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ABSTRACT

Tire crumb rubber (TCR) was used to remove poly-aromatic hydrocarbons (acenaphthene
and phenanthrene) and gasoline components in aqueous phase and toluene in gaseous
phase. The initial concentrations were below the solubility of each contaminant. To better
understand the role of the main components of TCR, the removal was also evaluated using
carbon black (CB) and styrene-butadiene polymer (SBP). The Scatchard plots suggested mul-
tiple interactions between adsorbates and TCR, whereas a single interaction became evident
for CB and SBP. The removal of gasoline components, and toluene and o-xylene in gasoline
was evaluated using total ion current mode and selective ion monitoring mode, respectively.
A gas chromatographer was modified to evaluate the removal of gaseous toluene. Toluene
was injected at a rate of 30 lL/h. The isotherm was elaborated using pressures between 2.5
and 40 psi. The maximum uptake capacities (Kf) for TCR calculated from Freundlich’s equa-
tion for acenaphthene and phenanthrene were 3.32 and 54.6mg/g, respectively; for total gas-
oline, toluene and xylene in gasoline were 4.0, 0.55 and 1.87mg/g, respectively; and for
gaseous toluene was 0.54 ± 0.04mg/g. Its proven sorption capacity and low cost make TCR a
promising sorbent for organic contaminants in aqueous and gaseous phases.
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1. Introduction

The US Environmental Protecting Agency (EPA)
regulates the content of volatile organic compounds
(VOCs), polycyclic aromatic hydrocarbons (PAHs),
and polychlorinated biphenyls are organic contami-
nants of water, air, and soil. The exposure to VOCs
such as toluene, benzene, and xylene can produce
damage to the central nervous system, and damage to
the kidneys and liver. Long-term exposure to these
pollutants is related with cancer [1]. PAHs are recalci-
trant compounds and they can be carcinogenic and

constitute risk for human health [1–3]. Gasoline is a
complex mixture of organic volatile and semivolatile
compounds. Gasoline is considered a hazardous com-
pound by the International Agency for Research on
Cancer [1].

Although these organic contaminants are poorly sol-
uble in water, some of them can be mobilized into the
aqueous phase due their solubility, e.g. the solubility of
toluene and xylene in water is 515 and 200
mg/L, respectively. Leaking or spilling of these com-
pounds into rainwater makes the pollution problem
even worse [3]. PAHs can also be mobilized into the
aquatic environment through discharges from industrial
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and domestic sewage effluents, leakages of PAHs con-
taining materials (e.g. oils), runoff from paved roads,
parking lots, and wood preservation facilities [4].

The removal of VOCs and PAHs in water by multi-
ple sorbents has been reported in the technical literature
[5,6]. The most common sorbent used to remove organic
contaminants such as VOCs and PAHs from water is
activated carbon [7–9]. Other sorbents such as zeolites
or polymers [10] and electrochemical and photochemi-
cal techniques [11,12] can be used, but their high cost
makes their applicability difficult [10]. The use of cheap
material or recycled material such as tire crumb rubber
(TCR) [13–16], carbon slurry [17–19], agricultural waste
[20–32], algae [33,34] among others, have been investi-
gated as an inexpensive option to remove organic and
inorganic contaminants from water.

The USA generated approximately 259 million
scrap tires in 2005. After markets use approximately
80% of them whereas the remainder is stockpiled or
land filled [35,36]. Some uses of recycled TCR include
floor mats, sound barriers, rubberized sidewalks,
asphalt-rubber, among others [37]. TCR is a complex
matrix that contains carbon black, styrene-butadiene
polymer (SBP), zinc oxide, and extender oils, among
other components [38]. Some components of the TCR
have the capacity to remove VOCs. The polymeric
matrix containing SBP can absorb these contaminants
between its chains in an absorption process [39,40].
Carbon black (CB) has an adsorption capacity compa-
rable to that of activated carbon [41,42]. Based on the
fact that both CB and the elastomeric matrix can exhi-
bit sorption capabilities, the removal of target species
through absorption/adsorption mechanisms becomes
a viable process [13,14,43,44].

To the best of our knowledge, this is the first study
about the sorption of PAHs and gasoline components
from water samples, and toluene from gaseous sam-
ples using TCR. In addition, the systematic evaluation
of CB and SBP as the components responsible for the
sorption behavior of vulcanized rubber has also been
conducted. Total ion current mode (TIC) for gasoline
and selective ion monitoring mode (SIM) for toluene
and o-xylene in gasoline were used to evaluate the
removal of these contaminants by TCR. The use of
Scatchard type plots is proposed as a complementary
tool to identify the interactions between the adsorbate
and the sorbent.

2. Material and methods

TCR mesh 14–20 from REMA Inc. (Caguas, PR,
USA) with an average diameter of 2.45mm was
washed with deionized water for 24 h and dried at

room temperature prior to use. Acenaphthene, phen-
anthrene, toluene, and xylene were ACS certified
grade. The gasoline used was Regular Texaco. Con-
centrations below their limit solubility in water were
used to assure their solubility during sorption tests.
Amorphous CB N330 (density 1.7–1.9 g/cm3) was pur-
chased from Sid Richardson Carbon Company (CAS
1333-86-4). Poly(styrene-co-butadiene) [CH2CH
(C6H5)]x(CH2CH=CHCH2)y] from Sigma-Aldrich (CAS
9003-55-8) was trimmed to a similar size as TCR used
in this study.

2.1. Sorption experiments in aqueous phase

Stock solutions were prepared in acetonitrile. Stan-
dards dilutions in water were placed in 120mL amber
bottles leaving 10mL of headspace, capped with septa
and sealed with paraffin. Standard solutions were
magnetically stirred and sampled (in triplicates) after
20min of contact time using the solid-phase microex-
traction technique (SPME) [45]. A polidimethyl silox-
ane (10 lm) SPME fiber was introduced into the
headspace of the 120mL amber bottles followed by
injection into the Hewlett Packard 5890 gas chroma-
tography coupled to a HP 5970 mass spectrometry
(GC-MS) (Palo Alto, CA, USA) with electron impact
ionization of 70 eV. The column used was a J&W DB-
225 capillary column (30m� 0.25mm� 0.3 pm). Qual-
ity controls samples were prepared at concentrations
of middle calibration standard and used to evaluate
both the integrity of the SPME fiber and the calibra-
tion status. The Q-test was used to evaluate outlier
values.

2.1.1. PAHs

Aqueous solutions of acenaphthene (0.03–3.00
mg/L) and phenanthrene (0.03–1.00mg/L) were put
in contact with TCR, CB, and SBP at concentrations of
5.0, 1.5, and 3.0 g/L, respectively. Low concentrations
of PAHs below solubility in water were used to assure
complete solubility in aqueous phase. The concentra-
tions of CB and SBP were selected based on their
actual concentration in commercial TCR matrix (30%
w/w and 60% w/w, respectively) [36]. All experi-
ments were carried out (in triplicates) under magnetic
stirring (500 rpm) at 25˚C (room temperature) and pH
6.0. The SPME technique requires a constant stirring
and temperature to be reproducible. Different rpm
values were evaluated and 500 rpm was the optimum
speed. The value of pH 6.0 was picked because PAHs
do not have the capacity to change the pH of the
water, so that, waste water containing these contami-
nants should be lightly neutral. Also, the sorption
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capacity of TCR was evaluated at different pH values
and a small decrease (5%) in the removal was
observed at pH low as 1.5 (data not showed). The
components of TCR (CB and SBP) and the PAHs are
nonionizable compounds which do not affect the sorp-
tion process.

SIM mode at 154 and 178m/z were used to quan-
tify acenapththene and phenanthrene, respectively.
The calibration curve used to quantify low concentra-
tions of phenanthrene gave a detection limit of
0.0006mg/L and a quantification limit of 0.0020mg/L.

2.1.2. Gasoline

The concentration of gasoline standards ranged
between 0mg/L and 40mg/L and the concentrations
of toluene and xylene standards ranged between 0
and 5mg/L. The removal of gasoline components was
performed using the TIC mode and the area obtained
from the sum of all integrated peaks was considered.
TIC mode involves the monitoring of all ions gener-
ated during electron impact ionization. The removal
of toluene and o-xylene contained in actual aqueous
dilutions of gasoline was determined using SIM mode.
SIM allows monitoring of specific ions formed during
the ionization step, which facilitates the elimination of
peaks that may interfere with the quantification of the
analytes. The ions monitored for toluene were 65, 91,
and 92m/z and for xylene were 72, 91, and 106m/z.
All experiments were done in triplicates.

The removal of gasoline and its components by
TCR was compared to the removal by TCR principal
components: CB and SBP. The concentrations of CB
and SBP were calculated considering the actual tire
composition (30% of CB and 60% of SBP). Gasoline
aqueous solutions (30mg/L) were contacted with
1.5 g/L of CB and 3.0 g/L of SBP. The removal of gas-
oline aqueous solutions was evaluated using TIC.
Finally, the removal of toluene and xylene in the gaso-
line water solutions was evaluated using SIM.

2.2. Sorption experiments in gaseous phase

2.2.1. Instrument configuration

A gas chromatographer Hewlett Packard 5890 ser-
ies II (Palo Alto, CA, USA) was modified to conduct
the experiments. Fig. 1 shows the system configura-
tion. Compressed air was used as the mobile phase.
The inlet pressure (60 psi) was regulated by an exter-
nal gas regulator. The flow was regulated using a con-
trol valve located at the exit of the column setup. The
internal pressure was monitored using the sensor of
the GC system. Toluene was injected using a constant

syringe pump (30lL/h) that was connected to the
injector. An aluminum column with a length of
14.1 cm (5½00), a diameter of 3.3 cm (11=4

00), and a vol-
ume of 60.8 ± 0.1mL was used. The column was filled
with approximately 25.0 g of TCR and placed inside
the modified GC. It was connected to the injector and
sampling port using copper lines. The oven, injector,
and sampling port temperatures were set to 40, 250,
and 180˚C, respectively. The pressure of the system
was monitored using the GC system display and this
parameter was changed to elaborate the isotherm.

2.2.2. Gaseous toluene

The calibration curves were elaborated changing
the injection rate of toluene between 0 (blank) and 30
lL/h for the pressures of 2.5, 10, 20, 25, 30, and 40
psi. Gas samples were collected at the sampling port
(Port B) using a gas tight syringe (0.1mL) and were
analyzed by direct injection in a Hewlett Packard
5,890 gas chromatography coupled to a HP 5970 mass
spectrometry (GC-MS) with electron impact ionization
of 70 eV.

The column was heated in the GC system for 2 h
to condition it and eliminate gases adsorbed onto
TCR from the laboratory environment. Toluene was
injected at a rate of 30 lL/h and 0.1mL gas samples
using a gas tight syringe were taken at specific
times. The isotherm was elaborated using pressures
of 2.5, 10, 20, 25, 30, and 40 psi. The flows gener-
ated at different pressures were measured using a
digital flow meter and were used to calculate the
toluene concentration. All experiments were done in
triplicates.

Fig. 1. System configuration. Modified Gas Chro-
matographer Hewlett Packard 5890 series II.
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2.3. Adsorption isotherms

The results from the sorption tests were fitted to
Freundlich’s isotherm (Eq. (1))

q ¼ KfC
1=n or Cs ¼ KfC

1=n
l ð1Þ

where q (Cs) is the weight of solute per unit weight of
sorbent; “C” (Cl) is the concentration of the solute;
and “n” and Kf (mg adsorbate/g sorbent) are Freund-
lich parameters.

Scatchard relationship (Eq. (3)), derived from
Langmuir’s equation (Eq. (2)), provided qualitative
information about the types of binding sites involved
in a sorption process. The interactions between the
adsorbate and the sorbent can be evaluated from the
shape of the corresponding Scatchard plot; e.g. a sin-
gle sorption process would be suggested by a linear
trend with one slope, whereas multiple slopes imply a
multistage sorption process [46].

q ¼ qm
Kb C

1þ KbC
or Cs ¼ qm

Kb Cl

1þ KbCl

ð2Þ

q

C
¼ qmKb � qKb or

Cs

Cl

¼ qmKb � CsKb ð3Þ

where, qm is the number of binding sites in the sor-
bent and Kb is the association (affinity) constant.

The linearity of the isotherms was evaluated using
the factor P (Eq. (4)), which indicates the probability
that the experimental results fit the considered model,
i.e. low P values indicates that the results fit the
model [46].

P ¼ 100

N

� �Xi¼N

i¼1

jqiðexpÞ � qiðpredÞj
qiðexpÞ

� �
ð4Þ

where, P is the probability, qi(exp) is the experimental
value, qi(pred) is the calculated value for the model,
and N is the number of replicates.

3. Results and discussion

3.1. Sorption experiments in aqueous phase

3.1.1. Sorption of PAHs

Under equilibrium conditions, 98.0% of acenaph-
thene was removed from 3.0mg/L starting solutions
whereas 99.4% of phenanthrene was removed from
1.0mg/L starting solutions. The concentration of TCR
was 5 g/L in both cases. No desorption of any adsor-
bate was observed after five hours of contact time.

Acenaphthene (99.5%) and phenanthrene (99.%),
respectively, were removed when starting 1.0mg/L
solutions of each organic were contacted with 1.5 g/L
of CB. On the other hand, 96% of acenaphthene and
97% of phenanthrene were removed using 3.0 g/L of
SBP. The sorption of PAHs by CB was slightly higher
than the sorption by TCR. The CB in the TCR should
be on the surface and in the polymeric matrix. This
confinement could produce a decrease in the binding
sites of the CB in the TCR which is reflected in a
decrease in the removal.

The Scatchard plots corresponding to the three
evaluated sorbents can be used for a qualitative
assessment of the sorption process. The Scatchard pro-
file for acenaphthene using TCR (Fig. 2(a1)) clearly
shows both negative and positive slopes, which sug-
gests more than one binding sites [47] due to the sorp-
tion capabilities of the main components of TCR. The
different slopes also indicate that the results do not
follow Langmuir relation [48]. Also, a convex curve
formed between the first two slopes (between 0.00
and 0.20mg/g in Fig. 2(a1)) suggests a negative coop-
erativity among the different binding sites. A concave
curve formed between the last two slopes (between
0.20 and 0.60mg/g in Fig. 2(a1)) suggests a positive
cooperativity among the different binding sites [47,48].
The Scatchard plot for phenanthrene using TCR

Fig. 2. Scatchard plots for acenaphthene (a1: TCR, b1: CB,
and c1: SBP) and phenanthrene (a2: TCR, b2: CB, and c2:
SBP).
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(Fig. 2(a2)) also suggests more than one binding site.
The concave curve suggests a positive cooperativity
between the binding sites in the TCR [48].

The Scatchard plots suggest different interactions
(cooperativities) between PAHs and the components
of the TCR (CB and SBP). The first molecules of the
adsorbate should be adsorbed onto the TCR, princi-
pally on the surface of the CB (Fig. 3(b)). The mole-
cules that are absorbed in the polymeric matrix near a
CB particle could be adsorbed mainly on the surface
of the CB, preventing the molecules from going inside
the polymeric matrix in a negative cooperativity
(Fig. 3(c)). When the surface of the CB (located on the
surface of the TCR) is saturated, the molecules of the
adsorbate could freely enter the polymeric matrix
(Fig. 3(d)). Also, some molecules of the adsorbate can
be adsorbed on the saturated CB (located on the sur-
face) which can cause other molecules to be released
rather quickly into the polymeric matrix in a positive
cooperativity (Fig. 3(e)). These interactions can occur
near CB particles inside the TCR, producing both neg-
ative and positive cooperativities.

The Scatchard plots suggest that these interactions
could occur during the sorption process, but not nec-
essary in a particular order. Accordingly, acenaph-
thene and phenanthrene should have been sorbed by
the TCR by combining both the adsorption by CB and
absorption by SBP. The absorption process is a physi-
cal process that follows the Nernst partition law or
partition coefficient, whereas adsorption onto the CB
surface can be explained in terms of van der Waals
forces. In addition, CB particles on the TCR surface

should have adsorbed most of the acenaphthene at
early contact times, whereas SBP would absorb the
remaining adsorbate through the incorporation of
these molecules within the chains of the crumb rubber
polymeric matrix at prolonged contact times [15].

The Scatchard profiles for acenaphthene (Fig. 2
(b1)) and phenanthrene (Fig. 2(b2)) using CB shows
negative slope in both cases. A plot with a negative
slope indicates the interaction between the adsorbate
and a simple binding site of the sorbent [48]. Ace-
naphthene and phenanthrene should have been
adsorbed on the CB surface through van der Waals
interactions including the London dipole–dipole inter-
actions [49]. The points around 1,000 Cs/Cl in the
Scatchard plot of acenaphthene (Fig. 2(b1)) could sug-
gest an additional stage sorption process due to the
diffusion of PAHs species through the water/solid
interface.

A linear Scatchard profile, although exhibiting a
positive slope, was observed for the absorption of ace-
naphthene by SBP (Fig. 2(c1)). An interaction between
acenaphthene and a simple binding site of the SBP
can be proposed in this case. The positive slope indi-
cates that the interactions between sorbent and the
adsorbate are inversely dependent at the used adsor-
bate concentrations [50]. The Scatchard plot for phen-
anthrene (Fig. 2(c1)) using SBP shows a linear profile
with a negative slope which suggests a simple binding
site of the SBP.

Table 1 summarizes the Freundlich parameters
corresponding to the sorption of acenaphthene and
phenanthrene by TCR, CB, and SBP. The “P” values
indicate the dispersion of the data. In all cases, the
“P” values for the Freundlich isotherm were lower
than those for both Langmuir’s and linear isotherms
(not show here). Accordingly, only the data for Fre-
undlich isotherms will be discussed herein.

The “n” and Kf coefficients are related to sorption
behavior and loading factor of the sorbent, respec-
tively. While “n” values lower than one suggest the
removal capacity of the sorbent increases at high
adsorbate concentrations, an “n” value close to one
indicates that the removal capacity of the sorbent is
independent of the adsorbate concentration. The sorp-
tion data obtained by using TCR, CB, and SBP sor-
bents fit the Freundlich’s relationship quite well
(Table 1 and Fig. 4). The “n” values for the sorption of
acenaphthene and phenanthrene by TCR were 1.207
± 0.004 and 0.655 ± 0.004, respectively. These “n” val-
ues suggest different sorption behaviors between these
adsorbates. The sorption by TCR is increased at high
concentrations of phenanthrene and at low
concentrations of acenaphthene. The corresponding
“n” values for the sorption of acenaphthene and

Fig. 3. Cooperativities produced during the sorption
process by TCR components.
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phenanthrene using CB were 1.58 ± 0.02 and 1.6 ± 0.2.
The similarity between these values suggests analo-
gous sorption behavior of these adsorbates onto this
sorbent. Also, the data are in agreement with other
carbonaceous sorbents that used to remove PAHs [51].

As Table 1 also shows, the “n” values for the sorption
of acenaphthene and phenanthrene by SBP were close
to unity (0.945 ± 0.006 and 1.08 ± 0.03, respectively),
which suggests that the sorption process is indepen-
dent of adsorbate concentration and dependent on the
partition coefficient only.

The uptake capacity (Kf) for phenanthrene (55
mg/g) was far larger than acenaphthene (3.32mg/g)
when TCR was used as sorbent (Table 1). The low sol-
ubility in water of phenanthrene (1.18mg/L) [52]
compared to acenaphthene (3.4mg/L) [53] could
explain the obtained differences in Kf values for those
two adsorbates. Alamo et al. [15] have proposed that
the low affinity of the adsorbate species for the sol-
vent molecules (low solubility) should favor the dis-
placement of the adsorbate from the aqueous into the
solid phase (the sorbent). The uptake capacity (Kf) for
acenaphthene and phenanthrene using CB was 30 ± 1
and 80± 38mg/g, respectively. The corresponding Kf

values when SBP was used as sorbent were 8.6 ± 0.2
and 10± 2mg/g, respectively.

3.1.2. Sorption of gasoline

The TIC mode in a GC-MS system can be used to
quantify the compounds present in a complex mixture
such as gasoline. The TIC-chromatogram in Fig. 5
gives an idea of the complexity of the aqueous dilu-
tion of gasoline. Each peak in the chromatogram rep-
resents at least one compound present in gasoline.
The expanded part in Fig. 5 shows the chromatogram
after 11min of retention time that represents com-
pounds with a high boiling point, low volatility, and
high molecular weight (including poly aromatic
hydrocarbons).

Table 1
Freundlich parameters for acenaphthene and phenanthrene sorption by TCR, CB, and SBP

Crumb Rubber Carbon Black SBP (polymer)

Acenaphthene r2 0.972 ± 0.001 0.9951 ± 0.0005 0.998 ± 0.002

n 1.207 ± 0.004 1.58 ± 0.02 0.945 ± 0.006

Kf 3.32 ± 0.02 30 ± 1 8.6 ± 0.2

P 22 ± 1 7.8 ± 0.4 9 ± 3

Phenanthrene r2 0.94 ± 0.01 0.97 ± 0.02 0.987 ± 0.001

n 0.655 ± 0.004 1.6 ± 0.2 1.08 ± 0.03

Kf 55 ± 5 80 ± 38 10± 2

P 7.8 ± 0.5 5 ± 1 4.2 ± 0.7

Kf: Freundlich parameter (Uptake capacity mg/g).

r2: R square.

n: Freundlich parameter (Sorption behavior).

P: Probability of the model.

Fig. 4. Freundlich isotherms for (a) acenaphthene and (b)
phenanthrene using TCR, CB, and SBP.
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Fig. 6 shows the TIC-chromatogram of the aqueous
dilution of gasoline after six hours of contact with
5 g/L of TCR. It can be observed that the intensity of
all of the peaks decreased significantly when com-
pared with the chromatogram of Fig. 5, which sug-
gests that all the gasoline components were partially
removed. The removal of gasoline components was
95.6 ± 0.4% from an initial concentration of 30mg/L of
gasoline water solution and using 5 g/L of TCR
(Table 2).

The almost complete elimination of gasoline com-
ponents after 11min of retention time (expanded areas
in Figs. 5 and 6) using 5 g/L of TCR suggests that
compounds with high molecular weight and low solu-
bility are better removed by TCR. Alamo suggested
that less-soluble compounds, i.e. those possessing high
hydrophobicity or large molecular weight, should be
efficiently removed using TCR as sorbent [15]. Low
solubility of those gasoline compounds should
increase their removal through the increase in contact
between adsorbates and sorbent that enhances the
sorption through van der Waals forces [49].

3.1.3. Sorption of toluene and o-xylene in gasoline

The 65, 91, and 92m/z ions for toluene and the 72,
91, and 106m/z ions for o-xylene were selected for the

SIM mode measurements. Based on the retention
times (Rt) provided by injection of toluene (Rt: 4.72
± 0.08) and xylene (Rt: 8.66 ± 0.06) standards, the ions
for toluene were monitored for the first 5.5min and
then the ions for o-xylene.

The relative abundances for the fragments ions of
toluene standards 65, 91, and 92m/z were 8.4 ± 0.1,
56.7 ± 0.2, and 34.9 ± 0.2%, respectively. And, the rela-
tive abundances in the standards for o-xylene frag-
ment ions 72, 91, and 106m/z were 0.087 ± 0.003, 68.8
± 0.1, and 31.1 ± 0.2%, respectively. The presence of
toluene and o-xylene in gasoline samples was deter-
mined using retention time (Rt), m/z fragments ions,
and abundance relative of each fragment.

Fig. 7 shows the chromatogram of gasoline water
sample (40mg/L) using SIM mode. There are only a
few components of gasoline with the selected frag-
ment ions, which allows quantification without any
modifications to the method.

After six hours of contact with 5 g/L of TCR, the
removal for toluene and o-xylene in a gasoline aque-
ous sample (30mg/L) was 73 ± 2 and 86.4 ± 0.6%,
respectively (Table 2). These results confirm that
compounds with low solubility or high hydrophobic-
ity (o-xylene) are more efficiently removed than
compounds with low hydrophobicity (toluene) using
TCR as sorbent [15].

The removal of gasoline components by TCR due
to its components like CB and SBP has been reported
[15]. CB as activated carbon has the capacity to
remove inorganic and organic contaminants through
adsorption mechanisms [7,53]. SBP is an organic poly-
mer that can absorb or incorporate organic contami-
nants between its polymeric chains as an absorption
mechanism [54]. The removal of total gasoline compo-
nents by TCR is almost the same as the removal by its
components (Table 2) which could suggest that the
removal by TCR (95.6%) is due to the removal by CB
(97.3%) and SBP (96.4%) at the same proportion.
Instead, the removal of toluene by TCR (73%) could
be principally due to the absorption by SBP (89.5%)
followed by the adsorption by CB (67%). Finally, the
removal of o-xylene by TCR (86.4%) should be due to
the removal by CB (86.8%) and SBP (88.6%) at the
same proportion.

Table 3 shows the parameters of linear, Langmuir,
and Freundlich isotherms for gasoline aqueous sam-
ples and toluene and xylene in gasoline aqueous sam-
ples. The r2 and the P values (probability of the
model) indicate that the results fit quite well to linear
isotherm, which could suggest the partition mecha-
nism between the solvent and the sorbent is the prin-
cipal sorption process. The r2 and P values obtained
for Freundlich isotherms (Fig. 8) were better than the

Fig. 5. TIC-chromatogram for gasoline (regular Texaco)
aqueous solution (30mg/L).

Fig. 6. TIC-chromatogram for gasoline aqueous solution
(30mg/L) after six hours of contact with 5 g/L of TCR.
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values for the Langmuir isotherm. The “n” value in
Freundlich’s relationship is related to the sorption
behavior. The “n” values for the sorption of gasoline,
toluene, and xylene using TCR were 0.74 ± 0.01, 0.85

± 0.05, and 0.70 ± 0.02, respectively. These values are
lower than 1 which would indicate that the sorption
process is more favorable at higher starting adsorbate
concentrations. In addition, the small differences
among “n” values would suggest similar sorption
mechanisms for gasoline and its components (toluene
and xylene) in aqueous solutions.

The Kf (mg adsorbate/g sorbent) in Freundlich’s
relationship represents the loading factor or uptake
capacity of the sorbent. The Kf value for gasoline in
water samples using TCR as sorbents was 4.0
± 0.1mg/g. The Kf values for toluene and xylene con-
tained in the gasoline aqueous samples were 0.55
± 0.05 and 1.87 ± 0.08mg/g (Table 3 and Fig. 8). The
uptake capacity for gasoline is higher than the values
for toluene and xylene, because it includes the sorp-
tion of all the components present in the gasoline. The
Kf values for toluene and xylene in gasoline water
samples are close to the reported values [14,15,43].
The organic molecules can be adsorbed onto the CB
and they also have the ability to migrate between
polymeric chains, in adsorption and absorption pro-
cesses, respectively [54–56].

The very low cost of TCR ($0.15/lb in Puerto Rico)
compared to CB ($64/lb) and SBP ($40/lb) is an addi-
tional asset in using waste TCR material as sorbent to
clean water streams and simultaneously expanding its
recycling options. Although, some authors stated that

Table 3
Linear, Langmuir, and Freundlich parameters for gasoline, toluene, and o-xylene sorption by TCR

Gasoline Toluene o-Xylene

Linear r2 0.99 ± 0.01 0.99 ± 0.01 0.98 ± 0.01

K 5.07 ± 0.07 0.58 ± 0.05 1.54 ± 0.07

P 5 ± 2 4± 1 7 ± 1

Langmuir r2 0.97 ± 0.02 0.952 ± 0.003 0.84 ± 0.02

Kb 0.39 ± 0.04 0.44 ± 0.09 1.38 ± 0.03

qm 6.0 ± 0.8 0.8 ± 0.2 0.43 ± 0.02

P 7± 2 10± 1 16.1 ± 0.2

Freundlich r2 0.991 ± 0.004 0.980 ± 0.002 0.941 ± 0.007

n 0.74 ± 0.01 0.85 ± 0.05 0.70 ± 0.02

Kf 4.0 ± 0.1 0.55 ± 0.05 1.87 ± 0.08

P 12± 7 3.0 ± 0.3 6 ± 1

K: Linear parameter (Uptake capacity mg/g).

Kb: Lagmuir parameter (Uptake capacity mg/g).

Kf: Freundlich parameter (Uptake capacity mg/g).

n: Freundlich parameter (Sorption behavior).

r2: Lineariy of the model.

qm: Lagmuir model parameter.

P: Probability of the model.

Fig. 7. SIM-chromatogram of gasoline aqueous solution
(30mg/L).

Table 2
Removal (%) of gasoline, toluene, and o-xylene in aqueous
solution using TCR, CB, and SBP

Gasoline Toluene o-Xylene

TCR 95.6 ± 0.4 73 ± 2 86.4 ± 0.6

CB 97.3 ± 0.5 67 ± 2 86.8 ± 0.8

SBP 96.4 ± 0.4 89.5 ± 0.1 88.6 ± 0.1
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TCR can release toxic components as inorganic (heavy
metals) or organic compounds. Alamo et al. found
that TCR contacted with aqueous solutions at pH 6.0
does not release As, Cr, Cu, or lead [15]. As expected,
some zinc ions were released to the solution due to
the zinc is a constituent of the TCR [38]. Also, our
analysis during the sorption of PAHs did not show
the release of organic compounds, because the chro-
matograms did not show other peaks (data not
showed).

3.2. Sorption experiments in gaseous phase

3.2.1. Sorption of gaseous toluene

The total percentage removal of toluene ranged
between 60 and 81% based on the system pressure.
The highest percentage removal was achieved at high
system pressures. The highest percentage removal for
gaseous toluene (81%) is higher than the removal of
toluene in aqueous phase in this study (73%) and the
values reported for some authors using TCR (68%)
[15]. Fig. 9 shows the Freundlich isotherm for gaseous
toluene using TCR as the sorbent. Table 4 shows the
parameters for linear, Langmuir, and Freundlich iso-
therms and the P values (probability of the model) for
toluene sorption by TCR in gas phase. The P values
obtained for the Freundlich isotherm were lower than
the P values obtained for the Langmuir isotherm,
which means the results fitted the Freundlich relation
quite well. There are two Freundlich parameters
related to sorption process. The “n” parameter is
related to the sorption behavior at different adsorbate
concentrations. The “n” values higher than 1 suggest
that the sorption process is promoted at low adsorbate
concentrations. The Kf (mg adsorbate/g sorbent)
parameter is related to the sorption capacity of the
sorbent. High Kf values should represent high sorp-
tion capacity.

The “n” value for the sorption of toluene in the
gas phase by TCR was 1.19 ± 0.08. This value is
slightly higher than 1. This “n” value close to 1 should
indicate that absorption process could be the most
dominant as it was discussed above. An “n” value of
1 indicates that the process does not depend on adsor-
bate concentration but rather on a partition coefficient
which represents an absorption process.

The Kf (uptake capacity) for toluene in the gas
phase using TCR was 0.54 ± 0.04mg/g. This Kf value

Fig. 8. Freundlich isotherms for gasoline, toluene, and
xylene sorption by TCR.

Fig. 9. Freundlich isotherm for toluene sorption in gas
phase by TCR.

Table 4
Isotherms parameters for the removal of toluene in gas
phase using TCR

Isotherm Parameters Toluene

Linear r2 0.996 ± 0.003

m 0.33 ± 0.03

P 5 ± 5

Langmuir r2 0.990 ± 0.006

Xm 19± 4

b 0.03 ± 0.01

P 14 ± 4

Freundlich r2 0.991 ± 0.06

Kf (mg/g) 0.54 ± 0.04

n 1.19 ± 0.08

P 8 ± 3

m: slope.

i: intercept.

r2: R square.

n: Freundlich constant.

Kf: Freundlich constant.

b: Langmuir constant.

Xm: Maximum amount adsorbed.
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is higher than the Kf value (0.239 ± 0.004mg/g) for the
sorption of toluene in aqueous phase using TCR.
The presence of water in the system should increase
the hydrophobic repulsions between the water film
onto TCR and toluene molecules. In gas phase, there
are no water molecules and therefore the sorption
process only depends on the partition coefficient of
toluene between the solid and the gas phases [49].
The CB nanoparticles in the TCR are confined inside
the polymeric matrix and only a fraction of them
would be accessible, therefore the organic molecules
would have to migrate between polymeric chains,
(swelling) in an absorption process [54–56].

4. Conclusions

TCR mesh 14–20 can be used as sorbent to remove
organic contaminant from aqueous and gaseous
phases. The removal of acenaphthene and phenan-
threne from a 1.0mg/L aqueous solution was 97.6
and 99.3%, respectively, using 5 g/L of TCR. The cor-
responding uptake capacities for acenaphthene and
phenanthrene using TCR were 3.32 and 54.6mg/g,
respectively. The TCR sorption capacity for com-
pounds with low solubility or high hydrophobicity is
higher than compounds with high solubility or hydro-
philic. The SIM mode in GC-MS systems is a powerful
tool to quantify PAHs at low concentrations. The
removal of total gasoline components was 95.6% and
the removal of toluene and o-xylene present in the
gasoline was 73 and 86.4% using 30mg/L of initial
concentration of gasoline and 5 g/L of TCR. The chro-
matogram analysis suggests that all kind of com-
pounds in the gasoline can be removed by TCR. The
SIM mode allowed a direct quantification of toluene
and xylene present in gasoline samples. The removal
of toluene by TCR in gas phase was higher than aque-
ous phase. The sorption of gaseous toluene was
dependent of system pressure. (High pressures have
higher toluene removal). The uptake capacity for tolu-
ene in gas phases using TCR was 0.54 ± 0.04mg/g.
Analyses of data suggested that the sorption by TCR
is a combination of adsorption process by CB and
absorption process by SBP.
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