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ABSTRACT

This work presents the feasibility of reusing a glass fiber resulting from the thermolysis and gasification of waste com-
posites to obtain glass-ceramic tiles. Polyester fiberglass (PFG) waste was treated at 550°C for 3 h in a 9.6 dm® thermo-
lytic reactor. This process yielded an oil (=24 wt%), a gas (=8 wt%) and a solid residue (=68 wt%). After the polymer
has been removed, the solid residue is heated in air to oxidize residual char and remove surface contamination. The
cleaning fibers were converted into glass-ceramic tile. A mixture consisting of 95 wt% of this solid residue and 5%
Na,O was melted at 1450°C to obtain a glass frit. Powder glass samples (<63 pm) was then sintered and crystallized at
1013°C, leading to the formation of wollastonite-plagioclase glass-ceramic materials for architectural applications.
Thermal stability and crystallization mechanism have been studied by differential thermal analysis. Mineralogy analy-

ses of the glass-ceramic materials were carried out using X-ray Diffraction.
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1. Introduction

The sustainable elimination of composites still remains
as a challenge nowadays. On one hand, global production
of composites materials increases every year, and it is
expected to reach 10.3 Mt in 2015. Of all these com-
posites, about 90% corresponds to thermostable compo-
sites with glass fibers (fiberglass reinforced plastics
(FGRP)). The recycling of these composites is not, at
present, profitable in economic terms, because obtained
fibers present lower mechanical properties than the
original ones, and cannot be employed in the manufac-
ture of structural materials. Therefore, most of the waste
glass fiber composites are stored in landfills or buried.
This arises serious environmental problems, due to this
kind of wastes are usually non-biodegradable and very
bulky.

In absence of specific legislation in the EU, these
wastes are often apply the European Directive on End-of
Life Vehicles (1999/31/EC, 2000/53/EC) [1,2] and the
European Directive on Waste Electrical and Electronic
Electronic Equipment, (WEEE), (2002/96/EC) [3]. These
legislations limit the amount of waste that may be set
aside for landfills. Besides, UK and Germany has imple-
mented a total ban for the dumping of this waste.
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Recycling composites is difficult since they typically
contain two or more components (filler, fiber, resin, etc.).
Recycling thermoset composites is a particular challenge
since, once the thermoset matrix molecules are cross-
linked, the resulting material can no longer be remelted
or remoulded [4]. Further, the most common thermoset-
ting resins, such as polyester and epoxy resin, cannot be
depolymerised to their original constituents [S]. Ther-
moset composites therefore commonly end up in landfills,
and since the components are nonbiodegradable, the
economic costs of such disposal can be very high.

A number of technologies have been proposed for re-
cycling thermoset composites:

1) Mechanical comminution-based processes to obtain
a specific grain size that renders the material useful as
reinforcement in new formulations [6-8].

2) Thermal processing such as:

a) Combustion and the use of the heat generated [9,
10].

b) Pyrolysis [11] and thermolysis [12].

¢) Fluidised bed thermal processes to recover the car-
bon fiber reinforcement from composites [13,14].

3) Composite depolymerisation based on chemical
processes such as hydrolysis, glycolysis and solvolysis to
recover organic materials [15].

The glass fibers obtained as a solid residue in pyrolysis
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suffer the degradation of their physical properties, limit-
ing their reuse [5,14]. Nonetheless, the residual glass fiber
was used in the manufacture of new composites with no
important decline in the mechanical properties of the
final product [16,17]. None of these techniques achieves
more than the partial recovery of glass fiber and packing.

This work proposes the reuse of glass fiber in the pro-
duction of glass-ceramic materials. Glass-ceramics are
polycrystalline materials of fine microstructure that are
produced by the controlled crystallisation (devitrification)
of a glass. The first glass-ceramics, developed in the
1950s, were produced via a conventional glass-making
process, followed by crystallisation involving heating
and later cooling (allowing nucleation and crystallisation
respectively). In recent years, however, the sintering
method has become a technologically viable route of
glass-ceramics manufacture. Sintered glass-ceramics are
usually made by milling a glass frit into particles of ade-
quate size, heating to provide sintering, and then allow-
ing crystallisation of glass particles.

Glass-ceramics have found a wide variety of applica-
tions in different technological fields [18]. The most im-
portant glass-ceramic for architectural applications is
Neoparies”. This wollastonite material is produced on a
large scale for building interior and exterior walls. Large
flat or curved sheets of this material can also be produced
for facing buildings. The main properties of Neoparies®
include great resistance to weathering, zero water absorp-
tion rate, hardness (which is greater than that of natural
stone), light weight (30% lighter than natural stone
building materials), and the ease with which curved pan-
els can be made [19].

This paper evaluates the valorisation of waste compos-
ites by a thermolysis and gasification process and the
suitability of the glass fiber as alternative raw materials
in the manufacture of wollastonite-plagioclase glass-
ceramic material for architectural applications. The ther-
molysis process basically involves pyrolysis the waste
composite at high temperature (typically 550°C) in the
very little oxygen present (<3 vol.%) this prevents com-
bustion reactions taking place to decompose the polymer
matrix into oil, char and gas. After the polymer has been
removed, the fibers are heated in air to oxidize residual
char and remove surface contamination. The fibers are
then recovered for reuse via glass-ceramic material.

2. Experimental

The polyester fiberglass (PFG) waste (Polifibra S.A.,
Guadalajara, Spain) used in this work was composed of
E-glass fiber (SiO;: 54.3 wt%, ALOs3: 15.2 wt%, CaO:
17.2 wt%, MgO: 4.7 wt%, B,0;: 8.0 wt%) plus unsatu-
rated polyester resin made from orthophtalic acid and
styrene. Table 1 shows the composition of PFG waste.

Copyright © 2012 SciRes.

The total amount of organic matter contained in such
PFG waste, deduced from Table 1, is 35.5 wt%.

The elemental composition of the PFG waste was de-
termined using an automated LECO CHNS 923 ana-
lyser (Table 2) [20].

The thermal behavior of the PFG samples (particle
size = 100 - 200 pm) was studied using a Setaram Sensys
Evolution 1500 thermal analysis system equipped with a
differential thermal analyser (DTA) and a thermo-
gravimetric analyser (TGA). The samples were heated
at 800°C at heating rates of 10°C-min"' in pure air (20
ml-min").

PFG was treated at 550°C for 3 h in a 9.6 dm”® thermo-
lytic reactor, which consists of a heating system and a
gas condensation device. Temperature of 550°C was se-
lected as the working temperature based on preliminary
studies. The experiment was performed in triplicate. This
process of thermolysis yielded a solid residue, oil and a
non-condensed gas [20]. The amount of gas generated
was estimated by the difference between the initial
weight of PFG and the amount of liquids and solids ob-
tained.

The solid residue obtained in thermolysis was oxidized
in air atmosphere. After thermolysis, pressurized air was
injected into the reactor (20 I/h) maintaining the tem-
perature at 550°C. The final result is a glass fiber without
organic matter. The recovering of weight in glass fiber
during gasification stage was calculated by using Equa-
tion (1):

Ry %):%XIOO €]

Table 1. Composition of the PGF waste used in the experi-
ments.

Component Proportion (wt%)
Ortho-phthalic polymer resin 32.8
Organic catalyst 0.3
Styrene monomer 1.2
Zn stearate lubricant 1.2
Fiberglass 64.5

Table 2. Elemental composition and gross calorific value
(GCYV) of the PGF waste and the glass fiber residue ob-
tained by thermolysis.

Proportion (wt%) Proportion (wt%)

Element PGF waste Glass fiber residue
C 229 24
H 15 0.01
0 10.6 -
N 0 -

GCV (MJ'kg")pGF waste = 9.6 *Calculated according Y. Shih ez al. [21].
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where (Y,) is the yield (mass) of the solid residue ob-
tained during thermolysis, (Yg) is the mass loss during
gasification and W, is the glass fiber content of the
initial PGF waste (see Table 1).

Elemental analyses of the solid residue obtained in the
thermolysis process were undertaken using a LECO TGA
701 and LECO CHNS 923 analyser respectively. Mor-
phological studies of the post-thermolysis solid residue
(char-covered glass fibers) were performed using a Hi-

tachi model S-2100 scanning electron microscope (SEM).

Samples were coated in graphite for observation. The
clean glass fibers recovered after gasification were gold
plated and examined using a Jeol JSM 6500 F field emis-
sion microscope (FEM). Fiber diameter was determined
according to British Standard ISO 11567 [22].

Tensile tests were performed on individual fiber glass
filaments. The fibers were extracted by carefully pulling
them with standard tweezers and then glued onto a card-
board frame with an epoxy adhesive (Araldit), the glue
was allowed to cure for a day. The frame consist of a
small thin rectangle about 1 mm by 8 mm, with a small
rectangle cut from the middle about 0.5 mm by 4 mm.
The cardboard frame was fixed to the grips of a micro-
electro-mechanical testing machine for the tensile tests
(Kammrath & Weiss’ Tensile/Compression Stage). After
cutting the cardboard sides, the load was immediately
exerted on the fiber and the tensile test carried out under
stroke control at a cross head speed of 2 um per minute.
The load carried by the fibers was measured with the 500
mN load cell of the testing machine while the fiber elon-
gation was determined directly with the cross-head dis-
placement and, therefore, including the elastic compli-
ance of the load system. This method, as the opposite to
measure the actual cross-section of each individual fiber,
is specially suited for fibers whose diameter distribution
is fairly constant as in this case [23]. The Young’s mo-
dulus of the fiber glass filament was also calculated.

The clean glass fiber recovered after gasification was
ground using a BIOMETAL RETSCH PM 100 ball mill
at 500 rpm for 15 min. A glass was formulated with in-
corporation 5% of Na,O to facilitate the melting process.

The components (204.25 g of the resulting powder
(particle size <250 um) and 18.4 g of Na,O (as Na,COs)
were mixed for 30 minutes in a blender (TURBULA) to
get a homogeneous mixture. The batch was placed in an
aluminosilicate crucible and heated at 10°C'min"' in an
electric furnace up to 1450°C. After a holding time of
120 min at the melting temperature, the melt was
quenched by pouring into water producing a glass frit.
This frit was then ground using a BIOMETAL RETSCH
PM 100 ball mill at 400 rpm, and several fractions of
different sized particles separated (see Table 3) with the
aim of determining the effect of particle size on glass
crystallisation.

Copyright © 2012 SciRes.

The thermal stability of these different glass fractions
and their preferential crystallisation mechanisms (surface
or bulk) were studied by DTA employing a SETARAM
LABSYS TG apparatus. DTA analyses were performed
between 25°C and 1400°C in air, using calcined Al,O; as
a reference material. All analyses were performed at a
heating rate of 50°C-min"'. The DTA curves were nor-
malised to sample weight. The evaluation of the amor-
phous nature of glass after melting and the mineralogical
study of the crystalline phases devitrified after thermal
treatment was performed by X-ray diffraction (XRD)
(Philips model X’PERT MPD) with Ni-filtered Cu Ka
radiation operating at 30 mA and 50 kV.

The feasibility of the sintering + crystallization process
to produce glass-ceramic tiles was evaluated on a mix-
ture of different particle size glass powders: 1600 - 2000
pum, 160 - 250 um and 80 - 100 um and on glass powder
with particle size of 80 - 100 um. The percentages of the
different fractions (1600 - 2000 pm (42 wt%), 160 - 250
pm (34 wt%) and 80 - 100 pm (24 wt%)) and 80 - 100
um (100 wt%) respectively, were randomly chosen. The
samples were compacted by vibration in a plaster mould
and afterward fired at 1013°C for 60 minutes with heat-

ing and cooling rate of 50°C-min"".

3. Results and Discussion

Figure 1 shows the TG/DTG curves for the thermal deg-
radation of PFG waste in air. The first phase (dehydra-
tion) temperature peak occurs at around 210°C (mass loss
= 1.8 wt%). The second and main phase of degradation
temperature peak occurs between 259°C and 392°C
(mass loss = 26.4 wt%). In the isophthalic acid-based
polyester resin the second step involves scission at the
cross-link and formation of styrene and the linear poly

Table 3. Different particle size ranges.

Fraction Particle size range (um)
fl 2000 - 5000
f2 1600 - 2000
3 1000 - 1600
4 500 - 1000
5 400 - 500
fo 250 - 400
7 160 - 250

100 - 160
9 80 - 100
f10 63 -80
f11 <63
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Figure 1. TG/DTG curves for PFG waste when thermally
degraded in air.

ester which subsequently breaks randomly [24,25]. The
third phase (gasification of char) peak occurs at around
449°C (mass loss = 4.4 wt%). The formation of char is
due to secondary repolymerization reactions among the
polymer derived products. The total mass loss over the
temperature interval 20°C - 800°C was 32.6 wt%.

The process of thermolysis yielded a solid residue, an
oil and a gas. The yield of solid residue was 68.1 wt% =+
0.8 wt%; the oil and non-condensed gas fractions account-
ed for 23.9 wt% + 0.1 wt% and 8.0 wt% + 0.9 wt% re-
spectively. The liquid + gas yield (31.9 wt% = 0.8 wt%).
The thermolysis solid residue was essentially composed
of 96 wt% glass fiber and 4 wt% char. During gasifica-
tion a weight loss of 4.0 wt% + 0.2 wt%, coherent with
the obtained by DTA/TG tests, was obtained. Applying
Equation (1), the recovering of weight in glass fiber is
99.4 wt%. Table 4 shows the yields (wt%) of final prod-
ucts obtained after thermolysis and gasification processes.

Figure 2(b) shows the solid residue obtained by ther-
molysis. This residue was composed of pieces of dimen-
sions equal to those of the input material (Figure 2(a)),
but completely black. Figure 2(c) shows the glass fiber
obtained after gasification process. It is noted that the
fiber is completely free of carbonaceous material or char.

Figure 3 shows the microstructure of the initial waste
composite (a) and the glass fiber after thermolysis at
550°C (b) and the glass fiber after gasification. Char (in
Figure 2(b)) can be seen on the surface of the fibers. It
has been reported [5,13,16] that a certain amount of char
or coke-like material is formed during the pyrolysis of
many polymeric materials due to secondary repolymeri-
sation reactions in the gaseous phase. Figure 3(c¢) shows
glass fibers after gasification process. The mean diameter
of fibers is about 19.8 pm.

The response of the fiber was linear an elastic up to the
final catastrophic fracture (Figure 4). The maximum
load attained was used to compute the strength of each
individual fiber from the average cross-section area given

Copyright © 2012 SciRes.
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Figure 2. (a) PFG waste fragment (5 x 15 cms); (b) Glass
fiber residue after thermolysis (=5 x 15 cms); (¢) Cleaning
glass fibers after gasification.

Figure 3. SEM photographs of fibers: (a) In the waste com-
posite; (b) After the process of thermolysis; and (c) After
gasification process.
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Figure 4. Load-elongation curve of the filament of cleaning
glass fiber.

in Table S.

The elongation at break (Figure 4) has an average
value of 467 + 92 microns. The strength of the pristine
fiber given by the manufacturer was also included in the
table for comparison purposes. However their mechanic-
cal strength is reduced by the high temperature needed to
decompose the matrix. The fibers obtained after thermo-
lysis and gasification process, have a tensile strength of
~618 MPa, which means a decrease in resistance of be-
tween 80% - 84% of the value of virgin fiber strength.
The elastic Young modulus of the glass filament is not
affected significantly by the pyrolysis and gasification
treatment. The fiber diameter barely modified compare-
ed to the virgin fiber diameter. The decrease in tensile
strength of glass fibers recovered using processes of py-
rolysis, has been previously described by other authors.
Kennerley et al. [26] and Pickering et al. [27] show de-
creases in tensile strength of between 50% - 90% of glass
fibers recovered by heating waste of various composites
content E-glass fiber in a fluidized bed, at temperatures
between 450°C - 650°C. Recently, Feih ef al. [28] have
reported that at the temperatures used in conventional
thermal recycling processes (above 450°C), the strength
loss for single fibers and fiber bundles exceeds 40% and
80%, respectively.

Figure 5 illustrates the appearance (a) and the amor-
phous nature (b) of glass after melting (or glass frit). The
glass shows X-ray diffraction patterns characteristic of
amorphous materials.

Figure 6 depicts the DTA curves of both powdered
(<63 um) and bulk glass produced from the glass after
melting, and for the different size fractions.

As expected, both curves (Figure 6(a)) show a glass
transition temperature, Tg, at 672°C, because this tem-
perature is independent of glass particle size and it is just
related to glass composition and to the cooling rate from

Copyright © 2012 SciRes.

Table 4. Thermolysis and gasification yields (wt%).

Yield (wt%)
Product
Thermolysis Gasification
Oil 239 -
Non-condensed gas 8.0 -
Glass fiber - 64.0
Gasification gas 4.1

Table 5. Fiber diameter, strength and Young’s modulus of
individual fibers.

Sample Fiber diameter ~ Strength ~ Young modulus
P (um) (MPa) (GPa)
Virgin Fiber” 20 3500 81
Cleaning glass fiber  19.83+0.4 618 +79.1 77+82

®Data extracted from Wallenberger and Bingham [29].
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Figure 5. (a) Appearance of glass after melting; (b) X-ray
diffraction patterns for the glass.

melting temperature. After Tg, two exothermic effects
centred at 818°C and 1013°C respectively denotes that
glass fiber residue is unstable on heating and thus, sub-
sequent thermal treatment will lead to a crystallization
process with the consequent formation of glass-ceramic
materials. Finally, two endothermic reactions starting at
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Figure 6. DTA curves of (a) powdered glass (<63 pm) (b)
and bulk glass.

~1100°C indicates the formation of liquid phases. On the
contrary, DTA curve recorded on bulk glass sample
shows no exothermic peaks, indicating that bulk glass is
thermally stable and crystallization by heating does not
occur. This behaviour indicates that after subsequent
thermal treatments, the glass will devitrify through a sur-
face crystallization mechanism and therefore, the most
appropriate method for glass-ceramic materials produc-
tion will be through a sintering + crystallization process.

To assess the effect of particle size on crystallization,
Figure 6(b) shows the DTA curves recorded on the dif-
ferent particle size fractions (Table 3).

To facilitate the observation, only selected fractions
have been depicted. It is noted that increasing particle
size leads to a decrease in the height of crystallization
peaks, which even disappear from the curve recorded on
1000 - 1600 pm fraction. The exothermic peak centered
at 818°C is undetectable in fractions with particle size
larger than 100 pm, whereas crystallization peak at
1013°C is not perceptible for particles above 1000 pm.
Consequently, DTA curves recorded on particles larger
than 1000 um do not show any exothermic peak, indi-

Copyright © 2012 SciRes.

cating that these fractions are very stable against crystal-
lization. These results verify that surface crystallization
plays a major role in crystallization of the present glass.

Figure 7 shows the X-ray diffractogram of the glass-
ceramics produced after thermal treatment at 1013°C for
60 min.

Glass devitrification leads to a glass-ceramic material
composed of wollastonite (CaSiO;) and plagioclase s.s.,
which corresponds to a series of solid solution between
albite (NaAlSi;Og) and anorthite (CaAl,Si,Og) end-
members. These results confirm that surface crystallisa-
tion plays a major role in the formation of the glass-ce-
ramic. Similar findings have been reported for other ma-
terials [30-32].

Figure 8 illustrates the appearance the glass-ceramic
tiles obtained by sintering + crystallization of mixtures of
glass powders of different particle sizes at 1013°C for 60
min: (a) 1600 - 2000 um, 160 - 250 um and 80 - 100 pm,
(b) 80 - 100 pm.

It is noted that the glass particles reach an appropriate
degree of sintering during heating, resulting in a compact
tile. Glass grains with particle size lower than 250 pm
crystallize during firing and give rise to an opaque ce-
ramic material, whose crystalline phases scatter visible
light (a, b). By contrast, larger glass particles (>1600 pm)
are thermally stable and therefore, maintain a high degree
of transparency (a). The combination of matt crystalline
region and transparent amorphous grains results in a
glass-ceramic material with an aesthetic similar to natural
stone. It appears that it could be suitable as ceramic tile
for wall covering or floor pavement. Therefore, by vary-
ing the relative percentage of fractions of different parti-
cle size would be possible tiles with different aesthetics.

Currently, the determination of the technological pro-
perties of these materials is being carried out in order to
know their performance to be used in building applica-
tions.

3204 ¢ Wollastonite
2807 4 Plagioclase
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Figure 7. X-ray diffraction patterns of the glass-ceramics
produced after thermal treatment at 1013°C/60 min.
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Figure 8. Appearence of the glass-ceramic tiles obtained
from mixtures of glass particles with different size after
sintering-cristallization treatments at 1013°C for 60 min: (a)
1600 - 2000 pm, 160 - 250 pm and 80 - 100 pm; (b) 80 - 100
pm.

4. Conclusions

The thermolysis is a highly suitable method for recover-
ing valuable products and energy from PFG. This process
resulted in 68 wt% solid residue, the liquid (oil) and gas

fractions accounted for 24 wt% and 8.0 wt% respectively.

The solid residue consisted of 96 wt% glass fiber and 4
wt% carbonaceous material. The solid residue was ox-
idezed in air atmosphere, obtaining a glass fiber free of
organic matter. The recovering of glass fiber in the com-
bined process thermolysis-gasification was 99%. The
cleaning glass fiber was successfully recycled by a vitri-
fication process. The glass devitrify through a surface
crystallization mechanism because the crystallization
depends of particle size (particle size fractions larger
than 1000 um are very stable to crystallization). The cry-
stalline phases identified in the glass-ceramic materials
obtained were wollastonite and plagioclase s.s.

Compact glass-ceramic tiles can be produced from the

powder glass through a sintering + crystallisation method.

By varying the relative percentage of the different par-
ticle size fractions, tiles with different aesthetic qualities
might be designed.

The novel thermolytic and vitrification processes de-

Copyright © 2012 SciRes.

scribed in this work hold promise for recycling fiber-
glass-reinforced composite materials.
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