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ABSTRACT: For ecological reasons, there is an increasing demand for
recycling polyethylene terephthalate (PET) wastes in developed countries.
Although one potential application might be its utilisation for the production of
activated carbons, the behaviour of these wastes when subjected to different heat
treatments and activation processes is still not very well known.

In the present work, samples with different degrees of burn-off were prepared
by pyrolysis in an inert atmosphere and subsequent CO2 activation at high
temperatures. The derived changes in the textural and structural properties of the
residual solids were studied by helium picnometry, N2 and CO2 adsorption
isotherms, powder XRD, Raman spectroscopy and XPS. The study reveals that
CO2 activation of PET wastes develops a carbonaceous matrix with micropores.
Helium measurements showed that the mass density of the activated samples
increased as the degree of burn-off increased. Characterisation studies revealed
that the structural changes derived from pyrolysis and further CO2 activation
mostly involved a progressive decrease in the number of structural units.

INTRODUCTION

Polyethylene terephthalate (PET) is one of the most frequently used raw materials for the
manufacture of soft drink bottles. Waste accumulation of such bottles in open fields is causing
serious ecological problems in many developed countries. Consequently, interest in the study of
potential possibilities for waste recycling has grown in the last decades. Because of the almost total
absence of mineral matter and other sorts of impurities, one potential use might be the fabrication
of activated carbon. Prior studies of the char obtained from PET pyrolysis in an inert atmosphere
followed by subsequent activation have shown that the product was a highly porous material, with
pores in the micro- and meso-pore ranges suitable for application in different adsorption processes
(Laszlo et al. 2000; Parra et al. 2002, 2004a,b). The presence of surface functional groups mainly
arising from oxygenated groups might impart an overall basicity, thereby increasing the potential
applications of the products (Laszlo et al. 2001). An in-depth study of the structural changes
undergone by the carbonaceous material during pyrolysis and further activation could extend the
field of application of these products beyond their use as adsorbents or catalyst supports.
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These types of materials are usually not well crystalline and their respective powder X-ray
diffraction patterns exhibit broad reflections at similar locations to those in graphite. This suggests
that these materials are graphitic carbon with small crystal domains in a direction perpendicular
to the basal planes (Yoshizawa et al. 2000). Moreover, the observed variation in the intensity of
the X-ray patterns may be better dealt with via a radial distribution function (RDF) that can be
obtained from the Fourier transform of the pattern (Proffen et al. 2002). The RDF of many
amorphous carbons reveals general graphitic characteristics; however, the appearance of some
differential features has led to the introduction of several modifications in the structural models
employed. Amorphous carbons are often described by a turbostratic model in which the individual
graphenes are allowed to translate and rotate freely in a random manner (Burian et al. 1998).
A study by Szczygielska et al. (2001) indicated that in order to fit the experimental and theoretical
RDFs of some activated carbons, some distortions in the graphenes (such as those derived from a
quinoid structure) must be added to the turbostratic model. These structural changes, which
mostly involve substantial shrinkage of the graphenes, had already been suggested by Pauling as
being derived from a local partial loss of aromaticity. Thus, aromatic rings in graphite with a
unique C–C bond length of 0.1418 nm might split into a single bond of length 0.154 nm and a
double C=C bond of length 0.139 nm.

Modern transmission electron microscopes (TEM) allow one to obtain high resolution (HREM)
images with almost atomic resolution (Van Tenderloo et al. 1998). HREM pictures of activated
carbons usually reveal the presence of very small ordered structures consisting of very short
graphenes with only a few graphene layers.

Theoretical calculations and experimental results using other characterisation techniques, such
as EXAFS, UPS and EELS, show that the electronic structure of carbonaceous materials may be
dramatically altered by introducing simple structural changes. Slight changes in the C–C bond
length promote the transformation of well-ordered structures, such as graphite, diamond,
fullerenes or nanotubes, into highly disordered materials (Logothetidis et al. 1998; Singh and
Kakati 2000).

The aim of the present investigation was the study of the evolution of the textural and structural
properties of the pyrolysed materials and activated carbons obtained from PET wastes, using various
techniques such as helium picnometry, N2 and CO2 adsorption, powder X-ray diffraction (XRD),
Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Knowledge of these properties
should help to establish a greater number of potential applications for these waste products.

EXPERIMENTAL

Sample preparation

PET from post-consumer soft-drink bottles was cut into small pieces and 40 g batches pyrolysed
at 725°C under a nitrogen atmosphere in a 35-mm i.d. vertical quartz reactor. The distribution of
the final products of the pyrolysis process was ca. 58% gaseous compounds (CO, CO2 and a
complex mixture of hydrocarbons), 20% terephthalic acid that condensed in the upper part of the
reactor and a black solid residue (22%), denoted as sample P, retrieved from the bottom of the
reactor.

This char (P) was ground and sieved, and the 0.5–1.0-mm particle size fraction selected for
further CO2 activation at a previously optimised temperature of 925°C (Parra et al. 2004a). The
activation process involved previous treatment of sample P at 925°C in a nitrogen atmosphere for
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1 h with the solid thereby obtained being denoted as sample PH. Then, ca. 6 g of sample PH was
activated in a CO2 flow (flow rate = 10 ml/min) at 925°C. Samples with different activation
degrees (12, 35, 58 and 76% burn-off) were obtained and are denoted as samples PH12, PH35,
PH58 and PH76, respectively, below.

Characterisation techniques

Textural properties

The sample density was determined by helium picnometry using an Accupyc 1330 Micromeritics
apparatus thermostatically controlled with an external circulating bath. Helium gas, with a kinetic
molecular diameter of 0.26 nm, is capable of penetrating into almost all open pores including
micropores. It is a technique frequently used for the characterisation of carbonaceous materials
(Singh and Kakati 2000; Chiang et al. 1998) and the density obtained is often designated as the
true density. However, some highly microporous materials may exhibit anomalous helium
adsorption leading to an erroneous true density, as pointed out by different authors (Maggs et al.
1960; Malbrunot et al. 1997). To check if the materials studied in the present work might present
this type of problem, the helium pyknometric measurements were performed at three different
temperatures, i.e. 25oC, 38oC and 49oC.

Nitrogen adsorption isotherms at –196oC were obtained using a Micromeritics ASAP 2010M
instrument, while a Micromeritics Gemini 2375 device was used for CO2 adsorption isotherms at 0oC.

Structural properties

The powder X-ray diffraction patterns were obtained via a Siemens D5000 diffractometer using
Ni-filtered Cu Kα radiation in angle steps of 0.02o. The experimental powder X-ray patterns were
subsequently fitted to the theoretical ones using the structural model of perfect graphite. Use of
the Rietveld method allowed the refinement of the unit cell parameters and the calculation of the
respective crystal domain sizes in the studied samples (Iwashita et al. 2004). Raman spectra were
obtained via a Renishaw 1000 system equipped with a CCD detector refrigerated at –73oC, using
laser excitation of Ar gas at 514 nm. A LinKam TS-1500 cell model allowed the thermal treatment
of samples in a controlled atmosphere. For surface characterisation, X-ray photoelectron spectra
(XPS) were obtained using a VG ESCALAB 200R spectrometer manufactured by Fisons
Instruments. The spectrometer was fitted with a hemispherical electron analyser and an Mg X-ray
source (Kα = 1253.6 eV) operating at 6.7 × 10–7 Pa. The spectra were acquired at a constant
energy mode of 10 eV to obtain a spectral resolution of ± 0.2 eV. The C1s peak with a binding
energy (BE) of 284.5 eV was used as a reference to correct the effects of sample charging. 

RESULTS AND DISCUSSION

Chemical composition and textural properties

The chemical compositions of the various samples studied are listed in Table 1. The char (P)
exhibited low oxygen and hydrogen contents. The concentration of these two elements,
considered as PET impurities, decreased substantially in the pyrolysed sample (PH) and even
more so in the subsequently activated carbons (PH12 to PH76).
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The results in Table 1 also illustrate the rapid development of micropores as the degree of
burn-off increased. The porosity present in the pyrolysed (PH) and activated sample with a low
degree of burn-off (PH12) mostly consisted of narrow micropores as determined by CO2
adsorption. However, as the degree of burn-off increased (PH35 to PH76), the pore volume
associated with narrow micropores decreased while that associated with larger micropores, as
determined by N2 adsorption, increased. Consequently, from the measurement of the textural
properties, it may be concluded that CO2 activation commenced with the development of a narrow
distribution of micropores which were mainly inaccessible to nitrogen but accessible to CO2 as
probe molecules. As deduced from nitrogen adsorption data, the amount of narrow microporosity
decreased at higher degrees of burn-off at the expense of an increase in the total micropore
volume.

Some structural changes in pyrolysed and activated samples can be revealed by helium
picnometry since helium molecules, with a very small kinetic size, can access all micropores.
Measurements at 25oC, 38oC and 49oC of the studied samples were performed. Likewise, the
helium density of a commercial activated carbon (Maxsorb) with a BET surface area of 3494 m2/g
and a commercial graphite (Fluka) with a BET surface area of 3 m2/g were also measured and used
as a reference (cf. Figure 1). The helium density of highly microporous materials is dependent on
the temperature. At higher temperatures, the amount of adsorbed helium should decrease and the
measured helium density become closer to the real value (Malbrunot et al. 1997). Changes in the
helium density measurements with temperature are usually relevant in samples with a very high
specific surface area, such as the Maxsorb sample with a density of 2.74 g/cm3 at 25oC compared
with 2.48 g/cm3 at 49oC. These changes, however, were negligible for graphite with a very low
specific surface area and a density of 2.28 g/cm3 in the range of temperatures employed.

The results in Figure 1 also show that the helium density increased with the degree of burn-off.
The Maxsorb sample and PH76 showed helium density values even higher than that of graphite.
Various possible hypotheses may be formulated to explain these a priori anomalous results. One
hypothetical explanation could be that, since the surface/bulk ratio increases with the degree of
burn-off, the number of unsaturated C atoms located at graphene edges also increases. The edge
effect leading to an apparent decrease in sample stability might be counterbalanced by a surface
reconstruction, in which some C atoms at graphene edges become more strongly bonded to their
neighbours than in graphite through a shortening of the bond length, thereby leading to very high
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TABLE 1. Chemical Composition and Textural Properties of Samples Studied

Sample Elemental analysis (wt%) (O/C)at Textural properties

C O H SBET (m2/g) Va
micro(cm3/g) Vb

narrow micro(cm3/g)

P 96.6 1.2 1.8 0.009 – – 0.223
PH 98.2 0.9 0.5 0.007 340 0.114 0.214
PH12 98.8 0.6 0.3 0.005 668 0.212 0.268
PH35 98.9 0.6 0.3 0.005 1405 0.456 0.200
PH58 98.7 0.6 0.2 0.005 1920 0.581 0.154
PH76 99.0 0.5 0.2 0.005 2468 0.634 0.150

aEvaluated by DFT model applied to the N2 adsorption isotherms at –196oC.
bEvaluated by the DR method for the CO2 adsorption isotherms at 0oC.
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mass density values. With carbonaceous materials, an increase in the mass density is usually
associated with the formation of denser carbon forms such as diamond (Koivusaari et al. 2000;
Sagnes et al. 1999; Spaeth et al. 1998). Another hypothetical explanation for a mass density
increase might involve structural changes in which a graphitic carbon with sp2 hybridisation
evolves partially towards a denser diamond structure with sp3 hybridisation. In this case,
measurements of an increase in density would suggest an increase in the sp3/sp2 ratio in the
carbonaceous material. The most probable explanation for these very high mass density values is
that, even at 49oC, helium adsorption during density determinations still takes place leading to an
excess mass density value.

However, in order to evaluate the above-outlined possible explanations and to determine the
nature of the structural changes that might be involved in pyrolysis and CO2 activation, a more
comprehensive structural characterisation was carried out using powder XRD, Raman
spectroscopy and XPS.

Powder X-ray diffraction study

The powder X-ray patterns of the studied samples together with that of graphite, used as a
reference, are shown in Figure 2. Reflections (002) and (101), associated with the presence of
graphitic structures, are clearly visible in the patterns. However, characteristic reflections that could
be assigned to diamond-like forms are not apparent. It may therefore be concluded that the samples
studied had a graphitic structure in general terms. The substantial broadening and anomalous
relative intensities of the (002) and (101) reflections point to substantial structural differences
between the activated carbons and graphite. These changes can be quantified for all the studied
samples by adopting an SG structural model for graphite (SG = 186 P63mc with the C1 and C2
atoms in the asymmetric cell occupying the Wyckoff positions 2a and 2b, respectively).
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Figure 1. Helium density measurements at different temperatures of PET wastes pyrolysed and activated with
different degrees of burn-off. The various curves depicted in the figure correspond to the following samples: - - -, 
Maxsorb; . . . . . ., PH12; – . – . – , PH35; . . . . . ., PH58; – – –, PH76; �, graphite.

AST_24(5)_440-35   18/1/07  8:39 am  Page 443



A subsequent application of the Rietveld method for fitting the experimental and theoretical
patterns enabled the different structural parameters of the carbonaceous materials to be refined.
Thus, reflection (002) in the patterns of the studied samples showed a clear shift towards lower 2θ
scattering angles, indicating an increase in the c parameter of the hexagonal unit cell of graphite.
The calculated parameter c was 0.7090 nm for samples P to PH35 and slightly higher for samples
PH58 and PH76. All these parameters were substantially higher than that found for perfect graphite
(c = 0.6790 nm). Consequently, the pyrolysed char and the activated carbons from PET wastes
exhibited a turbostratic structure in which the interplanar distances of the graphenes were
substantially greater than those in graphite. Furthermore, the observed broadening of the (002)
reflection in the XRD powder patterns may be associated with a domain size effect with calculated
values of ca. 1.1–1.5 nm for all the samples studied. A more exhaustive study was not pursued
because the calculation of such small domain sizes becomes problematic because of the limited
reliability of the interference function in the Debye and Warren–Bodenstein equations (Fujimoto
2003). In a similar study carried out on activated carbons obtained from fabrics and
polyacrylonitrile powders, it was found that the calculated crystal domain size was highly
dependent on the operating temperature and the type of activation agent employed. However, no
other significant structural changes in the activated carbons were revealed (Ko et al. 2001).

Reflection (101) exhibited no significant shift, suggesting no substantial distortion of the unit
cell in the a and b crystallographic directions in the studied samples relative to
graphite. Consequently, the structural density as determined from powder XRD patterns was
about 2.130 g/cm3. It was slightly variable for all samples but always substantially lower than that
of graphite (2.224 g/cm3). The mass density calculated by X-ray was comparable to that obtained
for sample PH35 by helium picnometry (2.14 g/cm3), but substantially lower than those
obtained for samples PH58 (2.207 g/cm3) and PH76 (2.330 g/cm3) with the highest degrees of
burn-off. 

Thus, from the X-ray diffraction study it may be concluded that there was no sign of sp3

hybridisation. The mass densities calculated by X-ray diffraction for PH58 and PH76 were lower in
value than for graphite, indicating that helium adsorption in these samples occurred even at
49oC and, consequently, gave exaggerated values of the mass density as calculated by helium
picnometry.
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Figure 2. Powder X-ray patterns of the samples studied. The X-ray pattern for Fluka graphite has been included for
comparative purposes.
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Raman spectroscopy study

Raman spectroscopy is a very useful technique for the characterisation of carbonaceous materials
subjected to different treatments. The first-order Raman spectrum of diamond exhibits a single
band at 1333 cm–1 at room temperature with a width of 1.7 cm–1 (Solin and Ramdas 1970) shifting
to lower frequencies at rising temperatures (Zouboulis and Grimsditch 1991; Herchen and
Cappelli 1991). These findings have also been assessed by tight-binding molecular dynamics
calculations (Wang et al. 1990). The first-order Raman spectrum of graphite shows a strong
absorption band at 1581 cm–1 and another, which is usually not detected, at 42 cm–1 (Nemanich
and Solin 1979). 

Theoretical Raman and infrared spectra of graphite were obtained using empirical potential
Born–von Karman models (Al-Jishi and Dresselhaus 1982) and two-body carbon–carbon
interaction potentials (Aziz and Rafizadeh 1973), allowing the assignation of the observed normal
modes. The band at 1581 cm–1 was assigned to the vibration normal E2g mode of the spatial group
of graphite, involving in-plane displacements of C atoms in the basal planes of graphite.
Additionally, first-order Raman spectra of defective graphite, such as that yielded by simple
grinding (Nakamiro et al. 1978) or obtained as a thin film deposited on a substrate (Elman et al.
1981), exhibit a second band at ca.1360 cm–1. Consequently, the band at 1581 cm–1 in perfect
graphite is designated as band G while the band at 1360 cm–1 which is only present in defective
graphite is denoted as band D. 

The position, width and relative intensities of bands G and D have been used successfully to study
the structural changes involved in different carbonaceous materials subjected to different treatments,
such as graphitisation processes (Bustin et al. 1995), graphite implantation (Elman et al. 1981), the
production of carbon fibres (Heremans et al. 1985; Chieu et al. 1982), laser ablation (Lippert et al.
1999) or the production of single-wall nanotubes (Dresselhaus et al. 2002).

The Raman spectra of the studied samples are depicted in Figure 3. The two bands G and D
associated with graphitic structures are clearly visible in all the sample spectra. A possible band
at 1333 cm–1 that should be assigned to diamond-like structures with sp3 hybridisation and other
types of bands located in other regions of the respective Raman spectra were not apparent.
Again, these features suggest that the studied samples contained basically graphitic structures
with predominant sp2 hybridisation, in complete agreement with the XRD study discussed
above. A list of the location, width and relative intensities of bands G and D in the
respective Raman spectrum is given in Table 2. The Raman spectrum of pyrolysed sample
PH exhibited a band G at 1600 cm–1, which shifted towards higher frequencies by 11 cm–1

relative to perfect graphite, suggesting a possible enhancement of the double-bond character of
the C–C bond in the graphenes due to an edge effect. Additionally, band G appeared to be
relatively broad (87 cm–1), suggesting a probably greater dispersion in the C–C bond strength
(bond length) within the graphenes. Band D was centred at 1356 cm–1, i.e. at the identical
frequency expected for defective ground graphite. Furthermore, the intensity ratio ID/IG was low
(0.76) for this sample, indicating that the size of the graphene layers in this sample was
comparatively large. Band D in sample PH also appeared to be very broad (174 cm–1), again
suggesting a high dispersion in the C–C bond lengths in the graphenes. As the degree of burn-off
increased in samples PH12 to PH76, the significant feature was a substantial increase in the ID/IG
ratio, indicating that the main effect of CO2 activation was to reduce the crystal domain size within
the graphenes.
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Figure 3. Raman spectra depicting bands D and G for the samples studied.

TABLE 2. Structural Data Obtained from Raman Spectra

Sample D band G band ID/IG

Centred Width (cm–1) Centred Width (cm–1)
at (cm–1) at (cm–1)

PH 1356 174 1600 87 0.76
PH12 1354 131 1603 71 1.02
PH35 1349 92 1602 54 1.06
PH58 1354 103 1601 54 1.00
PH76 1347 98 1600 54 1.24

It can be concluded from the Raman study that the crystal domain size in the graphenes
of the studied samples was very small and decreased as the degree of burn-off increased.
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The double-bond character of the C–C bonds in the graphenes was enhanced with
increasing degree of burn-off in the presence of CO2 activation, due to an edge effect.

XPS study

Many studies have shown that the XPS C1s and O1s energy levels in carbonaceous materials are
sensitive to their chemical neighbourhood (Briggs and Seah 1994). Consequently, this technique
has been frequently used for the characterisation of many different types of carbons. In a study by
Laszlo et al. (2001), which was mostly concerned with the surface characterisation of activated
carbons obtained from PET wastes and other types of precursors, it was found that the XPS C1s
energy level exhibited a long tail on the high binding energy side. This suggested the presence of
C atoms linked to different oxygen-containing functional groups, such as phenolic –OH and
carboxylic –COOH groups. Similarly, the XPS O1s energy level appeared as a single broad peak
that could be de-convoluted into two peaks, the one at lower BE being assigned to structural O in
graphenes while another peak located at higher BE was assigned to phenolic groups.

The XPS C1s and O1s energy levels of the studied samples are shown in Figure 4(a) and (b).
Both levels appeared as single peaks of normal width and further de-convolution into several
single peaks could not be justified from a mathematical standpoint. Quantitative data were
obtained by subsequent spectrum-processing, including Shirley background subtraction and peak-
fitting using Gaussian–Lorentzian functions with asymmetric tails. The results obtained including
the binding energy (BE), the full width at half maximum (FWHM), the percentage Lorentzian and
peak asymmetry (TS) are shown in Tables 3 and 4 for energy levels C1s and O1s, respectively.

BE changes in the level C1s make no sense in this study, since this energy was used for
spectrometer calibration at 284.5 eV. FWHM and peak-shape changes among the different samples
studied were not significant (Table 3). However, the C1s energy level in all samples appeared
relatively broad (1.80–1.86 eV), as compared with the width of 0.8 eV usually found for perfect
graphite. Additionally, the peak shape was apparently mainly Gaussian. These features suggest that
the observed peaks resulted from a mixture of multiple effects: (a) a probable high dispersion in
C–C bond lengths and angles in a rather amorphous carbon matrix; (b) edge effects in a highly
fractionated carbonaceous material; and (c) carbon interaction with other hetero-atoms.
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Figure 4. XPS spectra of the studied samples: (a) C1s level; (b) O1s level.
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The XPS O1s energy level of the studied samples showed substantial differences as shown in
Figure 4(b). Given that the spectrometer resolution was ca. 0.2 eV, the observed small changes in
BE listed in Table 4 are not significant. However, the O1s level became substantially broader,
more Gaussian and asymmetric as the degree of burn-off increased. Values of the surface atomic
ratio O/C, as determined from the peak area ratio corrected with the respective sensitivity factors
for O1s and C1s levels, are also listed in Table 4. These surface data were virtually constant and
substantially higher than the bulk data listed in Table 1, indicating that the oxygen impurities were
mainly concentrated in the surface. 

CONCLUSIONS

From a study of samples obtained from carbonised PET wastes in an inert atmosphere followed
by CO2 activation with different degrees of burn-off, it may be concluded that the activation
process led to the generation of solids with a substantial increasing pore volume. This was
attributed to the development of large microporosity and increasing helium density as the degree
of burn-off increased. The characterisation study suggested that CO2 activation not only promoted
a reduction in the number and size of the stacked graphenes, which constituted the structural units,
but also led to substantial structural changes in the graphenes derived from edge effects and the
presence of impurities.

In addition, the highly microporous carbons tended to adsorb helium even at temperatures such
as 49oC, leading to over-rated mass densities for these materials when evaluated by helium
picnometry. Since this is a very common technique for determining true densities in active
carbons, this effect must be taken into account in interpreting the results thereby obtained.
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TABLE 3. XPS Data Obtained from the C1s Energy Level

Sample FWHM (eV) % Lorentzian TS

PH 1.86 8 0
PH12 1.86 10 0
PH35 1.80 11 0
PH58 1.82 11 0
PH76 1.80 12 0

TABLE 4. XPS Data Obtained from the O1s Energy Level 

Sample BE (eV) FWHM (eV) % Lorentzian TS (O/C)at

PH 532.4 2.96 5 0.1 0.06
PH12 532.1 1.97 7 0.1 0.13
PH35 532.4 2.16 18 1.0 0.11
PH58 532.1 3.30 0 0.5 0.09
PH76 532.1 3.93 0 1.0 0.07
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