
1. Introduction
During the last decades, the consumption of poly-
mers has increased steadily worldwide because of
the population increase together with the trend of
people to progressively improve their living condi-
tions [1]. Polymers are chemical compounds widely
used in the manufacture of synthetic industrial ma-
terials such as rubbers and plastics, which have a
large number of varied applications (e.g., in automo-
biles and packaging industry) and thereby are pro-
duced in very large quantities all over the world.
After end-of-life, large amounts of obsolete and

downgraded rubber and plastic wastes are unavoid-
ably generated, a significant part of which uncon-
trollably ends up spreading in the environment where
are almost ubiquitously becoming progressively ac-
cumulated with time as polymers are practically re-
fractory in nature and thereby non-degradable mate-
rials [2, 3] (i.e., some plastic products can take more
than 500 years to decompose [4]). In aquatic environ-
ments, the release from rubber and plastic leachates
of potentially toxic additive chemicals to organisms
occurs [5]. Therefore, the aforesaid three polymers-
derived waste materials of industrial origin have a
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strong and very lasting detrimental impact on the en-
vironment, which to some extent can be mitigated
through proper management in the use of such ma-
terials.
Nowadays, the disposal of rubber and plastic waste
represents a major environmental issue worldwide
because for their reduction the development of en-
vironmentally acceptable that are cost-effective tech-
nologies is a difficult challenge due to complexities
inherent in the reuse of polymers [6]. As the best al-
ternative, recycling was encouraged about a decade
ago [7–10]. In fact, from the point of view of energy
consumption and environmental issues, polymer re-
cycling is the most efficient way to manage these
waste materials [11]. As a result, recycling methods
of tire and plastic waste have been frequently re-
viewed before [11–20]. However, plastic waste to a
much larger extent is still not recycled at all but in-
cinerated, land-filled or enters the natural environ-
ment [21, 22]. In the case of rubber recycling, as a
choice, waste rubber can be blended with thermo-
plastic resins to produce thermoplastic elastomer
compounds but however, these materials show poor
mechanical performance [11].
A recycling method for polymer materials is based
on their conversion into value-added carbonaceous
adsorbents (CAs), such as activated carbon [23–25].
Although the process of preparation of this porous
carbon material is an energy-consuming procedure,
it advantageously offers the possibility of turning
polymer materials into environmentally-friendly
products with tuned properties for a wider range of
laboratory uses and industrial applications. In addi-
tion, such products may be chemically modified and
thermally regenerated for the benefit of a longer re-
newed lifespan. Afterward, as recycling delays rather
than avoid final disposal, surplus materials at the end
of utility can be ultimately eliminated on a perma-
nent basis only by destructive thermal methods of
pyrolysis or combustion, as suggested earlier for
plastic waste [21]. However, tire rubber and poly-
ethylene terephthalate plastic as such do not appear
to be suitable or very attractive materials for pyrol-
ysis [18] (and refs. therein). In the case of CAs, as
compared to their aforementioned rubber and plastic
precursors, incineration in relative terms would be a
more environmentally friendly and acceptable process
because of the mitigated emission of environmental
pollutants. Furthermore, hazardous particulate ashes
arising from the incineration process of the CAs

could be further used, e.g., as a source of inorganic
chemical compounds. CAs such as activated carbon
are widely used in separation processes of gases, liq-
uids and solutes in solution, such as dies from pol-
luted water [26, 27].
Methylene blue (3,7-bis(dimethylamino)pheno-thi-
azin-5-ium ion); MB, hereafter), an organic cationic
dye with chemical formula C16H18N3SCl·xH2O, is
among the most commonly used organic dyes in the
textile (i.e., for dying cotton, wood and silk), print-
ing, and pesticide industries [28–30]. As a result,
larger amounts of MB-containing wastewater efflu-
ents are released from mills with the resulting detri-
mental impact not only on the water appearance and
quality but also on human health [28–33], aquatic
organisms [34], and aquatic plants [30]. Therefore,
from the point of view of environmental protection,
the removal of MB from MB-polluted water efflu-
ents is a research subject of current interest. More-
over, MB is well known for its strong adsorption on
solids [35], such as carbons [36]. In fact, it is used
as a test to estimate properties of activated carbons
as the specific surface of pores of dimensions greater
than 15 Å [37] and of the mesopores [38] (i.e., pores
with widths between ~20 and ~500 Å [39]). Also,
MB often serves as a model compound for removing
organic contaminants from aqueous solutions [35].
The adsorption of MB on low-cost adsorbents has
been reviewed before [38].
In the present study, the development of CAs from
rubber of used tires (TR), PET plastic bottles (PET)
and an industrial polypropylene plastic (PP)-ethyl-
ene propylene diene monomer rubber (EPDM) blend
(VR) to be used in water discoloration treatment is
investigated. The preparation of porous CAs from
TR [40–49] and also from PET [50–56] by the
method of physical activation has been studied fre-
quently before. However, as far as to our knowledge,
VR has not yet been used as raw material in the pro-
duction of CAs. By taking into account the presum-
able lower collection and transportation costs and
that thereby the use of material mixtures instead of
the various materials separately in the production of
the CAs should favorably influence the process eco-
nomic viability and implementation on an industrial
scale, on continuing with our previous work on re-
cycling of polymer wastes [43, 57–60], the develop-
ment of the CAs has been accomplished not only
from TR, PET and VR one by one but also from mix-
tures of two and three components for comparison
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purposes. The CAs are prepared by thermal chemical
methods of pyrolysis and steam activation, charac-
terized in terms of morphology and porous texture,
and tested as adsorbents of MB in aqueous solution.
The adsorption process of MB is studied from the
kinetic and equilibrium standpoints.

2. Materials and methods
2.1. Raw materials
As furnished kindly by Recipneu (Sines, Portugal),
TR was made up of truck and car rubbers at the 5:95
ratio. As received, TR was already wire-freed, shred-
ded, cryogenically size-reduced and sized, the fraction
of particle sizes between 1 and 3 mm being selected
for subsequent studies. As a source of post consumed
PET, bottles of mineral water (Los Riscos, Badajoz,
Spain) for human consumption were employed. VR
was provided by Catelsa Cáceres, S.A. Using scissors,
PET and VR were progressively size-reduced until
pieces smaller than 5 mm were obtained.
In the chemical and thermal study of TR, PET and
VR, the elemental analysis (C, H, N, S, Odiff.) of
these materials was carried out in a LECO CHNS-
932 analyzer. Also, the ash content was determined
by incineration of ≈0.5 g of sample in duplicate at
650°C for 12 h, using a Selecta muffle furnace (Se-
lect-Horn). Table 1 lists the contents of C, H, N, S,
Odiff. and of ashes obtained for TR, PET and VR.

Furthermore, the FT-IR spectra were registered, as
described below. Moreover, the materials were heat-
treated dynamically between ambient temperature to
900°C at a heating rate of 10 °C·min–1 in helium at-
mosphere (flow rate = 10 ml·min–1) in a Setaram
thermogravimetric system (SETSYS Evolution-16).

2.2. Preparation of the CAs
In the preparation of the CAs, a single stage pyroly-
sis or activation (i.e., pyrolysis and gasification)
process was used. A given starting material or mix-
ture was first heat-treated from ambient temperature
to maximum heat treatment temperature (MHTT) at
10°C·min–1 and then soaked at MHTT in flowing N2
(100 ml·min–1) or in a steam/N2 atmosphere for 2 h.
After heating at MHTT, the system was allowed to
cool down to room temperature in N2 atmosphere
and the resulting products were weighted and stored
in plastic containers until subsequent use. Pyrolysis
was carried out in a horizontal cylindrical electrical
furnace (Carbolite, 20-802574). For the steam acti-
vation experiments, two in series electrical furnaces
were used. One of them served as the steam genera-
tion system and the other one as the activation sys-
tem. The flow rate of liquid water (8 ml·min–1) enter-
ing the vapor generation system was controlled with
a peristaltic pump (Ismatec, MCP, 7518-10) and steam
was carried by a N2 stream (flow rate = 100 ml·min–1)
to the activation system. The materials and heating
conditions used in the preparation of the CAs are
summarized in Table 2, which also lists yield values
and sample codes. Altogether, four series of samples
were prepared by pyrolysis of the starting materials
(T900, P900 and V900) and by activation of such
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Table 1. Chemical analyses of TR, PET and VR.

Material C
[wt%]

H
[wt%]

N
[wt%]

S
[wt%]

Odiff.
[wt%]

Ashes
[wt%]

TR 85.1 07.41 0.33 1.81 5.4 7.10
PET 62.9 04.27 0.00 0.00 32.8 0.00
VR 88.0 11.82 0.00 0.37 0.00 0.93

Table 2. Preparation of the CAs. Yield values and sample notations.
Starting material

[mixture]
Mass ratio

[wt%] Atmosphere MHTT
[°C]

Soaking time
[h]

Yield
[wt%] Code

TR N2 900 2 40.1 T900
PET N2 900 2 17.1 P900
VR N2 900 2 18.1 V900
TR H2O(v) 850 2 24.1 TS
PET H2O(v) 850 2 13.7 PS
VR H2O(v) 850 2 12.2 VS
TR/PET 50/50 H2O(v) 850 2 18.7 M1
TR/VR 50/50 H2O(v) 850 2 20.4 M2
PET/VR 50/50 H2O(v) 850 2 11.1 M3
TR/PET/VR 75/12.5/12.5 H2O(v) 850 2 22.7 M7
PET/TR/VR 75/12.5/12.5 H2O(v) 850 2 13.2 M8
VR/TR/PET 75/12.5/12.5 H2O(v) 850 2 14.5 M9



materials and of their mixtures in steam (TS, PS and
VS, M1–M3 and M7–M9).

2.3. XRD analysis of CAs
Various CAs were analyzed by XRD in a Bruker D8
ADVANCE diffractometer, provided with a Ge 200
monochromator and using Cu Kα1 (λ = 1.5406 Å).

2.4. SEM analysis of CAs
SEM images of selected CAs were obtained with a
scanning electron microscope model Quanta 3D
FEG (FEI Company), operating in the high vacuum
mode under and accelerating voltage ranging from
0.1 to 30 kV and using an Everhart Thornley detec-
tor for secondary electrons. In this work, a set of 4
SEM images in randomly chosen particle regions
and grains were acquired for each sample at different
magnification levels.

2.5. Textural analysis of the CAs
The textural characterization of the samples was car-
ried out by N2 adsorption at –196°C and by mercury
porosimetry. Routinely, the samples were first oven-
dried at 120°C overnight, allowed to cool down to
room temperature in a CaCl2 containing desiccator,
and weighed. Then, the isotherms of gas adsorption
were determined in a Quantachrome apparatus (Au-
tosorb-1). Approximately, 10 mg of sample was placed
in a glass holder and degassed at 250 °C for 12 h,
prior to adsorption. The experiments of mercury
intrusion were performed in a Pore Master 60-Quan-
tachrome porosimeter, using ~0.3 g of sample.

2.6. Surface chemistry analysis
The FT-IR spectra for the starting materials and se-
lected CAs were recorded on a PerkinElmer Spec-
trum 100 spectrometer, using CA:KBr pellets. After
oven-drying at 120°C overnight and size-reducing,
pellets were prepared using the ratio of sample to
KBr (Merck, for spectroscopy) equal to 1:1900, the
total mass of the heterogeneous mixture being
238 mg. One KBr pellet of the same mass as the
sample pellets was also prepared and its spectrum
was used as background. For various CAs, pHpzc was
measured using 0.01 M NaCl from (Panreac, 99.5%,
for analysis) aqueous solutions at pH 2, 4, 6, 8, 10
or 12. These pH values were fixed with 0.1 M HCl
(Panreac, 37%, extra pure) or NaOH (Panreac, 98%)
aqueous solutions.

2.7. Adsorption of MB
In the study of the adsorption process, MB (Sigma
Aldrich, reagent grade, CAS61-73-4) of MW =
319.18 g·mol–1 was used. Adsorption tests were car-
ried out by the batch procedure, using a 10–3 mol·l–1

MB aqueous solution (pH = 5.6). Preliminary, the
UV-visible spectrum was recorded on a Shimadzu
spectrophotometer (Model UV-1800) and from it the
wavelength corresponding to the absorbance maxi-
mum at 664 nm was chosen for subsequent analyses.
Also it was checked that MB is a chemically stable
substance in aqueous solution (i.e., after more than
10 d had elapsed, no color and absorbance changes
were observed in such a solution) and also that
Beer’s law is obeyed well for solution concentrations
between 10–6 and 5·10–5 mol·l–1. After that, either
≈0.10 g or between ≈0.002 and 0.30 g of adsorbent
and 25 ml of MB solution were added to a suit of
25 ml test tubes, which were mounted at once in a
Selecta (Unitronic-OR-C) thermostatic shaker bath
with water at 25 °C and an agitation of 50 oscilla-
tions·min–1 and maintained under these conditions
for 5 min–12 d or for an equilibration time, which
was prefixed after previously carrying out kinetic ex-
periments. Finally, the residual liquid was separated
by filtration and eventually analyzed at 664 nm. The
adsorption of MB was quantified using the mass bal-
ance Equation (1):

(1)

where q stands for the amount of MB adsorbed per
unit weight of adsorbent, Ci and Cf are the initial and
final concentrations of MB, V is the solution volume
[l] and W is the adsorbent weight.

3. Results and discussion
3.1. Analysis of the starting materials
3.1.1. Chemical composition
Data in Table 1 show that TR, PET and VR differ
significantly from their elemental and proximate
chemical compositions. Thus, the markedly higher
contents of carbon and hydrogen by the order VR >
> TR > PET and also of sulfur for TR as well as the
enhanced oxygen content for PET and ash content
for TR are worth mentioning. Conversely, also no-
tice that the contents of sulfur and ashes are zero for
PET. The sulfur content of 1.81 wt% for TR is inter-
mediate between 1.0 and 2.6 wt% reported in literature

q C C
W
V

i f= -R W
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[62–65]. The much higher content of oxygen for
PET than for TR and VR is attributable to the pres-
ence of structural ester groups in PET. The ash con-
tent of 7.10 wt% for TR is within the wide range of
ash contents between 2.50 and 25.2 wt% reported for
various types of tires [64]. Furthermore, it is only
somewhat higher than the determined ash content of
5.0 wt% for rubber of a truck tire [65].

3.1.2. FT-IR spectroscopy
The FT-IR spectra registered for TR, PET and VR
are plotted in Figure 1. The spectrum of TR displays
a number of readily visible bands at 3440, 2922, 2854,
1632, 1426, 1086, 788 and 446 cm–1, which are at-
tributable in turn to ν(O–H) vibrations in H-bonded
OH groups, ν(C–H)as vibrations of –CH3 and/or –CH2
groups, ν(C–H)s vibrations of –CH3 and/or –CH2
groups, ν(C=C) vibrations of alkenyl and presumably
conjugated C=C groups, δ(C–H) vibrations of –CH3
and –CH2 groups, ν(C–O) vibrations of TR additives,
ν(C–S) vibrations and ν(S–S) vibrations of polysulfide
structures [66–68] (abbreviations mean: ν, stretch-
ing; δ, bending (in-plane); s, symmetric; as, asym-
metric). In addition to absorption bands originated
by ν(O–H), ν(C–H) and δ(C–H) vibrations, the spectrum of
PET also shows a strong band at 1718 cm–1 that is
ascribable to ν(C=O) vibrations in aromatic ester
groups. The bands caused by the ν(C–O) vibration
should appear at lower frequencies between 1350
and 1050 cm–1 [68]. Furthermore, the band at
1018 cm–1 is likely due to the ν(C–O) vibration of pri-
mary –OH groups and the band at 727 cm–1 to p-di-
substituted aromatic rings, which absorb between
860 and 780 cm–1 [68]. According to the chemical
composition of PP/EPDM, the spectrum of VR only

displays four stronger peaks at frequencies close to
bands registered in the spectrum of TR and that may
be assigned therefore to the same bond vibrations of
organic atomic groupings as for TR.

3.1.3. Thermal analysis
The thermogravimetric (TG) curves obtained for TR,
PET and VR, which are plotted in Figure 2, show
that these materials, when are heat-treated from
room temperature to 900 °C in helium atmosphere,
thermally degrade by devolatilization and as a result
the mass of sample greatly decreases, mostly at tem-
peratures below ≈460 °C. At higher temperatures,
however, the sample mass hardly undergoes any sig-
nificant change, especially for TR. The temperature
at which the mass of sample starts decreasing notice-
ably is different for the various materials, being sig-
nificantly lower by the order TR > VR > PET. Fur-
thermore, from the slope of the TG curves it also
follows that the kinetics of the process of thermal
degradation is slower for TR than for PET and VR
and also, though only very slightly, for VR than for
PET. For TR, in fact, the DTG curve (i.e., omitted
for the sake of brevity) clearly features two overlap-
ping peaks at 373 and 433 °C, the latter being the
stronger one, which were also observed previously not
only in manufactured rubber tire samples but also in
the major rubber components (i.e., natural rubber,
styrene-butadiene-rubber and polybutadiene rubber)
[69] and waste tire [70]. The mass loss produced up
to ≈460°C is ≈64 wt% for TR, 81 wt% for PET and
82.5 wt% for VR. The markedly smaller mass loss
for TR than for PET and VR can be accounted for by
the complex chemical composition of TR, which is
made up of not only natural and synthetic polymers
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Figure 1. Infrared spectra of TR, PET and VR. Figure 2. TG analysis of TR, PET and VR.



(elastomers) but also carbon black and a variety of
additives, such as sulfur and ZnO that are used as a
cross-linking agent and an activator for the vulcan-
ization of rubber, respectively. As a typical compo-
sition, tire rubber contains 31.0 wt% of carbon black,
1.1 wt% of sulfur and 1.9 wt% of ZnO [69]. The char-
coal residue (34–37%) remaining by heating at
450°C, at which the whole elastomer is pyrolyzed,
includes the initial carbon black, a part of the sulfur
and a mixing of sulfur and zinc oxide [71]. In the case
of PET, the residue is a black glossy carbon of the
equal size to the milled PET feed. The carbon has
porous structure and is brittle but very hard [72]. Re-
garding a PP-EPDM blend, it was also detected the
presence of a carbonaceous residue, representing ap-
proximately 10% of the initial weight of sample,
after heating up to 550°C in a dynamic TG run [73],
in spite of the fact that the thermal degradation of
pure PP and EPDM separately at 550 or 700°C did
not result in any char residue [73, 74].

3.2. Preparation and characterization of the
CAs

3.2.1. Process yield
In Table 2 the yield values obtained for the sample
preparation process are presented. In such a table it
is shown first that, regardless of whether the starting
materials were used separately or mixed for prepar-
ative purposes, yield is markedly higher with TR
than with PET and VR and fairly similar with PET
and VR. Furthermore, on an average it is 25.1% in
N2 and ≈16.7% in steam, and therefore noticeably
higher provided that the starting materials one by
one were heat-treated in the former atmosphere, as
expected. Moreover, for the three sets of samples ac-
tivated in steam, i.e., TS, PS and VS, M1–M3, and
M7–M9, the same averaged yield of ≈16.7% is ob-
tained. Of course, from these results it may be ap-
parent that the physically mixed TR, PET and VR
did not interact with each other during the prepara-
tion of the CAs. However, when the aforesaid yield
values obtained for M1–M3 and M7–M9 (Table 2)
are compared to those assessed from the resulting
yield values for TS, PS and VS, weighted by the
mass of each material that was used in the prepara-
tion of M1–M3 and M7–M9, it is then surprisingly
found that the yield of the activation process in
steam increases noticeably for M2 (11.0%), M7
(6.1%) and M9 (4.3%) and decreases even more

markedly for M3 (–16.7%) and M8 (–12.2%) and
only very slightly for M1 (–1.1%).
From the above results of mass balance, it appears
likely that VR was the key component of the starting
mixture in connection with the changes produced in
the mass of sample depending on whether the single
materials or material mixtures were used in the prepa-
ration of the CAs. Also, it is suggested that during
such a treatment VR interacted with TR and PET and
that it affected the thermal degradation of these ma-
terials. If so, the interaction between mixed materials
would become only feasible after the impregnation
in part at least of TR and PET by VR. Thus, since the
melting temperature is by far lower for PP-EPDM
blends [75, 76] than for PET [12, 77]; TR polymers
cannot melt because of cross-linking, it can be pre-
sumed that during the heat treatment of the mixtures,
PP and EPDM melted and impregnated TR and PET
pieces. Impregnation should be a more favorable
process above 233°C [77] or 265°C [12], at which
not only PP and EPDM but also PET was in the
molten state in the heat-treated heterogeneous mix-
ture. Molten PET will also wet TR. Impregnation
might also be promoted because of the greater pres-
ence of VR (i.e., 50%, M2 and M3) and of the smaller
piece size of TR than of PET in the aforesaid mixture,
as suggested by the increase in yield of 4.3% for M9.
As a final comment it should be pointed out that the
interaction between PP (plastic) and EPDM (rubber)
during heat treatment should not be ruled out. In that
connection it has been previously reported when
studying the kinetics of the thermal degradation of
PP-EPDM blends that the process is not clearly char-
acterized by two independent reactions, suggesting
that both components are interacting during degrada-
tion [78]. One peak was shown in the derivative TG
curve, confirming the existence of a single-step
degradation process. For recycled PP-synthetic rub-
ber blends, two peaks were observed however in the
dynamic TG tests and the thermal degradation
process was completed at 510°C [73]. According to
Gamlin et al. [79], PP and EPDM follow complicated
random thermal degradation processes.

3.2.2. Chemical composition
Data of the chemical analysis obtained for the starting
materials (Table 1) and for selected CAs (Table 3)
show that when such materials are heat-treated sepa-
rately at high temperature in N2 or in steam atmosphere
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strong changes in their chemical constitution occur
because of depolymerization and degradation. In
general, the carbon content increases, whereas de
contents of hydrogen, nitrogen and sulfur decrease,
for the prepared CAs. Probably, the great increase
originated in the carbon content of P900 and PS is
mainly connected with the loss of oxygen from the
material during the preparation of the samples. In
fact, the oxygen content is equal to 32.8 wt% for
PET, 11.94 wt% for P900 and 16.83 wt% for PS. As
an exception to the rule, the carbon content is marked-
ly smaller for V900 than for VR, which may be sur-
prising as the residue generated by heat treatment of
PP-EPDM is composed of non-polymeric fillers, as
seen below. However, notice that the carbon content
is similar for VS and VR. On the other hand, the
changes produced in the chemical constitution of the
materials also depend on the atmosphere used in the
preparation of CAs, being less or more drastic for
the carbon content and other chemical element con-
tents, respectively. Finally, the carbon content and
the hydrogen content are significantly lower for M3
than for PS and VS. It also applies to the hydrogen
content for M8 with respect to TS, PS and VS. These
results further support the occurrence of interaction
between mixed components during the preparation
of the samples, which is worth noting.
As shown also in Tables 1 and 3, the sulfur content
is higher especially for T900 and TS and also, though
less, for V900 and VS; P900 and PS are almost sul-
fur-free samples. Notice that the sulfur content is
even markedly higher for T900 than for TR. These
results demonstrate that an important fraction of the
original sulfur present in TR is thermally stable and
thereby becomes concentrated in the pyrolysis prod-
uct after the desulfurization of TR. Sulfur compounds
thermally decompose into H2S and/or SO2 at relative-
ly moderate temperatures [80]. For tire rubber, as
Unapumnuk et al. [81] report, desulfurization almost

completely occurs below 400 °C and reaches the
maximum value of ≈65 % at 350 °C and a heating
rate of 10 °C/min. Furthermore, the fraction of the
original sulfur remaining in the char after desulfur-
ization is approximately half of it between 350 and
850 °C [81] and even as high as between ≈ 60 and
70% at 600–800°C [82]. It is mainly in the form of
non-volatile inorganic sulfides or elemental sulfur,
as some trace amounts of organic sulfides, and as
ZnS formed by reaction with ZnO [82], as seen in
more detail below.
An important quantity of the sulfur found in VR is
also thermally stable under the heating conditions
and atmospheres used in the preparation of V900 and
VS. With respect to 0.37 wt% for VR (Table 1), such
an amount is ≈35 % for V900 and ≈20 wt% for VS.
Since the thermal degradation of EPDM occurs in a
single step below 550°C with little or no residue [78,
79], the presence of sulfur in the aforementioned
samples may be somehow associated with the use of
fillers and/or additives in the preparation of VR. In
this connection it should be pointed out that, of the
sulfur-containing additives typically employed in
EPDM formulations, only 2-mercaptobenzothiazole
(MBT) is thermally stable in the wide temperature
range of 200–900°C [83]. Although it should be also
kept in one’s mind that at elevated temperatures desul-
furization of EPDM occurs, resulting in shorter sul-
fur bridges and in the formation of a thiophene-like
structure [84]. As far as M3 and M8 is concerned,
the sulfur content (i.e., 0.25 and 0.35 wt%, respec-
tively) is markedly lower than for V900 and VS and
especially than for T900 and TS. This finding must
be highlighted as a reduction in the sulfur content
could be the key factor for the industrial application
of TR, PET and VR-derived CAs [85].
Although waste tire sulfur is a major prohibiting ef-
fective tire disposal [82], from the chemical point of
view it may be beneficial with respect to oxygen for
specific purposes. Oxygen is another heteroatom al-
most ubiquitously present in carbonaceous adsor-
bents, which has been by far the most investigated
one, mostly in order to introduce oxygen surface
groups to improve the behavior shown by the mate-
rials in adsorption and catalysis studies. Because of
the larger size of the sulfur atom and ions than of
their counterpart oxygen species, according to the
well-known hard-soft acid-base theory, the former
should interact more favorably with metal ions with-
out d electrons or in a high oxidation state than the
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Table 3. Chemical analyses of selected CAs.

Sample C
[wt %]

H
[wt %]

N
[wt %]

S
[wt %]

Odiff.
[wt %]

Ashes
[wt %]

T900 75.1 0.82 0.21 2.74 21.13 15.00
P900 86.2 1.52 0.32 0.02 11.94 0.00
V900 76.7 0.65 0.20 0.72 21.73 0.36
TS 74.8 0.90 0.00 1.51 22.79 22.20
PS 81.5 1.67 0.00 0.00 16.83 1.46
VS 86.5 1.06 0.07 0.61 11.76 14.26
M3 76.1 0.76 0.01 0.25 22.88 6.96
M8 80.5 0.68 0.07 0.35 18.40 10.40



latter. In addition to that, sulfur can be reduced by
metals to give sulfide ion, which form water-barely
soluble sulfides with numerous metal and semimetal
ions of great environmental relevance, such as Hg2+,
Pb2+, As3+/5+, and so on. Accordingly, it was shown
that tire rubber is an efficient sorbent material for Hg2+

removal from aqueous solution and that pH is the
most crucial of the investigated parameters [86].
The markedly lower ash content (Tables 1 and 3) for
M3 and M8 than for TS and VS is due to the dilution
of the inorganic matter of TR and VR because of the
incorporation of PET to the mixtures used in the prepa-
ration of the samples. Typical CAs as activated car-
bons may contain up to 15 wt% of mineral matter [87].

3.2.3. XRD analysis
The XRD patterns obtained for selected CAs are
plotted in Figures 3–5. All of them display a broad
peak at 2θ ≈ 25° that corresponds to the (002) reflec-
tion. The feature of lower intensity at ≈43° is ascrib-
able to the overlapping of the (100) and (101) dif-
fraction peaks [56]. The sharp peaks exhibited by
XRD patterns of the samples indicate good crys-
tallinity of the inorganic phases present in the sam-
ples. For T900 and TS, Figure 3 shows a large num-
ber of such peaks, the position and relative intensity
of different combinations of which denoting the
presence of hexagonal wurtzite (α-ZnS) [88] and
cubic sphalerite (β-ZnS) [89] in T900 and of zincite
(ZnO) [90] in TS. The latter peak assignments are
supported as well by the standard spectrum for ZnO
(JCPDS no. 36-1451). In the case of TS (Figure 3),
diffraction peaks attributable to willemite (Zn2SiO4)
are also readily visible in the XRD pattern (i.e., for
peak assignments see [91]). With regard to P900 and
PS (Figure 4), by contrast to T900 and TS, no dif-

fraction peak ascribable to Zn crystalline phases is
registered in the XRD patterns (i.e., omitted for the
sake of brevity), as expected because of the absence
of inorganic matter from PET (Table 1). As for
V900, VS, M3 and M8 (Figures 4 and 5), the XRD
patterns also reveal the presence of ZnO in these
CAs. Notice that diffraction peaks are barely visible
for V900, unlike for VS, M3 and M8. For these sam-
ples, peak intensities vary by the order VS > M3 >
> M8, which is in line with the fixed content of VR
in the initial mixture used in their preparation. As a
final comment it should be pointed out that no dif-
fraction peak at 2θ ≈ 70° [92] is shown in the afore-
mentioned diffraction patterns (Figures 3–5) and
therefore it becomes apparent that metallic zinc was
not formed by reduction of zinc chemical species by
carbon when heating at 900 or 850 °C in the prepa-
ration of the samples.
As compared to graphite, for which the (002) peak
is found at 2θ = 26.5°, the shift to 2θ ≈ 25° for the
CAs indicates an increase in the spacing between the
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Figure 3. XRD patterns for T900 and TS.

Figure 4. XRD patterns for V900 and VS.

Figure 5. XRD patterns for M3 and V8.



sp2-layers [93]. On the other hand, the presence of
ZnO in a number of CAs is consistent with its use as
activator in the process of rubber vulcanization. The
formation of Zn-metal sulfide phases was also ob-
served before when studying the pyrolysis of tire
rubber [94, 95]. Then, it was stated that most of the
ZnO contained in the tires remained ultimately in the
char as ZnS [94, 96]. Likewise, Zn appearing on car-
bon black was found as ZnO below 700 °C [47, 95],
whereas above this temperature it was as α- and
β-ZnS [97]. Moreover, ZnS was produced by reac-
tion between ZnO and S contained in tires [40, 98].
Although it should be also taken into account that
ZnS in the presence of steam may react at high tem-
perature and give ZnO [99] (Equation (2)):

ZnS(s) + H2O(g) = ZnO(s) + H2S(g);
∆G0 = 73.5 kJ at 827°C (2)

The appearance of Zn2SiO4 was associated with the
reaction between ZnO and SiO2 used in the process
of tire manufacture. Precipitated SiO2 is the second
most widely used reinforcing filler, after carbon
black [100]. Contents of ZnO on an average of
2.95 wt% for two lorry and car tires [85] and of Si
ranging between 0.63 and 2.84 wt% for (ash content,
4.7 wt%) ground rubber-derived chars have been re-
ported before [101]. Likewise, according to literature
[102], ZnO and SiO2 react at around 775°C to form
Zn2SiO4, which begins to form by solid-diffusion of
ZnO from the surface of SiO2 by the Equation (3):

SiO2(s) + 2ZnO(s) = Zn2SiO4(s) (3)

3.2.4. Morphological analysis
SEM is commonly applied to observe the morphol-
ogy of rubber and carbon black composites [103]. In
the present study, because of the large number of
prepared samples and resulting SEM micrographs of
varying magnification, only a few such micrographs
will be viewed here for the sake of brevity. The SEM
images collected in Figure 6 show a dense mass with
isolated cracks and cavities for T900, a very smooth
surface with a large number of nearly roundly shaped
hollows for P900, and a very rough surface with large
cavities and a number of pore mouths ranging widely
in size for V900. The SEM micrographs were taken
for TS, PS and VS are shown in Figure 7. The micro -
graph of TS features a fractured surface with wide
and deep interconnected cracks and a large number

of white color polycrystalline particles which are not
uniform in shape and size. These results are consistent
with the complex chemical composition of TR since
its various components must undergo an unequal ex-
pansion and contraction when heated and cooled
(i.e., originating cracking and porosity in the result-
ing product) and also with the fact that very complex
and diversiform ZnO particle morphologies and
even aggregates have been prepared before [104].
Furthermore, it should be taken into account that the
content of inorganic matter is high in TR and that,
after the activation treatment of this material in
steam, it becomes even more concentrated in TS (i.e.,
the determined ash content being as high as 22.2%
for this sample), and therefore the formation of large
size entities as ZnO particle aggregates and agglom-
erates should not be ruled out. As far as PS is con-
cerned, it is noteworthy that the surface in this sam-
ple is somewhat more uneven and the amount of
more irregularly shaped hollows is somewhat larger
than for P900. As to VS, the surface is more eroded
and less steeped than for V900. Also, a very large size
cavity and rather isolated and cumulated white color
particles are readily visible in the micrograph taken
for VS. For M3 and M8, the SEM images in Figure 8
show the presence in these samples of large size hol-
lows or pores, the mouths of which being almost com-
pletely full of particulate matter. In the case of M3,
however, surface areas with densely crowded and
well packed matter are also observed. Particulate
matter appears to be loosely held together for M8
and strongly attached to the surface of the carbona-
ceous substrate for M3. These findings prove that,
while heating the mixture of various components in
the process of preparation of the samples, VR not
only closely contacted PET but also entered porosity
created in PET to an extent and in a way depending
on the relative content of such components in the
starting mixture. However, it should be concomitant
with an increased matter release, as commented
above in view of the yield values obtained for PET
and VR-derived CAs.

3.2.5. Textural characterization of the CAs
N2 adsorption
The measured adsorption isotherms for the CAs
(Figures 9 and 10) by their shape, in general, are com-
posite isotherms of types I or II and IV isotherms of
the well-known BDDT classification system. These
isotherm shapes have been associated in turn with
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an adsorption mechanism of micropore filling, mono -
layer-multilayer and monolayer-multilayer-capillary
condensation, followed by adsorption systems made
up of N2(g) as adsorptive and microporous, non-
porous, and mesoporous solids as adsorbents [39]. In
connection with the adsorption of N2 by tire chars it
is worthwhile noting that it was practically reversible
under equilibrium, as shown by the relative position

of the adsorption and desorption branches in the
measured adsorption isotherms [101]. The calculated
values of SBET, W0, Vmi and Vme from such adsorption
isotherms are listed in Table 4. As can be seen, the
values SBET and W0 are very small for T900 and
V900. P900 was even non-amenable to the analysis
by N2 adsorption at –196 °C. SBET values reported
previously in literature are between 63.0 and
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Figure 6. SEM micrographs: a) T900; b) P900; c) V900. Figure 7. SEM micrographs: a) TS; b) PS; c) VS.



77.9 m2·g–1 for a number tire chars prepared at 500–
650°C [105] and equal to 2.44 m2·g–1 for one char
produced by slow pyrolysis of waste PET to a final
temperature of 400°C [106]. Since P900 was heated
at a much higher temperature in its preparation from
PET, it is possible that shrinkage and even narrowing
of pores rather than carbon graphitization occurred,
which would account for the absence of measurable
microporosity from P900. A significant reduction of
porosity was also observed in an early study for olive
wood pyrolyzed at 900 and 1000°C [107]. As com-
pared to the pyrolysis products of TR, PET and VR,
SBET and W0 are markedly higher for the CAs acti-
vated in steam. For these products, SBET and W0 vary
by the sequence M3 > M8 > M7 > M1 > TS > M9 >
> PS > M2 > VS. Therefore, SBET and W0 as a rule
are higher for the CAs prepared from material mix-
tures than for those from the individual materials.
For the former CAs, SBET and W0 are especially

higher for M3 and M8 and lower for M2 and M9.
Only for M2 (i.e., prepared from the 50/50 TR/VR
mixture) SBET (153 m2·g–1) and W0 (0.11 cm3·g–1)
are even significantly lower than the average values
(174 m2·g–1, 0.13 cm3·g–1) for TS and VS. In view
of these results it may be stated briefly that the effect
on SBET and W0 is usually beneficial or adverse de-
pending on whether the mass of sample, in relative
terms as compared to TS, PS and VS, decreased (M3,
M8, M1) or increased (M2) in the preparation of the
CAs. For M3, SBET and W0 are as high as 675 m2·g–1

and 0.39 cm3·g–1 for M3. For comparison purposes,
it is worth mentioning that values of the BET surface
area of 302, 640 and 1317 cm3·g–1 and between 359
and 1235 cm3·g–1 have been reported before for ac-
tivated carbons developed from TR [108–110] and
PET [59, 111], respectively. Both with TR and PET
the preparation of the samples was carried out as
usual in two successive carbonization and activation

C. Troca-Torrado et al. – Express Polymer Letters Vol.16, No.12 (2022) 1280–1303

1290

Figure 8. SEM micrographs: a) M3; b) M8.

Figure 9. Adsorption isotherms of N2 at –196°C for the CAs
prepared from single starting materials.

Figure 10. Adsorption isotherms of N2 at –196 °C for the
CAs prepared from material mixtures.



stages instead of in a single carbonization stage as in
the present study, which would be an advantageous
respect from the point of view of process economics.
Lastly, as it follows also from Table 4 Vmi is usually
significantly lower than W0 and that Vme is noticeable
higher for TS, M7 and M1, which were prepared ei-
ther from TR or from TR containing mixtures.

Mercury porosimetry
Mercury porosimetry has been used in the present
study as it provides valuable information on porosity
(i.e., pore sizes and volumes) of porous solids in the
regions of mesopores and macropores. The use of
mercury porosimetry in conjunction with gas ad-
sorption in the textural characterization of such
solids was earlier suggested if the complete curve of
pore volume against pore radius is to be obtained

(i.e., the lower limit of the former method is around
35 Å and the upper limit of the latter one is in the
region 100–200 Å) [39]. Concerning the pore size
and its distribution, as can be seen from Figures 11
and 12, most CAs are essentially macroporous solids.
This is especially true for V900, VS, M3 and M9, in
which the pores with radii of 2000–250 Å are pre-
dominant. Furthermore, macroporosity is quite ho-
mogeneous in such samples. In T900, TS, M1, M2
and M7, however, a significant fraction of wide meso-
pores with pore radii of ≈250–150 Å is also present.
Also notice that for a large number of samples, in-
cluding not only TS but also P900, PS, M1, M3 and
M8, the pore-size distribution in the region of meso-
pores is even wider, embracing smaller pores of vary-
ing radius in the range of 150–20 Å. In fact, of all
the prepared CAs, TS is the sample that possesses
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Table 4. Textural data of the CAs. Values of pHpzc.

aThe N2 adsorption isotherm: SBET, BET surface area (p/p0 = 0.05–0.30, am = 16.2 Å2); W0 micropore volume (Dubinin-Radushkevich
equation [61]); Vmi, micropore volume (Vad at p/p0 = 0.10, Vad = volume adsorbed); Vme = mesopore volume (Vad at p/p0 = 0.95 – Vad at
p/p0 = 0.10). W0, Vmi and Vme are expressed as liquid volumes.

bMercury porosimetry: Vme-p, mesopore volume; Vma-p macroporore volume. VT = W0 + Vme-p + Vma-p, total pore volume.

Sample SBET
a

[m2·g–1]
W0

a

[cm3·g–1]
Vmi

a

[cm3·g–1]
Vme

a

[cm3·g–1]
Vme-p

b

[cm3·g–1]
Vma-p

b

[cm3·g–1]
VT

a,b

[cm3·g–1] pHpzc

T900 64 0.05 0.01 0.04 0.35 0.37 0.77 10.4
P900 0 0.00 0.00 0.00 0.07 0.04 0.11 5.8
V900 28 0.02 0.01 0.07 0.05 0.70 0.77 6.9
TS 278 0.19 0.13 0.23 0.32 0.73 1.24 10.3
PS 248 0.14 0.03 0.12 0.02 0.02 0.18 9.3
VS 100 0.07 0.08 0.04 0.01 1.24 1.32 10.1
M1 353 0.22 0.17 0.17 0.18 0.35 0.75 10.5
M2 153 0.11 0.07 0.13 0.19 0.66 0.96 10.6
M3 675 0.39 0.33 0.13 0.15 1.06 1.60 9.4
M7 358 0.23 0.17 0.20 0.31 0.81 1.35 11.1
M8 572 0.34 0.28 0.16 0.18 0.41 0.93 9.8
M9 264 0.17 0.12 0.12 0.08 1.26 1.51 10.6

Figure 11. Curves of mercury intrusion for the CAs prepared
from single starting materials.

Figure 12. Curves of mercury intrusion for the CAs prepared
from material mixtures.



the most heterogeneous porosity, especially in the re-
gion of mesopores. Likewise, M3 is the only CA
with a high content of different size narrow meso-
pores. However, the development of macroporosity
and mesoporosity is very poor in P900 and PS.
In order to further bring out the textural effects as-
sociated with the use of material mixtures as com-
pared to the individual starting materials in the prepa-
ration of the CAs, the curves of mercury intrusion
obtained for two couples of samples, i.e., VS-M3
and TS-M7, have been potted together in Figure 13,
for the sake of clarity. From this figure it becomes
evident that by using the material mixtures pore
widenings occur, concerning the region of macrop-
ores with PET-VR and the region of mesopores with
TR-PET-VR. As a final comment it should be men-
tioned that, regardless of the single materials or ma-
terial mixtures were used for preparative purposes,
the pore size in the aforesaid porosity regions of the
resulting CAs is usually larger by VR > TR > PET.
Regarding the pore volumes of the CAs in the re-
gions of mesopores and macropores, Table 4 shows
clearly that Vma-p is much higher than Vme-p for most
of the samples. Also, either Vme-p or Vma-p is a large
pore volume for a sample depending on whether in-
dividually or mixed TR (T900, TS and M7) or VR
(VS, M3, M9, and so on) was used in its preparation.
Accordingly, the variation of Vme-p and Vma-p is usu-
ally very wide for the CAs, e.g., see the couple VS-
T900 for Vme-p and PS-M9 for Vma-p. However, it is
also relevant to point out here that Vme-p is only
slightly smaller for TS than for T900 and that Vma-p
is very similar for VR and M9. In short, it may be
stated that Vme-p and Vma-p are strongly dependent on
the starting material or mixture and conditions used

in the preparation of the samples, as expected simply
in view of the curves of mercury intrusion obtained
for the CAs (Figures 11–13). As can be also inferred
from the values of Vme-p and Vma-p, mesoporosity
originates in the pyrolysis of TR and in the activation
of all of the PET and VR containing mixtures, where-
as macroporosity is generated as a result of the py-
rolysis of VR and of the activation of TR and espe-
cially of VR and the aforesaid mixtures, i.e., all of
mixtures, except for TR-PET and TR-VR. With the
latter mixture (sample M2), the effect of macrop-
orosity development was even unfavorable, as re-
vealed by the much lower Vma-p of 0.66 cm3·g–1 for
M2 than 0.985 cm3·g–1, which is the average value
of Vma-p, as calculated from the determined values of
Vma-p for TS (0.73 cm3·g–1) and VS (1.24 cm3·g–1).
According to the values of W0, Vme-p and Vma-p, as
described above, the values of VT (Table 4) also
vary greatly between 0.11 cm3·g–1 for P900 and
1.60 cm3·g–1 for M3. In fact, not only W0 and Vma-p
but also in relative terms Vme-p has a high value for
M3. In general, the values of VT are larger for the
samples prepared from VR and from VR and PET
containing mixtures: 1.32 cm3·g–1, VS; 1.51 cm3·g–1,
M9; and so on, which contrast with 0.11 cm3·g–1 for
P900 and 0.18 cm3·g–1 for PS. Since some of the
aforementioned samples were prepared from PET
mixtures and the others were only from PET, from
the results reported here it is evident the strong ben-
eficial effect of using material mixtures on the total
porosity of the samples. Finally, it should be men-
tioned that for a larger number of samples Vme-p is
higher than Vme, which is in line with the application
of controlled external pressure for mercury intrusion
in pores of a porous solid dispersed in mercury.

3.2.6. Surface chemistry analysis
FT-IR spectroscopy
The FT-IR spectra registered for selected CAs are
plotted in Figure 14. The spectra as a rule display
two stronger absorption bands at 3440 and 1637 cm–1.
Another relatively strong band is at 1425 cm–1 for PS.
A series of overlapping weak bands are also shown
in the spectra between 1300 and 800 cm–1. Notice the
number of such bands is greater for PS and that the
broad band at 1056 cm–1 is only registered in the
spectrum of M8. The aforementioned spectral fea-
tures are tentatively assigned as shown in Table 5.
Since the content of sulfur is high in VS, M3 and M8
(Table 3), in connection with band assignments it is
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Figure 13. Curves of mercury intrusion for various CAs.



relevant to point out that the absorption bands due to
the ν(C–S) and ν(S=O) vibrations appear at 1275–1030
and 1225–980 cm–1, respectively. For the ν(C–S) and
ν(S–S) vibrations, however, the bands are located at
lower frequencies, i.e., 750–550 and ≈500 cm–1 [68].
The latter also applies to ZnO, the spectrum of which
displays two bands at 545 and 457 cm–1 [112]. In any
event, from the significantly smaller number of bands
showed in the spectra of M3 and M8 than in the
spectrum of PS it becomes apparent the dependence
of the surface chemistry of CAs on the material or
mixtures used in their preparation. The fact that the
presence of C=O containing surface structures such
as the carboxylic acid functional groups has not been
detected in the analyzed CAs is worth mentioning as
such groups are usually present in CAs prepared,
modified or stored in oxidizing media.

Measurement of pHpzc
The pHpzc of adsorbent materials provides valuable
information on the acid-base character of their sur-
face, which is relevant in connection with the be-
havior exhibited by such materials in the adsorption
of polar solutes from aqueous solution. The meas-
ured values of pHpzc in the present study for the pre-
pared CAs are listed in Table 4. As shown in this

table, pHpzc depends strongly on the starting mate-
rial and mixture as well as atmosphere used in the
preparation of the CAs. As a general trend, pHpzc is
higher especially with TR and less for VR with re-
spect to PET (e.g., see for the pyrolyzed products).
pHpzc ranges widely between 5.8 for P900 and 11.1
for M7. As expected, it is higher for M1, M2, M7
and M9 than for M9 and mostly for M3. Also notice
that pHpzc is above 10.0 for a large number of sam-
ples. If the values of pHpzc measured for M1–M3 and
M7–M9 are compared with the calculated ones from
those obtained for TS, PS and VS, it follows then
that the former as a rule are significantly higher than
the latter. As the only exception to the rule is M3, for
which pHpzc is in turn 9.4 and 9.7. This finding de-
serves to be highlighted because it also corroborates
the occurrence of interaction between components
of mixtures under the heating conditions used in
sample preparation. On the other hand, the use of
steam instead of nitrogen originated a marked in-
crease in pHpzc with PET and VR in such a way that
pHpzc becomes then fairly similar for TS and VS and
only slightly lower for PS. Finally, it should be men-
tioned that the values of pHpzc determined for the
CAs are in line with the absence of carboxylic acid
groups from the surface of the analyzed CAs since
pHpzc should tend then to increase owing to, as an
acid, the –COOH group is stronger than the –OH
group.

3.3. Adsorption of MB
3.3.1. Kinetics
The data of concentration of the MB solution (C) as
a function of time (t) are plotted in Figures 15 and
16. The kinetic data were fitted to the pseudo-first
order rate equation of Lagergren [113] and to the
pseudo-second order rate equation of Ho and McKay
[114]. The former rearranged to a linear form is usu-
ally written as Equation (4):

(4)

with qe and qt standing for the amount of MB ad-
sorbed [mol·g–1] at equilibrium and at time t [h], re-
spectively, and k1 is the rate constant of first order
adsorption [h–1]. Therefore, the plot of log(qe – qt)
versus t should be a straight line with slope log qe
and intercept –k1/2.303.
By assuming that the adsorption capacity is propor-
tional to the number of active sites occupied on the

.log logq q q
k
t2 303

1
e t e
- = -R W
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Figure 14. Infrared spectra of selected CAs.

Table 5. FT-IR spectra of selected CAs. Band assignments.
Band position

[cm–1] Assignment Atomic grouping

3440 ν(O–H) Water, OH groups
1637 δ(H–O–H) Water
1425 ν(C=C) Aromatic rings

1300–1000
ν(C–O) OH groups
ν(C–O–C) Ether structures
ν(S–X) Structural S



surface of the adsorbent, the integrated rate law for
the pseudo-second order reaction is (Equation (5)):

(5)

with (Equation (6)):

(6)

where k2 [g·mol–1·h–1] is the rate constant of second
order adsorption and h is the initial adsorption rate.
Here, the plot of t/qt against t should give a linear re-
lationship, from which qe and k2 can be obtained.
The equilibration time (te, h) together with the values
of qe, k1, k2 and R2 obtained for the various adsorp-
tion systems by using Equations (4) and (5) are given
in Table 6. According to the values of R2, the exper-
imental adsorption data fit better to the pseudo-sec-
ond order kinetic model than to the pseudo-first

order kinetic model. From Figures 9 and 10 and from
the values of te and k2 listed in Table 6 it becomes
apparent that the kinetics of the adsorption process
of MB is faster, especially for P900 and V900 and
also, albeit less, for M3 than for the rest of the CAs.
The nearly instantaneous adsorption process of MB
with P900 and V900 can be accounted for by the al-
most exclusive presence of meso- and macropores
in this couple of CAs (Table 4), as it would make
easy the access of MB to surface adsorption active
sites of the adsorbent. However, as proved by the
very low qe values (Table 6), the content of such ac-
tive sites was of little significance in the aforemen-
tioned samples, probably due to a small degree of
microporosity development (i.e., 0.02 cm3·g–1 at
most for V900). As far as sample M3 is concerned,
the rapid kinetics of MB is consistent with the in-
creased porosity in this sample not only in the re-
gions of macro- and mesopores but also in the region

q k q q t
1 1 1

2
2

t e e
= +

h k q2
2
e=
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Figure 15. Adsorption kinetics of MB on the CAs prepared
from single starting materials.

Table 6. Adsorption kinetics of MB.

Sample te
[h]

Pseudo-first-order model Pseudo-second-order model
qe∙104

[mol·g–1]
k1·103

[h–1] R2 qe∙104

[mol·g–1]
k2·10–3

[g·mol–1·h–1] R2

T900 120 0.91 13.59 0.968 1.15 0.66 0.960
P900 12 0.08 19.11 0.767 0.19 23.77 0.999
V900 12 0.13 19.81 0.746 0.28 13.63 0.998
TS 168 1.19 16.35 0.854 1.74 0.76 0.976
PS 168 1.25 19.81 0.900 2.00 1.13 0.995
VS 168 1.05 19.58 0.959 1.78 1.14 0.995
M1 168 1.25 12.67 0.938 1.57 0.42 0.943
M2 120 1.18 15.20 0.964 1.81 0.69 0.984
M3 24 0.80 21.88 0.785 1.96 2.69 0.999
M7 168 1.02 17.27 0.923 1.96 1.10 0.991
M8 168 1.09 16.81 0.888 1.87 1.04 0.990
M9 168 1.05 20.04 0.944 1.78 1.17 0.994

Figure 16. Adsorption kinetics of MB on the CAs prepared
from material mixtures.



of micropores (Figures 10 and 12, Table 4), because
of the favorable influence of these textural properties
on the processes of diffusion and adsorption of MB.

3.3.2. Adsorption isotherms
The adsorption isotherms measured for MB in aque-
ous solution and the prepared CAs are plotted in
Figures 17 and 18. By their shape, the isotherms seem
to belong to the class L of the Giles classification
system [115] and thereby MB should adsorb flat on
the surface of the adsorbent. Such a MB orientation
rather than end-on in micropores of the adsorbent is
compatible with the large size of the MB ion because
of steric hindrances. Thus, MB in dilute aqueous so-
lution is found in equilibrium between both chemical
structures in resonance shown in Figure 19. The
approximate dimensions of the monomer are: length,
16 Å; width, 8.4 Å; minimum thickness, 4.7 Å [116,
117] and its reported projected area ranging between
130 and 135 Å2 [118]. To the flat adsorption of MB

could also contribute the �–� dispersive interactions
between aromatic rings of the adsorbent surface and
the –N=C–C=C system for MB [119]. However, it
should be also taken into account that MB is a three-
dimensional ion with two dimethylamino groups,
supposedly with a trigonal pyramidal geometric
shape, which are bonded to carbon atoms of aromatic
rings and that should tend to weaken the adsorbate/
adsorbent physical interaction or otherwise undergo
structural distortion. This statement also applies to the
two tetrahedral –CH3 groups bonded to each nitrogen
atom in MB. It is also probable that MB in contact
with solvent water molecules in the adsorptive solu-
tion is found hydrated on its polar atoms (i.e., S and
N atoms with a positive charge or involved in double
bonds) and that as a result the end-on disposition of
MB on adsorbent surface is not feasible. Moreover,
from the values of pH of 5.6 for the MB solution and
pHpzc between 5.8 and 11.1 for the CAs (Table 4) it
becomes clear that the surface chemistry of the CAs
would suffer only very little changes after the MB so-
lution was brought into contact with the solid adsor-
bents, i.e., the averaged surface charge of a given
sample would remain positive up to its corresponding
pHpzc value. Therefore, in the absence of hydration,
the adsorptive-adsorbent electrostatic forces would
prevent the adsorption process involving MB from
taking place. Of course, the hydrophobic adsorptive–
sorbent interactions occurring in the bulk of the solu-
tion would favor the diffusion the adsorptive toward
adsorbent adsorption sites. On the other hand, another
significant feature of the adsorption isotherms of MB
is the great slope of the upward branch defined at low
Ce/C0 values as it denotes a high adsorbent-adsorbate
affinity. Also it is the markedly increased adsorption
of MB at high Ce/C0 values with T900, TS and espe-
cially M1 that argues for multilayer adsorption.
The adsorption of MB under equilibrium conditions
was analyzed by the Langmuir isotherm [120] that
in the linear form is (Equation (7)):

(7)

In this equation Ce is the equilibrium concentration
[mol·l–1], qe is the specific adsorption [mol·l–1], Q0

q
C

Q b Q

C1
0 0

e

e e= +
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Figure 17. Adsorption isotherms of MB on the CAs pre-
pared from single starting materials.

Figure 18. Adsorption isotherms of MB on the CAs pre-
pared from material mixtures.

Figure 19. Resonance structures of MB.



is the monolayer adsorption capacity, and b is the
constant related to free energy or net enthalpy of ad-
sorption (b  e–ΔH/(RT)). Table 7 lists the values of Q0

and b obtained from the slope and intercept of the
plots of Ce/qe = f(Ce).
As usually written, the Freundlich equation [121] is
(Equation (8)):

(8)

where Kf and n are the Freundlich constants, corre-
sponding to adsorption capacity and adsorption in-
tensity. Therefore, the plots of logqe against logCe
should be a straight line with slope logKf and inter-
cept 1/n. The resulting values of Kf and 1/n are given
in Table 7. The n value indicates the degree of non-
linearity between solution concentration and adsorp-
tion, as follows: if n = 1, adsorption is linear; if
n < 1, adsorption is a chemical process; if n > 1, ad-
sorption is a physical process. For the adsorption
systems under study n is usually higher than 1, which
indicates that MB was adsorbed physically by the
CAs. It further ranges between 1 and 10, and there-
fore represents good adsorption of MB [122].
As shown by the values of R2 listed in Table 7, the
adsorption isotherms measured for MB (Figures 17
and 18) as a rule fit well to the Langmuir equation
(i.e., R2 is above 0.990 for a large number of adsorp-
tion systems) and noticeably better to such an equa-
tion than to the Freundlich equation. Then, according
to the assumptions of the Langmuir’ equation, it can
be assumed that the adsorption of MB from aqueous
solution went on with formation of a solute monolayer
on a homogeneous surface of the carbon adsorbents.

As can be also seen in such a table, for the various
series of samples under study Q0 is higher for T900,
TS and PS, M1 and M3, and M8. Furthermore, it
varies by M8 > M3 > M1 > TS > PS >> T900. Ac-
cordingly, the use especially of materials mixtures
with a high content of PET (i.e., 50 or 75%) with VR
(50 or 12.5%) and steam atmosphere in the prepara-
tion of the CAs favorably influenced the adsorption
of MB under equilibrium conditions. The improved
behavior shown by M8 and M3 in the adsorption of
MB is attributable to the larger degree of microp-
orosity development in such samples. However, the
opposite applies to P900, V900, VS, M2, and M9,
which were prepared from TR and VR separately
and from mixtures with high TR and VR contents.
As an exception to the rule it can be noted that Q0 is
also low for M7, despite W0 being relatively high for
this sample (Table 4). Notice that Q0 is smaller for
M7 than for TS, whereas W0 is significantly larger
for the former sample. Perhaps, microporosity of M7
was accessible to the small molecule of N2(g) at 
–196 °C in the textural analysis of the samples but
not to such a large size chemical species as MB in
aqueous solution at 25 °C during the adsorption
process of MB. In fact, the size of MB in the bulk of
the solution and involved in such a process was like-
ly even increased because of hydration of the MB
ion. Textural effects (e.g., porosity narrowing), as-
sociated with the increase produced in the mass of
sample in the preparation of not only M7 but also of
M2 and M9, may also restrict hydrated MB’s access
to surface active sites of the adsorbent.
The values of Q0 calculated from the adsorption iso -
therms of MB and the CAs are usually in the range

log log logq K n C
1

e f e= +
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Table 7. Adsorption isotherms of MB.

Sample
Langmuir Freundlich

Q0∙103

[mol·g–1]
b∙10–3

[l·mol–1] R2 1/n Kf∙103

[(mol·g–1)/(mol·l–1)1/n] R2

T900 0.22 33.66 0.981 1.11 939.29 0.907
P900 0.00 –0.88 0.897 50.67 ∞ 0.679
V900 0.02 1.93 0.790 11.44 ∞ 0.741
TS 0.75 19.77 0.980 0.25 4.10 0.844
PS 0.72 16.00 0.994 0.35 8.08 0.804
VS 0.52 74.41 0.999 0.10 1.06 0.984
M1 0.80 53.74 0.997 0.26 6.05 0.944
M2 0.41 17.57 0.990 0.26 2.60 0.906
M3 0.85 10.13 0.988 0.34 8.34 0.987
M7 0.61 7.12 0.987 0.26 3.24 0.972
M8 0.92 17.41 0.991 0.29 7.06 0.968
M9 0.50 13.00 0.994 0.27 3.04 0.991



of 0.11·10–4 and 0.44·10–3 mol·g–1 brought out for
CAs prepared from TR [123–127] or from PET [124,
128, 129] by using different activation methods and
heating conditions (Table 8). Nevertheless, it should
be noted that as a rule 0.75·10–3 mol·g–1 for TS is
higher, whereas 0.72·10–3 mol·g–1 for PS is lower,
than the values of Q0 found in a literature survey,
i.e., Q0 = 0.44·10–3 and 2.07·10–3 mol·g–1 for CAs
developed from TR and PET separately in two suc-
cessive carbonization and KOH-activation stages,
respectively [124]. Likewise, other PET-derived
CAs were also prepared by chemical activation with
potassium compounds [128, 129] instead of by phys-
ical activation in steam as in the present study, which
is worth mentioning for comparison purposes. Final-
ly, it should be pointed out that Q0 was between
4.47·10–4 and 1.42·10–3 mol·g–1 for activated car-
bons produced from a wide variety of materials of
vegetable origin [32].

4. Conclusions
From the above results it may be concluded that by
using the three starting materials one by one and
two- and three material mixtures in the preparation
of the CAs, the yields of the pyrolysis and activation
processes vary by the order TR >> PET ≈ VR. The
yield of the activation process in steam either notice-
ably increases or decreases with the material mix-
tures as compared to the single materials, being
+11.0% for M2 and –16.7% for M3 at most. The fact
that M2 and M3 have been prepared from the 50/50
mixtures of VR and TR or PET makes it plausible

that VR interacts with TR and PET during such a
process, which is further supported by the results ob-
tained in the textural study of the samples and in the
adsorption of MB from water.
The use of material mixtures has a marked beneficial
effect on the pore texture of CAs. The prepared CAs
are mainly macroporous solids with high volumes of
mesopores and especially of micropores. For M3
SBET and W0 are significantly higher (675 m2·g–1,
0.39 cm3·g–1) than for PS (248 m2·g–1, 0.14 cm3·g–1)
and VS (100 m2·g–1 and 0.07 cm3·g–1). Narrow
mesoporosity is noticeably increased only in M3.
Porosity in the regions of mesopores and macrop-
ores is more heterogeneous in TS. pHpzc varies be-
tween 5.8 and 11.1, being higher than 10.0 for a
large number of CAs.
The data of the adsorption of MB fit better to a
pseudo-second order kinetics than to a pseudo-first
order kinetics and to the Langmuir equation than
to the Freundlich equation. The pseudo-second-
order kinetic constant (k2) is 2.69·10–3 g·mol·h–1

and the Langmuir adsorption capacity (Q0) is
0.85·10–3 mol·g–1 for M3, and therefore noticeably
higher than 1.13·10–3 g·mol·h–1 and 0.72·10–3 mol·g–1

for PS and 1.14 g·mol·h–1 and 0.52·10–3 mol·g–1

for VS.
The use of mixed polymer wastes is a very simple
method that, only by controlling the composition of
the starting heterogeneous mixture, enables to pre-
pare CAs with a tailored porous texture and a signif-
icantly improved behavior in the adsorption of MB
from aqueous solution.
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Table 8. Preparation of CAs from TR and PET. Langmuir monolayer adsorption capacities for MB from the literature.

Starting material Preparation method Q0

[mol·g–1]·103 References

TR

Heat treatment: air, N2, N2-steam 0.032, 0.036, 0.092 Jha and Subedi        [123]
Vacuum, 450°C 0.21 Makrigianni et al.   [125]
CO2, 900°C, 2 h;
ZnCl2, 550°C, 2 h;
Air, 550°C, 2 h

0.14
0.05
0.11

Shaid et al.    [126]

KOH, 1:1, 1:2;
N2, 700°C 0.011, 0.11 Özbas et al.    [127]

N2, 600°C;
KOH, 1:2, 850°C, 2 h 0.44 Lian et al.    [124]

Steam, 850°C, 2 h 0.75 This study/TS

PET

N2, 600 °C;
KOH, 1:2, 850°C, 1.5 h 2.07 Lian et al.    [124]

KOH, 1:4, 500°C, 2 h 1.26 Djahed et al.           [128]
PET;
K2CO3, 0.25-1:1;
ZnCl2, 1:1, 500°C, 2 h

0.36, 0.56-1.95, 1.04 de Castro et al.    [129]

Steam, 850 °C, 2 h 0.72 This study/PS
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