of the residual alkali content of the sample is probably responsible for the high dispersion of

the data.

As a consequence, the alkali cellulose is therefore less suitable for the zeta potential analysis,

since a residual alkali content in the sample cannot be entirely eliminated.

VIII Conclusion

In this master’s thesis a number of different regenerated cellulose fibers from Lenzing AG
(Austria) were characterized by zeta potential measurements. Despite of the complex
behavior of regenerated cellulose fibers, (e.g., interfibrillar porous structure, structural
differences in the outer surface compared to bulk, high swelling propensity in aqueous
solutions, and the restriction of the apparent zeta potential) the effect of distinct fiber

treatments clearly becomes evident from electrokinetic measurements.

The comparison of measurement data of untreated (standard) Lyocell and viscose fibers
showed significant differences, which were presumably linked to structural properties, but
could not be directly explained by electrokinetic effects. Compared to conventional viscose
fibers, the results for LENZING Viscostar® fibers with characteristic trilobal cross-section
deviated to significantly lower values, regarding the order of magnitude of the negative zeta

potential.

The results for different electrolytes and ionic strengths could not be explained with the
classical model of EDL and were therefore to be interpreted as apparent zeta potential
values. Especially the swelling behavior as a characteristic material property of cellulosic
fibers is reflected in the zeta potential analysis. Furthermore, it could be shown that the
Fairbrother and Mastin approach to correct the influence of the interfacial conductivity in
the calculation of the zeta potential is not applicable to the complex system of cellulose

fibers.
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VIII Conclusion

Concerning the measurement results for polyvalent ions, a significantly higher affinity of the
lyocell fiber to Ca®* or Mg®" could not be confirmed. However, lower zeta potential values
were registered both for the curve for Lyocell and for viscose fibers compared to monovalent
ions (K"). The measurement results for standard Lyocell and viscose fibers with different
ionic strength of AlICI; could not be fully explained by the effect of physical adsorption and

require further investigation with different analytical techniques (e.g., ICP-MS).

For regenerated cellulose fibers treated with AKD, differences between Lyocell and viscose
could also be determined and the characteristic effect of hydrophobization was clearly visible
in the measurement results. The treatment of viscose fibers with different amounts of
cationic additive was found to be constant over a wide pH range, although a correlation
between different percentage of cationic additive(s) could not be investigated with the
considered measurement setup. In contrast to the expectations, the effect of the avivage on
the zeta potential could be monitored relatively small. Nevertheless, possible effects of post-
treatments, (e.g., avivage, refinements, or drying) should always be taken into account when

performing zeta potential analysis of regenerated cellulose fibers.

Since there is only limited information about the zeta potential analysis of positively charged
macroscopic solids in the literature so far, this cationic fiber treatment proves to be

particularly interesting for further investigations from a scientific point of view.

The alkali cellulose proved to be rather unsuitable for the zeta potential analysis because of

its strong alkaline properties.

Although the zeta potential analysis of cellulose fibers has its limitations, it can be used for
the monitoring of fiber swelling and their absorption properties towards different multivalent
ions as well as quality control for different fiber treatments. However, it should be noted that
further measurements and investigations are essential in terms of reproducibility and the
potential use as routine measurement equipment for surface charge analysis of regenerated

cellulose fibers.
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