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The surface properties of three glass fibers made from silicate waste and of various
commercial glass fibers have been characterized by zeta (¢)-potential and contact angle
measurements. ¢-Potential measurements indicate that the formation of the
electrochemical double layer is clearly affected by the type and amount of network former
and network modifier oxides in the glass structure. A high negative ¢-potential is measured
for fibers containing large amounts of network former oxides. The amount and type of
network modifier cations leaching from the glass and adsorbing in the electrochemical
double layer causes the negative ¢-potential to decrease. pH-depending ¢-potentials show
that the Brgnsted acidic surface character predominates. The ratio of network former to
network modifier oxides affect the course of the ¢ = f(pH) function and, therefore, the
acidity of the fiber surfaces. Contact angles of glass fibers against water and
diiodomethane have been measured in order to estimate the fiber surface tensions. All
investigated glass fibers are rather hydrophobic. The surface tension of the fibers is similar
to polymer. The results of the present study are relevant for the use of such glass fibers as
reinforcement for polymer matrix composites. © 2004 Kluwer Academic Publishers

1. Introduction
The increasing amount of industrial waste being pro-
duced, the simultaneous decrease of waste disposal
space, as well as the problems associated with the con-
tamination from hazardous and toxic elements are ur-
gent issues demanding the attention of scientists and
technologists. An important group of industrial waste
is that of silicate residues, which include coal power
station ash, fly-ash from waste incinerators, slags from
the steel production, sewage sludge ash as well as sev-
eral types of glass cullet [1-4].

One conventional method for the recycling and reuse
of silicate residues is vitrification, i.e., the melting of
the residues at high temperatures (1300-1500°C) to

tAuthor to whom all correspondence should be addressed.

produce homogeneous glasses [5]. A disadvantage of
vitrification is that it is an energy-intensive process in-
volving relatively high costs. Therefore, its use can
only be fully justified and commercially viable if high-
quality products with optimized properties can be fabri-
cated from the vitrified waste. These products may then
find applications on their own or in combination with
other conventional materials in diverse areas such as
architecture, structural building and construction com-
ponents, insulation or other specialized applications.
The fabrication of glass fibers from silicate waste us-
ing electronic glass cullet from television (TV) set com-
ponents, e.g., cone and screen, and computer monitors
residues has been considered in the past [6—8]. The
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fabricated fibers, which contain significant amounts of
heavy metals (e.g., lead, barium), have been proposed as
suitable reinforcement elements for polymer compos-
ites with possible applications in radiation protection
panels [6-8]. It has been suggested that the procedure
of transforming electronic glass cullet into fibrous prod-
ucts is a very attractive way of recycling such valuable
and problematic glasses that can not usually (or in lim-
ited amount only) be remelted for electronic glass com-
ponent manufacture due to compositional problems [9].
In preliminary work, also sewage sludge ash (KSA)
from a municipal sludge incinerator plant has been used
to fabricate glass fibers [10, 11].

For the further use of “recycled” glass fibers fab-
ricated from silicate waste a detailed characterization
of their surface properties, and their comparison with
those of conventional glass fibers, is required. This is
particularly important if the fibers are to be used as
reinforcement in polymer matrix composites. In fiber
reinforced polymers the fibers have to carry the load
applied to the material. The matrix holds the fibers in
place, protects them and also determines the materi-
als performance at elevated temperatures and the com-
posite’s chemical resistance [12]. However, the level
of ‘practical’ adhesion between the fibers and the sur-
rounding polymer matrix determines the stress transfer
from the matrix into the fibers and, therefore, the over-
all mechanical performance of the composite. Charac-
terizing the single components of a composite mate-
rial provides useful information to predict the effective
properties and macroscopic performance of the com-
posite since the overall materials behavior, including
the mechanical properties, depends on the properties
of the single components as well as on the interfacial
compatibility between them. Additionally, knowing the
surface properties of the components (fibers and matrix)
enables on the one hand to tailor surface treatments for
the reinforcing fibers and on the other hand to select a
suitable matrix material or to modify the polymer ma-
trix properties.

In the present investigation the surface properties
of three experimental glass fibers obtained from sili-
cate waste, including TV screen, TV cone and sewage
sludge ash, are studied by means of ¢ -potential and con-
tact angle measurements. ¢-Potential measurements
not only offer a possibility to estimate the state, type
and amount of dissociable surface functional groups
on the investigated solid surfaces but also to char-
acterize the dispersion forces proceeding from solid
surfaces [13]. It has been shown that the difference
in the adsorption-free energies of the electrolyte ions,
like Kt and CI—, adsorbing at the solid surface cor-
responds to the dispersive forces occurring at the
solid/electrolyte interface [ 14]. Furthermore, it has been
stated [15] that ¢-potential measurements are an easy
and reliable method to estimate adhesive properties
between hot melts and solid substrates. With increas-
ing differences between the ¢-potential plateau values
(A = ;;g?gjflve - ;‘Ii}t‘;ﬁ“d) for both components as ob-
tained from the pH dependence of the ¢ -potential (¢ =
f (pH)), the measured adhesive strength should also in-
crease. Recent publications confirmed that ¢-potential
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measurements allow predicting the trend of changing
adhesion between two adhesive partners [16, 17].

From the thermodynamic point of view of adhesion
[18], it is necessary to know the surface tensions of
the adhesive and adherend (i.e., polymer and reinforce-
ment in case of composite materials) in order to esti-
mate the reversible thermodynamic work of adhesion
W,, which has been found to be proportional to the
measured (practical) adhesion [19]. Measuring contact
angles is a useful tool to characterize solid surfaces,
and these methods are easy to handle and reliable to
obtain information about the outermost surface layers
[20, 21].

2. Experimental

2.1. Materials

A total of three test glass fibers obtained from silicate
waste including TV screen (test glass S), TV cone (test
glass K) and sewage sludge ash (test glass KSA) were
considered.

KSA fibers could not be drawn directly after the
draining of the sludge. Sewage sludge ash was used in-
stead for the tests. In order to improve the melting and
forming process other silicate residues containing more
SiO; and Al,O3 were added and mixing and charging
problems had to be solved. In order to achieve an almost
constant composition of the resulting fibers it was nec-
essary to add the residuals in predetermined quantities.
All corrections were made using a pot melt [10, 11].

All three test glass fibers that were made from silicate
waste were drawn using a commercial bushing. This
means, continuous fibers are produced by the rapid at-
tenuation of molten glass drops exuding from nozzles
located on the bottom-side of a resistance-heated chan-
nel [10, 11].

Fibers produced from sewage sludge ash (KSA) have
relatively large diameters in the range of 15 < df <
18 pum due to the drawing conditions and an average
tensile strength of 930 MPa and a Young’s-modulus of
67 GPa.

The average diameter of both recycled TV-glass
fibers (test glass S and K) was 11.8 um. The mea-
sured tensile strength values or of the S test glass
fibers depend on the fiber diameter and vary between
1000 < o < 1154 MPa for fibers having a diameter of
13 um and are in the range of 1200 < oy < 1870 MPa
for smaller diameter (df = 10 pum) fibers. The av-
erage tensile strength for the S test glass fibers is
o = 1480 MPa and their Young’s modulus is 52 GPa.

Considering that test glass fibers are made from waste
materials, one has to bear in mind the changing com-
positions of the waste on a day-to-day basis. The actual
compositions of the S and K test glass fibers depend on
the recipe used by the manufacturer of the TV-tubes.
The composition of the S and K test glass fibers can
be found in the references [22, 23], respectively. In the
case of the KSA test glass fibers the composition de-
pends on the location of the municipal sewage plant
and, therefore, individual glass fiber batches will differ
widely in their composition depending on the actual
sewage sludge ash composition used. The composition



TABLE I Chemical composition of the test glass fibers manufactured from silicate waste (see text) and some commercial glass fibers, expressed
as wt%. The chemical composition was determined using energy dispersive X-ray fluorescence analysis

Amount (%)
Component® Test glass S Test glass K Test glass KSA C-glass E-glass S2-glass
Si0; 58.36/59.38/58.64 56.16/56.21/56.80 325 60-65 53-60 65
Na,O 9.02/4.73/4.53 4.16/4.94/4.97 0.6 7.5-12 -
K>O 7.93/13.23/12.08 8.04/8.87/8.55 10.2 0-2
MgO 0.66/0.13/<0.12 1.76/1.61/1.72 1.2 34 20-25 10
CaO 1.95/2.37/1.79 4.13/3.30/3.78 18.0 13-16
SrO 7.17/7.39/8.65 0.13/0.16/0.18
BaO 8.42/7.55/6.85 1.27/1.21/1.16
B,03 2-7 0-9
AL O3 1.97/2.03/1.97 2.65/1.32/2.42 14.1 2-6 11-15.5 25
PbO 1.44/0.87/0.86 20.69/21.97/17.81
P,0s5 0.43/0.29/0.36 0.02/0.02/0.02 6.4
Sb,03 0.51/0.01/1.28 0.22/<0.01/0.23
SO;3 0.01/0.22/0.23 0.01/<0.01/<0.01
CeO, 0.30/0.30/0.31 0.02/0.03/0.02
TiO, 0.65/0.19/0.46 0.03/0.05/0.04 0.5 0-3
7r0O; 0.67/0.71/0.78
MnO 0.22/0.30/0.25 0.2
Fe,03 0.24/0.40/0.32 0.22/0.30/0.25 12.7 0.3 0.05

4Expressed in oxides.

of the glass fibers used in the present study was de-
termined using energy-dispersive X-ray fluorescence
analysis and it is shown in Table I.

Standard glass fibers were also investigated, includ-
ing E-glass, C-glass, S2-glass and Silfa (silica) fibers.
E-glass is a boro-aluminosilicate glass having a very
low alkaline and a high CaO content. S2-glass fibers
are high strength fibers without alkaline oxides, con-
taining MgO and a higher percentage of both SiO, and
Al,O3 as compared to E-glass. The quoted values of
the tensile strength of the commercially available S2
[24] -and E [10]-glass fibers are 3700 to 4300 MPa and
3450 MPa, respectively.

2.2. Methods
2.2.1. Preparation of the glass fibers for the
measurements

Prior the measurements the test glass fibers were rinsed

with distilled water in order to remove the water-soluble

processing finish. All commercial glass fibers were de-

sized in a tube oven at 550°C in airflow and afterwards

extracted in a Soxhlet extractor in hot methanol for 24 h.
All fibers were dried in a vacuum oven at 100°C at

1 mbar overnight in order to remove residual solvent or

water.

2.2.2. Fiber surface morphology

Scanning electron microscopy (SEM) using a Hitachi
S-2700 scanning electron microscope was applied to
detect eventual differences in the surface morphology
of all fibers. The excitation energy was 10 keV with a
beam current of 0.5 nA.

2.2.3. Zeta-potential measurements

The electrokinetic analyzer EKA (Anton Paar KG,
Graz, Austria) based on the streaming potential method
[25] was used to measure the electrokinetic or ¢-
potential of glass fibers. The streaming potential is

measured as function of the pressure decay (in the
range of 30—150 mbar) in a fiber plug (capillary system)
while the electrolyte solution (1 mM KCl) is pumped
through a cylindrical cell. The streaming potential that
arises due to the shear off of the diffuse part of the
electrochemical double layer, is measured as a func-
tion of time, electrolyte concentration ([KCI]) and the
pH at 20°C using two perforated Ag/AgCl electrodes.
In order to minimize the asymmetric potential, the used
electrodes are short circuited after each measurement
in 0.1 mM KCl-solution.

In order to measure the time dependence of the ¢-
potential the analyzer was filled with a 1 mM KCl
supporting electrolyte solution. Before starting the
measurements the measuring cell is connected to the
analyzer, quickly rinsed with the electrolyte solution
and trapped air removed.

¢ -Potentials as function of the electrolyte concentra-
tion are measured starting from ‘distilled” water (Milli-
pore, pH 5.6), after the measuring cell is rinsed several
times until the conductivity in the measuring system fell
below a value of 300 nS/m. First the ‘water value’ of
the ¢ -potential is determined and subsequently the KCI-
concentration increased using a digital burette (Brand,
Wertheim, Germany). Between each measuring step
the system including the measuring cell is rinsed in
both measuring directions. The KCI concentration is
increased stepwise up to 0.01 M KCI.

From the { = f ([KCl]) courses the maximal (or
minimal) ¢-potential values ¢py.x and corresponding
concentration values cp,x can be extracted. Using these
values the non-electrostatic components of the molar
free adsorption energies or adsorption potentials for
the dissolved potassium and chloride ions can be de-
termined [25]:

d_ = RT - lncmax —F- é-max (3)
CI)+ - RT . lncmax + F ° {max (4)
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where F and R are the Faraday and Gas constants,
respectively, and T is temperature.

The pH-dependence of the ¢-potential is determined
in a 1 mM KCI supporting electrolyte solution in order
to keep the ionic strengths constant. The pH-value is
varied in a range of 3 < pH < 10 by adding drops of
0.1 M HCl or KOH. The electrolyte solution is continu-
ously stirred and kept at constant temperature of 20°C.
Further experimental details about the technique can be
found in the literature [26, 27].

2.2.4. Contact angle measurements
Contact angles 0 of test liquids on glass fibers where
measured using the gravimetric method, the modified
Wilhelmy-technique, against water and dilodomethane.
Because of the very small mass change during the mea-
surement while using a monofilament, five fibers were
put parallel to each other onto an aluminum carrier. The
carrier was placed attached to an ultramicroelectrobal-
ance (MPS, Sartorius, Gottingen, Germany, accuracy =
0.1 pg) so that the ends of the fibers were located just
over the test liquid surface. Weight recordings were
obtained during fiber immersion/emersion cycle at a
constant stage velocity of 3 um/s. After immersing the
fibers into the liquid, which took approx. 5 min, the
direction was changed till the fibers were pulled out
of the liquid. The immersion or emersion was realized
through a reversible elevator driven by a direct current
motor. The direct current was taken from a constant
current source (Philips Power Supply Unit PE1507).
The contact angles 6 were calculated using
Wilhelmy’ equation:

Am - g

cosf =

xd 7 ey

where Am is the recorded mass change during immer-
sion or emersion of the fibers into the liquid resulting
in advancing 6, and receding 6; contact angles, respec-
tively. The effective fiber diameter d was determined
from scanning electron micrographs. In Equation 1, g
is the acceleration due to gravity and j; the surface ten-
sion of the test liquid used.

No buoyancy slope was observed during immersing
the fibers into or withdrawing them from the test lig-
uid due to the very small fiber diameters. To check
the reproducibility all measurements were carried out
at least six times using fibers from the same sample
batch. All contact angle values presented are averaged
values and the errors given are their standard devia-
tions. All contact angle measurements were performed
in an air-conditioned room at a constant temperature of
20°C.

Surface tensions of the investigated fibers were esti-
mated using the geometric mean method based on the
polar/dispersive approach [18]:

(I+cosf) - n=2-(Yrin' +¥rf) @

where 6 is the contact angle (we used the advancing
contact angle), y the surface tension of the liquid / and
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solid s and 9 and yP are the dispersive and polar com-
ponent of the surface tension. In order to be able to
estimate the surface tension of a solid, contact angles
between the solid and a test liquid with known sur-
face tension components but different polar/dispersive
properties have to be measured.

3. Results and discussion

3.1. Surface morphology

As can be seen from the scanning electron micrographs
(Fig. 1a—d) all test glass fibers (S, K and KSA) investi-
gated have smooth surfaces. All fibers have, however,
some particles attached to them. Fig. 1c clearly shows
that the diameter of test glass fibers K is varying to a
certain extent.

3.2. ¢-Potential measurements
Time-dependent ¢ -potential measurements (at constant
pH and supporting electrolyte concentration) can be
used to characterize ageing processes of the material
under investigation. The materials- and its surface prop-
erties affect ageing processes and their time scales but
they also depend on the surrounding electrolyte; its pH,
ionic strength and temperature, which in turn, influ-
ences the electrochemical double layer. It is known
that inorganic oxides and related materials are often
slow to establish equilibrium with electrolyte solutions
[28]. Generally, inorganic oxides must dissolve until
the solution composition is corresponding to their sol-
ubility condition [28]. The ageing in case of glass is
due to leaching or dissolution of water-soluble com-
ponents; pure silica shows substantial (at pH > 7) and
pH-dependent solubility in water [29]. For instance al-
kali and alkaline earth rich glass fibers will lose up to
6.2% in weight after boiling for 3 h in water [30]. The
changes induced in case of quartz glass in contact to an
electrolyte solution can also be due to the formation of
aswollen gel-like silica layer [31] combined with diffu-
sion controlled dissolution and ion exchange reactions
affecting the time to establish the equilibrium.

Table II contains a summary of the ¢-potential mea-
surements of various glass fibers in 1 mM KCl solu-
tion. As can be seen in the Fig. 2a and b (exemplarily
for the test glass fibers S and S2-glass fibers) the ini-
tially high negative ¢-potential of all glass fibers de-
creases slowly as function of time to a smaller but rela-
tively constant plateau value. Simultaneously both the
pH and the conductivity of the background electrolyte
solution are considerably increasing up to 1.0 pH unit
and up to 3%, respectively, reflecting the dissolution
of basic components from the glass fibers (2 g glass
fibers in a total volume of 1 1 supporting electrolyte).
The time the systems need to establish the equilibrium
is quite long and clearly reflects the high chemical re-
sistance of the investigated glasses. It can therefore
be concluded that the dissolution of network modifier
cations (accompanied by surface rearrangements) and
their impact on the formation of the electrochemical
double layer affect the measured ¢ -potentials. The dis-
solved network modifying alkali and alkaline earth
cations seem to compensate, according to their Dietzel
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Figure 1 SEM micrographs of the investigated test glass fibers: (a) Test glass fiber S, (b) Test glass fiber K, (c) Test glass fibers K, and (d) Test glass

fiber KSA. (Continued)

[32] field strength and their Pauling electronegativity
(following almost the same trend), the initially high
negative ¢-potential towards the plateau value. The fi-
nally established plateau value seems to depend on the
amount and type of cations leaching from the glass,
and follows the trend of increasing electronegativity

and field strength [33]: Kt — Nat — Ba’t —
Sr*t — Pb’t — Ca’™ — Mg?" (neglecting in-
teractions between the ions). All the quantities de-
rived from the measured ¢ -potentials discussed further
down below might be also influenced by the dissolution
of specifically adsorbing ions that will influence the
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Figure 1 (Continued).

¢-potentials, iep as well as the adsorption potentials
[29]. However, it was not possible to quantify these
effects using the present experimental approach.
Time-dependent ¢ -potential measurements were also
performed in order to establish a starting point for all
further ¢ -potential measurements since any process that
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(d)

could disturb the pH- and concentration depending ¢-
potential measurements should be excluded.

3.3. ¢-Potential—pH dependence
pH-depending ¢-potential measurements of solids in
contact with aqueous electrolyte solutions reflect the
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Figure 2 (a) ¢-Potential, pH and conductivity of test glass fibers as function of time in 1 mM KCI supporting electrolyte solution: (a) test glass S and
(b) S2 glass fibers.

surface chemistry/nature of the investigated solid  ions are potential determining ions. As can be seen in

(fibers) and, therefore, can be used to characterize the
Brgnsted acid/base character of the solids. In case of
the investigated glass fibers the protons and hydroxyl

Fig. 3a and c, the ¢ = f(pH) courses for all investi-
gated glass fibers, with exception of the sized S2-glass
fibers, have a continuously decreasing tendency. In all

TABLE II Results of the ¢-potential measurements of glass fibers in 1 mM KCl solution: isoelectric point (iep), ¢ -potential plateau value, the
maximum KCI concentration (cmax) at the maximum ¢ potential value ({max) and the adsorption potentials for chloride (®_) and potassium ions (d )
and their difference (&_ — &)

Fibers iep Cplateau (MV) Cmax (mmol 171) Cmax (MV) d_ (kI mol™1) @, (kI mol™1) &_ — &y (kImol™h)
S - —65.7+ 1.7 0.6 —56.9 —12.6 —23.6 11.0

K - —559+03 1.0 —59.6 —11.1 —22.6 11.5

KSA 3.1 —25540.1 0.3 —45.1 —154 —24.1 8.7

C - —777+18 1.0 —67.5 —10.3 —23.4 13.1

E 33 —20.7+£0.4 0.3 —124 —18.6 —21.0 24

S2 3.9 —25840.8 - - - - -

S2 (sized) 5.8 - 0.6 +2.9 —18.4 —17.8 —0.6

Silfa - —529+1.7 1.0 —25.9 —20.0 —24.9 49
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Figure 3 ¢-Potential as function of pH for (a) S, K and KSA test glass,
(b) fibers C, E, S2 standard glass fibers and (c) sized and desized S2
standard glass fibers.

cases there is a more or less well-established plateau
in the basic pH range (6 < pH < 10). Lowering the
pH further, increasing the proton concentration, causes
the repression of the dissociation and/or protonation of
the surface hydroxyl groups and, therefore, leads to a
reduction of the negative ¢-potential, which results in
a zero {-potential, the iep value. Again in all cases the
iep is or would be in the acidic low pH range. Such a
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behavior points to the existence of acidic surface func-
tions on all glass fibers. In the basic pH range, all acidic
surface groups are fully dissociated creating a net neg-
ative surface charge. In case of glass fibers containing
a high amount of network former oxides (e.g., SiO»,
P,0s5, Al,O3 and B,O3—the later two in coordination
number 4), see Table I, the iep is not experimentally
accessible, but the iep (if there is any [29]) should be
around pH 2 [34-36]. Such low iep values are not mea-
surable since the required low pH values would lead
to very high ionic strengths which cause the compres-
sion of the electrochemical double layer and, therefore,
the ¢-potential to approach zero. Low iep values point
to the fact that the existing surface groups have a low
affinity to protons [34].

Comparing the pH depending ¢-potentials of the
test glass fibers fabricated from TV-screen (S) or TV-
cone (K) glass and from sewage sludge ash (KSA) the
following trend can be seen (Fig. 3a); the test glass
fibers containing the highest amount of sodium oxide
and a relatively low amount of calcium oxide display
the highest negative ¢ -potential. The test glass fibers K
contain a relative large amount of PbO (20%), which
does not seem to affect the measured ¢ -potentials. Such
abehavior is not surprising considering the similarity of
the ion radii of Pb>*, Sr** and (with some restrictions)
Ba’*. In case of the KSA test glass fibers the smallest
negative ¢-potential and an iep = 3.1 was measured,
which still clearly indicates the predominating acidic
surface character of the fibers and the low affinity to
protons. From the above-mentioned it might be con-
cluded that the PbO component must be completely
encapsulated within the glass network.

For comparison some commercial standard glass
fibers having different chemical compositions have also
been investigated. Fig. 3b shows the ¢-potential-pH
courses ¢ = f(pH) for desized C, E, S2 glass and Silfa
silica fibers. The graph confirms the above mentioned
fact, that the { = f(pH) course is mainly affected by
the amounts of the network former (SiO, and Al,O3)
and the network modifiers (i.e., Na;O) present in the
fibers. The C-glass fibers have the highest negative ¢-
potential plateau values of around —80 mV and the iep
is situated in the low pH range, that can not be assessed
by ¢-potential measurements. In contrast to S2- and E-
glass fibers, C-glass contains a high amount of Na,O.
The E and S2 glass fibers have less negative {plaeau
values and iep’s of 3.3 and 3.9, respectively. The mea-
sured { = f(pH) course for the E-glass fibers agrees
quite well with published data [37]. The E-glass fibers
contain less SiO; as the S2-glass fibers and also signif-
icantly lower amounts of Al,O3, which should cause
a more negative ¢-potential as compared to S2-glass.
However, the effect is compensated by the high CaO
content in E-glass that causes the negative ¢ -potential to
decrease (compare to KSA glass). Again, all the fibers
contain acidic surface functionalities and a low affinity
to protons. A pure silica glass (Silfa) fiber (SiO, content
>99%) was also investigated and the results are shown
in Fig. 3b. Again, the ¢ = f(pH) course and the not-
measurable iep reflect the dominate acidic surface char-
acter of the glass. The measured ¢ -potential courses are



(surprisingly) relatively similar to those measured for
C, S and K glass fibers even though these fibers con-
tain larger amounts of basic components. The results
for the Silfa fibers agree quite well with published data
for native pure silica [26].

In one case, for S2 glass fibers, we have studied the
effect of a commercial fiber sizing on the measured ¢ -
potentials. As can be seen form Fig. 3c the measured
¢ = f(pH) course has changed: the course has now
a sigmoid shape and the iep is shifted by almost 2 pH
units to higher pH values as compared to the desized S2
fibers. Such a behavior is probably due to an aminosi-
lane sizing. At low pH values the amino groups will be
protonated. Increasing the pH causes deprotonation and
OH™ will adsorb causing a net negative surface charge
in the high pH range.

From the measured ¢ = f(pH) courses it becomes
quite obvious that the surface properties of glass fibers
are mainly influenced by the fiber glass composition;
i.e. amount and type of network former and network
modifier oxides. The network former oxides P>+, B3+,
Si** and AI** (but only if present in coordination
number 4), characterized by their high Pauling’s
electronegativity, and their content in the glass fibers as
compared to the network modifiers Mg>+, Ca?*, Sr>™,
Ba?*, Na™ and K, cause the high negative ¢ -potential
of the fibers. This explanation holds for the Silfa fibers
(Fig. 3b), however, for other fibers, like the C-glass (Fig.
3b), it appears contradictory. The ¢-potential will be
modified by the leaching behavior of the alkali and al-
kaline earth oxides from the glasses into the electrolyte,
which affects the formation of the electrochemical
double layer according to their field strength and elec-
tronegativity. As described above, the ¢ -potential is af-
fected by the network modifiers leaching from the glass,
however, K* and Na™ will only marginally affect the
formation of the electrochemical double layer, which
also explains why the K-, S- and C-glass fibers (contain-
ing a high amount of alkali ions) exhibit high negative
¢-potential plateau values ({plaeau) Similar to the Silfa
fibers. The C-glass fibers have the highest negative
¢ -potential, which could be due to the high electroneg-
ative character of B3*. The glasses containing large
amounts of the small 2-valent network modifier cations
Mg?* and Ca?*, which strongly absorb in the electro-
chemical double layer and, therefore, cause the negative
¢-potential to decrease significantly. Such a behavior
can be observed for the KSA-, E and S2-glass fibers,
for which iep > 3. The network modifying Pb>*, Ba**
and Sr’* ions have comparable electronegativities and
so we observe that the ¢ -potential courses for the S- and
K-fibers are quite similar. The KSA fibers contain a no-
ticeable amount of P,0s, so a high negative ¢ -potential
would be expected, but the fibers also have a significant
Fe, 05 content. The Fe?t/Fe3t ratio is unknown, but
the Fe-ions will certainly have a strong impact on the
formation of the electrochemical double layer and since
Fe?* has similar properties as Mg?* the ¢-potential
is found to be less negative compared to the silica
fibers.

As reported in the literature [15, 38], pH dependent
¢ -potential measurements should also give indications

about the trend in which adhesion between the adhesive
and the substrate will change, i.e., the larger the differ-
ence of the measured ¢ -potentials for the matrix (e.g., a
polymer) and the reinforcement (A {pjaean at given pH
and ionic strength) the ‘better’ should be the adhesion
behavior between them.

3.4. ¢-Potential measurement as function
of [KCI]

It is known that the formation of the electrochemical
double layer depends strongly on the surface character
(hydrophilicity/hydrophobicity) and the adsorption of
dissolved ions, which competes with water adsorption
[39]. Thus, less adsorption of anions takes place at hy-
drophilic surfaces; consequently they exhibit a smaller
¢ -potential compared to hydrophobic surfaces. Measur-
ing the concentration dependence of the ¢-potential in
KClI solutions should also reflect the dispersion forces
occurring at the solid surfaces [13].

The concentration dependence of the ¢-potential of
glass fibers was measured with increasing KCI con-
centration. First the ¢-potential value was measured in
distilled water (Milipore). As can be seen in Fig. 4a—e
the ¢ -potentials as function of the electrolyte concentra-
tion follow more or less a parabolic trend with exception
of the S2 glass fibers (Fig. 4d). The ¢-potential stays
initially constant and then decreases (more negative)
with increasing KCI concentration. Increasing the ionic
strength further beyond ¢max causes the ¢-potential to
decrease due to the compression of the electrochemi-
cal double layer. As expected the ¢ = f([KCI]) func-
tions for the various glass fibers are different (Fig. 4b—
e), reflecting the interactions of the fiber surfaces with
the dissolved ions. The sized S2 fibers have a posi-
tive ¢ -potential over a wide concentration range, going
through a small maximum (Fig. 4d). However, beyond
the maximum value the ¢-potentials decrease and a ¢ -
potential reversal occurs at about 4 mM KCl at con-
stant pH &~ 5.5 &+ 0.1. In case of the unsized S2 glass
fibers, the ¢-potential is just increasing, starting from
the “water”-value, with increasing salt concentration.
No pronounced minimum in the ¢ = f ([KCI]) course
can be detected. Such a behavior is characteristic for an
indifferent “adsorption” behavior of the dissolved K+
and C1~ ions.

As exemplarily shown in Fig. 4a, correcting for
the surface conductivity of the glass fiber “plug” dur-
ing the ¢-potential measurement indicates the signifi-
cant influence of the surface conductivity at low ionic
strength. The differences however vanish for higher
ionic strengths. Typically, the contribution of the sur-
face conductivity to the measured ¢ -potentials becomes
insignificantly small at salt concentrations of around
1 mM [40]. Therefore, the uncorrected ¢ -potential val-
ues were considered here for further discussion.

As can be seen from the tabulated values of the
adsorption potentials for chloride and potassium ions
in Table II, in almost all cases (except for the
sized S2-fibers) cations adsorb more strongly at the
glass/electrolyte interphase, even though the glass sur-
faces have a low affinity to protons. It has been reported
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Figure 4 (a) ¢-Potential and ¢-potential corrected with respect to the surface conductivity as function of KCI concentration of K. (b) ¢-Potential as
function of KCl electrolyte concentration of S, K and KSA test glass fibers. (c) ¢-Potential as function of KCl electrolyte concentration of C, E, S2
standard glass and SILFA silica glass fibers. (d) ¢-Potential as function of KCI electrolyte concentration of sized and unsized S2 glass fibers.

that the difference in the adsorption free energies
(®_ — d,) is characteristic for the dispersion inter-
actions occurring at the solid/electrolyte interface [13].
Therefore, the dispersion interactions should be greater
in case of unsized glass fibers whereas a sizing causes
the dispersive interactions occurring at the modified
solid interface to decrease.

3.5. Contact angle measurements

and fiber surface tensions
Contact angle measurements are a powerful tool to
characterize solids with respect to their wettability and
their surface tension. Furthermore, contact angles tend
to be very sensitive to probe only the very “outermost”
surface layers (about 0.5 nm).

Silicate glasses are considered to display high-energy
surfaces and, therefore, one would expect that water
(and all the other test liquids) would spread on their
surfaces. However, high-energy surfaces will absorb
readily everything, including every low-energy com-
pound available from a normal environment (includ-
ing water vapor and organic contaminants) causing the
surface energy to decrease rapidly, thus turning them
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into ‘low-energy’ surfaces [18]. It is therefore not un-
expected that the fibers have only intermediate con-
tact angles, tending to be more hydrophobic, i.e., the
water contact angle is closer to 90°, as can be seen
from the results shown in Table III. Only the test glass
fibers S (and K) and the standard C glass fibers are
more hydrophilic, i.e., their water contact angle is much
lower.

The advancing contact angles 8, should be character-
istic for the low-energy parts of the investigated surface
whereas the receding angles 6; reflect the high-energy
portion of the surface [18]. The contact angle hysteresis

TABLE III Water and DIM contact angles measured on glass fibers
and their contact angle hysteresis A6

H,0

Fibers 93 (o) IHZO (o) AeHzO (o) G?IM (o) GP[M (o) A@D]M (o)

S 45+£5 42+4 3 64+4 52+6 12
K 52+4 45%5 7 64+2 415 23
KSA 713 49+2 22 531 38+6 15
C 44+2 29+£4 15 51+£3 42+1 9
E 84+4 44+4 40 69+5 44+2 25
S2 62+4 368 26 39+£3 362 3
Silfa 65+2 43+£2 22 45+4 33+£4 12




A0, defined as the difference between 6, and 6,, there-
fore, can be assumed to be a measure of the surface
heterogeneity. The glass fiber surfaces are by no means
homogeneous suggesting that the surface composition
of the fibers might vary locally, since the difference be-
tween advancing and receding contact angles is quite
large.

As mentioned above, ion adsorption at the
solid/electrolyte interface is competing with the ad-
sorption of water. Therefore, it should be expected that
the ¢-potential in KCI solutions should be increasing
(decreasing negative ¢-potential) with increasing hy-
drophilicity. In contrast to polymer surfaces for which
a linear dependence of the water contact angle (or co-
sine of the contact angle) and the maximum ¢ -potential
(¢max) measured in KCI electrolyte solutions was re-
ported [39, 41, 42], such a dependence could not be
found for the investigated glass fibers. This behavior
is not surprising, since the prolonged contact to water
“modifies” the glass surfaces much more (see above)
than is the case for organic polymers. Contact angle
measurements, therefore, reflect the fiber surface prop-
erties and the interactions at the fiber surfaces in the
“dry” state due to the relative short time of the test (the
longest the studied glass fibers were in contact with the
test liquids was approx. 10 min), whereas ¢-potential
measurements mirror the properties in the “wet” state.

3.6. Determination of solid surface tensions
The values of the solid surface tensions to be estimated
from contact angle measurements are quite sensitive
to the measured contact angles against the test liquids
and, therefore, to their accuracy. It was quite difficult to
determine the contact angles between the glass fibers
having varying fiber diameters (see also Fig. 1b) and
the test liquids accurately. The mean contact angle data
listed in Table III scatter over a large range therefore
having large standard deviations. The fiber surface ten-
sions are calculated from the contact angle values and,
therefore, their components are also largely affected
by the accuracy of the contact angles (as can be seen
also in Table III). The glass fiber surface tensions were
calculated (estimated) using the ‘old’ (but simpler) dis-
persive/polar approach [18], even though it has been
proven that the polar interactions of permanent dipoles
are negligibly small [43, 44]. Table IV summarizes the
‘estimated’ surface tensions of the glass fibers. With
respect to the surface tension values, which should be

TABLE IV Glass fiber surface tension y and its dispersive y4 and
polar yP component and the surface polarity, the polar fraction of the
fiber surface tension XP calculated from the measured water and DIM
advancing contact angles using the geometric mean method

Fibers p¢(mNm™!) yP(mNm™') ymNm™') XP=yP/y
S 153+£22 37.8+5.0 53.1+72 0.71
K 162+£1.2 314 +£38 47.6 £5.0 0.66
KSA  26.0+09 11.7+£2.0 37.7+29 0.31
C 22.1+£1.7 324 +£2.1 545+3.7 0.59
E 189+ 3.1 78+26 26.7+5.8 0.29
S2 320+£1.8 144 +£29 46.4 +4.7 0.31
Silfa 305+1.2 133+14 43.8 +2.7 0.30

considered as an estimate, it can be stated that irrespec-
tively what approach was used in order to calculate the
surface tensions (acid/base or dispersive/polar), the ac-
tual values will be in the same order of magnitude [45,
46].

For ‘high-energy’ surfaces the determined solid sur-
face tension values are quite low, comparable to that
of polymers (y < 45 mN/m). However, it is still re-
markable that the estimated solid surface tension of
(almost all) glass fibers stored in a normal laboratory
atmosphere is relatively high. Even though the water
contact angles are quite high (but also the contact an-
gles against DIM) it is still the polar component P that
is the predominating component. Comparing the fiber
surface polarity X! with the Na,O and the CaO/MgO
content in the glass fibers we find a good correlation; an
increasing Na,O content causes X" to increase and an
increasing amount of CaO and MgO will diminish the
polarity. It seems that an increasing amount of Fe,;O3
acts in the same direction.

4. Conclusions

The surface properties of three experimental glass fibers
obtained from silicate waste and various commercial
glass fibers have been characterized by ¢-potential and
contact angle measurements.

Time-dependent ¢-potential measurements showed
that for the investigated glass fibers it takes between 5
to 16 h until the equilibrium at the fiber/electrolyte inter-
face is established. During this time significant portions
of basic metal oxides from the glass fibers dissolve in
the electrolyte affecting the pH and the conductivity
of the supporting electrolyte solution. The high neg-
ative starting values of ¢-potential of all glass fibers
decrease slowly as function of time to a smaller but
relatively constant plateau value. The long times the
systems need to equilibrate reflects the good chemi-
cal resistance of the investigated test glasses. It can
be concluded that the dissolution of network modifier
cations and their influence on the formation of the elec-
trochemical double layer clearly affect the measured
¢ -potentials. The leaching/dissolution and subsequent
adsorption of network modifying alkali and alkaline
earth cations seems to decrease (according to their field
strength and their electronegativity) the initially high
negative ¢-potential towards the plateau value. The fi-
nally established plateau value depends on the amount
and type of cations leached from the glass.

As shown by the measured pH-depending ¢-
potentials, the overall course of the ¢ = f (pH) func-
tions as well as the position of the iep, the Brgnsted
acidic surface character predominates for all glass fibers
except for the sized S2 fibers. The ¢ = f (pH) func-
tions are mainly dominated by the ratio of the network
former to network modifier oxides, especially by the
amount of Na,O and CaO, MgO, Fe;0s3. They clearly
affect the course of the { = f (pH) function and, there-
fore, the acidity of the fiber surfaces. Applied glass fiber
coatings or sizings clearly determine the surface prop-
erties of the fibers, as shown for the sized S2-fibers. The
sizing, probably containing amino functionalities,
causes an amphoteric character as indicated by the
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sigmoidal shape of ¢ = f (pH) and the shift of the
iep towards higher pH.

The ¢ -potentials measured as function of the support-
ing electrolyte (KCI) concentration (¢ = f ([KCI]))
follow for almost all investigated glass fibers the pre-
dicted parabolic curve for 1:1 electrolytes. The disper-
sion interactions for the different unsized glass fibers
should be greater than that for sized fibers; the sizing
causes the dispersive interactions occurring at the mod-
ified solid interface to decrease.

Contact angles of glass fibers against water and di-
iodomethane have been measured in order to estimate
the fiber surface tensions. All investigated glass fibers
are rather hydrophobic, that is, their contact angles are
closer to 90° since glass, a high-energy surface, tends to
adsorb moisture and other contaminants in normal at-
mospheres. Therefore, the surface tension of the fibers
is similar to that of polymer surfaces.

¢ -Potential and contact angle measurements comple-
ment each other and allow to estimate the forces and
interactions which might also influence the adhesive
behavior between reinforcing fibers and a surround-
ing polymer matrix. It can be anticipated that the glass
fibers prepared from silicate waste will be able to be
used without further sizings or surface treatments as
reinforcement in most polymers (at least thermoplas-
tics), since good wetting properties between the fibers
and polymer melts are expected. Furthermore, the dif-
ference in ¢ -potential plateau values (A¢) between the
fibers and thermoplastic polymers (see for example
[46]) will be high, which could indicate a good level
of adhesion between the components [15, 17].
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