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ABSTRACT: Scrap tire rubber particles were used and evaluated to
adsorb some gaseous volatile organic compounds (VOCs), such as
benzene and n-hexane. The results present that the adsorption capacities
were 0.18 and 0.072 mg/g for n-hexane and benzene, respectively, in the
static adsorption mode; the effective adsorption may be attributed to the
carbon black of the tire. The adsorption process is in accordance with
the Freundlich isothermal model and Lagergren pseudo-first-order
kinetic equation. Correspondingly, the adsorption process is multilayer
adsorption analyzed by the intramolecular diffusion model. In the
dynamic adsorption mode, the maximum adsorption efficiencies of n-
hexane and benzene were 80.7 and 81%, respectively, at flow velocities
of 0.1 L/min n-hexane and 0.2 L/min benzene.

1. INTRODUCTION
The disposal and recycling of spent vehicle tires has become an
issue due to the continuous development of the automobile
industry and tension of landfilling space.1 Waste tires are
mainly composed of unbiodegradable rubber materials,
occupying tremendous open land and breeding unpleasant
mosquitoes and pathogens for a long time as well as easily
causing fire if not being landfilled.2 Rubber powder, refurbish-
ments, recycled rubber, and pyrolysis are often used for tire
disposal.3−6 However, these methods either produce secondary
pollution or fail to satisfy the treatment capacity. Previous
studies have shown that waste tire particles could be used to
adsorb environmental pollutants, including heavy-metal Cd2+
and Cu2+,7,8 harmful organic matter,9,10 arsenic in water
environments,11 oil spill,12 and so on, which provides an
alternative disposal option.
VOCs are important precursors of atmospheric ozone (O3)

and secondary organic aerosols, which cause atmospheric
environmental problems such as haze and photochemical smog
affecting human health13 and becoming one of the key fields in
environmental air research.14−16 Adsorption,17 chemical
oxidation,18 and biodegradation19 are often used in practical
treatment of VOCs. Among these methods, adsorption is
considered to be a mature and effective one for VOC removal.
The commonly used adsorbents are activated carbon,
adsorption resin, modified starch adsorbents, modified
cellulose adsorbents, and so on.20−22 Unfortunately, they are
too costly. Meanwhile, the rubber particles derived from waste
tires have the advantages of low costs and stable
physicochemical properties for adsorption.23

In this study, waste tire rubber particles were used as
adsorbents for n-hexane and benzene, and the adsorption
performance as gaseous VOC adsorbents was investigated by
laboratory simulation of static adsorption, dynamic adsorption,
adsorption kinetics, adsorption isotherm, and so on.

2. METHODOLOGY AND MATERIALS
2.1. Materials and Equipment. Two kinds of rubber

particles are prepared. Type A is clean rubber particles with a
small particle size and no impurities, and its particle density is
measured to be 0.566 g/m3. Type B has a larger particle size
and some lint impurities, and its particle density is measured to
be 0.473 g/m3. In addition, sawdust with a particle size of 1−2
mm was prepared for the control experiment. Adsorbent
materials are shown in Figure 1. Unfortunately, the IR spectra
and XPS characterization were not satisfactory due to the
mixed materials, large particle size, and presence of
impurities.24,25 VOCs are selected from benzene (Fuyu Fine
Chemical Co., Ltd., Tianjin) and n-hexane (Comeo Reagent
Co., Ltd., Tianjin), and the purity of benzene is of analytical
purity, while the purity of n-hexane is of chromatographic
purity.
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2.2. Static Adsorption. In the experiments, the flasks were
full of hexane/benzene gas in certain concentrations and sealed
with laboratory films (PM996, Parafilm M, Bemis Company,
Inc., USA). Before each test, the VOC detector (MX6
composite gas detector, Industrial Scientific Corporation,
USA) was calibrated and used to measure the background
concentrations of the gas inside the conical flasks. A certain
amount of rubber particles was quickly added and shaken for
10 min. At 10 min intervals, a total of 12 samples was gathered
and measured. The process was triplicated for QA/QC.
2.3. Dynamic Adsorption. As shown in Figure 2, the

experimental apparatus was assembled for the n-hexane/

benzene adsorption experiment. The reaction column (PVC,
h = 0.5 m, r = 25 mm) was washed with fresh air before each
experiment to ensure a background VOC concentration of less
than 5 ppm. During the experiments, air was pumped with an
atmospheric sampler (QC-1S, Beijing Ke’an Labor Protective
New Technology Company, Beijing) into the impinger
containing liquid n-hexane/benzene to blow VOC vapors
into the column. With a flow meter, the flow rate was
controlled at 0.1 L/min for n-hexane and 0.02 L/min for
benzene. A certain amount of rubber particles was placed into
the column, and the outlet concentrations were continuously
reported with the MX6 composite gas detector. The
adsorption lasted for 40 min, and the data were derived and
saved in a PC. The above steps were also triplicated.
Since the MX6 composite gas detector is designed to present

values of isobutylene, they should be converted to the

corresponding n-hexane/benzene as the following conversion
relationship

C
M

V
22.4

= ×
(1)

where the isobutylene unit of parts per million is turned into
milligrams per cubic meter, C is the gas concentration (mg/
m3), M is the molecular weight of the measured gas (g/mol),
and V is the measured volume concentration (ppm). Because
the measured data is the isobutene concentration, M = 56.11
g/mol. According to the conversion relationship, the
adsorption capacity of n-hexane is 4.06 times that of isobutene,
and the adsorption amount of benzene is 0.55 times that of
isobutene from which the adsorption capacity of n-hexane and
benzene can be calculated.

3. RESULTS AND DISCUSSION
3.1. Static Adsorption. 3.1.1. Adsorption Ability of

Different Rubber Particles. Thirty grams of type A and type
B rubber particles was tested to explore the adsorption capacity
of n-hexane, and the results are shown in Figure 3.

During the first 30 min, type A rubber particles adsorbed less
n-hexane than type B at the same mass, which is possibly due
to the fact that the later rubber particles had a smaller density,
allowing for a quicker contact between n-hexane gas and
rubber particles at a short time. However, after 30 min, type A
begins to adsorb more since the adsorption capacity of type B
had been consumed. Eventually, the former rubber particles
removed slightly more n-hexane at the end of the test (110
min). Due to the larger density, type A rubber particles
possessed a smaller particle size and larger specific area for n-
hexane gas in contact. Because the manufacture cost of type B

Figure 1. (a) Type A rubber particles. (b) Type B rubber particles. (c) Sawdust.

Figure 2. Schematic diagram of the dynamic test device connection.

Figure 3. Static adsorption capacity of n-hexane by 30 g of two types
of rubber particles.
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rubber particles was lower, they were used for the following
experiments and called “rubber particles” only for writing
convenience.
3.1.2. Adsorption of n-Hexane/Benzene on Rubber

Particles. Thirty grams of type B rubber particles and sawdust
were packed in the column for adsorption tests in the purpose
of comparison. The adsorption capacities for n-hexane/
benzene adsorption were monitored and calculated and are
reported in Figure 4.

The rubber particles presented significant absorption of
benzene and n-hexane compared to sawdust. However, it was
noticed that the sawdust had a certain removal ability for n-
hexane, which is possibly due to sawdust consisting of
cellulose, hemicellulose, and lignin, which contain certain
surface functional groups, for example, a hydroxyl group.26

At the end of the test, the adsorption quantity of rubber
particles for n-hexane could reach 0.18 mg/g, while the value
was approximately 0.05 mg/g for sawdust. The specific
adsorption of benzene was approximately 72 mg/(g rubber
particles) and only 0.008 mg/(g sawdust). The sawdust
adsorbed less amounts of benzene than n-hexane, which is
possibly due to the major components, namely, lignin and
cellulose, which are polar molecules, repelling the nonpolar
benzene.27,28 In addition, a higher initial concentration of n-
hexane could also lead to this phenomenon.
Regardless of whether by rubber particles or sawdust, more

n-hexane was intercepted than benzene. The reason could be
also attributed to different initial concentrations (n-hexane of
12,433.8 mg/m3, while benzene of 1742.6 mg/m3) and the
molecular polarity. The adsorption rate presented a similar
pattern for both gaseous organics, that is, fast at the beginning

and then slowing down as the test proceeds. This is possibly
due to the fact that the adsorption mostly occurred on the
surface of rubber particles, and the active sites were quickly
occupied, and the concentration of organic gas decreased as
the process proceeded.29,30

As shown in Figure 5, the adsorption efficiencies of benzene
were larger than n-hexane at different masses of rubber
particles, and the adsorption efficiencies of both n-hexane and
benzene increased with the increasing mass of rubber particles.
When adding rubber particles of 50 g, the adsorption efficiency
is as high as 79.48% of benzene with the n-hexane adsorption
efficiency at 59.37%.
The Langmuir adsorption isotherm model is based on the

formation of a monolayer adsorption on the surface of the
adsorbent by a combination of adsorbates and limited sites.
The Freundlich isotherm model is mainly applied to the
adsorption process on inhomogeneous solid surfaces.

C
q K

C
q

1e

e L

e

max

= +
(2)

q K C n
e F e

1/= (3)

where qmax is the maximum monolayer adsorption capacity
(mg/g) and KF and KL are the adsorption constants for the two
models, respectively. 1/n reflects the energy related to the
adsorption process and the heterogeneity of the adsorbent;
when 0.1 < 1/n < 1, it means that the adsorption proceeds
easily.31

Langmuir and Freundlich models were used to fit the
adsorption isotherms of n-hexane and benzene. The adsorbed
correlation coefficients (R2) of the Langmuir isotherm model
were 0.333 and 0.0164 for n-hexane and benzene on rubber
particles, respectively. The adsorption process of rubber
particles fits the Freundlich model well (Figure 6); parameters
are shown in Table 1. It is shown that the adsorption process is
multilayer adsorption, according to the Freundlich constant
KF; rubber particles have a satisfactory adsorption effect on the
two gases, and n-hexane is better than benzene.32,33

3.2. Dynamic Adsorption. 3.2.1. n-Hexane. During a
continuous adsorption of n-hexane, 10, 20, and 30 g of rubber
particles were packed and tested, and the results are presented
in Figure 7. The adsorption of n-hexane reached a maximum in
the range of 30−40 min; the peak adsorption capacities were
2991 mg/m3 for 10 g of rubber particles, 7526 mg/m3 for 20 g,
and 9240.41 mg/m3 for 30 g when the corresponding n-hexane
removal efficiencies were 26.1, 65.7, and 80.7%, respectively.

Figure 4. Static adsorption capacity of n-hexane and benzene by 30 g
of rubber particles.

Figure 5. Adsorption (a) efficiency and (b) quantity of n-hexane and benzene by rubber particles with different masses under static adsorption
equilibrium.
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The maximum specific dynamic adsorption was 0.591 mg/g
for n-hexane on the same 30 g of rubber particles, which is
larger than the value of static adsorption (0.18 mg/g). This
may be due to the increased mass transfer in the dynamic
adsorption process34 and the fact that n-hexane had better
contact with the rubber particles in dynamic adsorption.
3.2.2. Benzene. A similar continuous adsorption experiment

was also conducted with benzene, and the maximum
adsorption capacities were 292.07, 408.76, and 509.06 mg/
m3 on 10, 20, and 30 g of rubber particles, respectively
(calculated based on Figure 8). The peak adsorption appeared
at approximately 20 min.

Unlike n-hexane, the dynamic adsorption of benzene was
slightly lower than the static adsorption on the same mass of
rubber particles (0.059 vs 0.068 mg/g). This may be due to the
fact that dynamic adsorption generates more heat of
adsorption, which is not conducive to adsorption efficiency35

and a lower liquefaction of benzene in the dynamic adsorption
process.
Compared with the effect of dynamic adsorption of n-hexane

by rubber particles, the effect of adsorption of benzene by
rubber particles is close to that of n-hexane, which may be due
to benzene and n-hexane being aromatic hydrocarbons, that is,
straight chains with the same number of carbons and similar
molecular weights.
3.3. Adsorption Kinetics. The adsorption kinetic model

was used to determine the control mechanism of adsorption
and to remove pollutants.36 The results of the adsorption
kinetics experiment for n-hexane on rubber particles are shown
in Figure 9. The adsorption capacity of n-hexane increases with

time for various masses of rubber particles. Adsorption
dynamic models were linearly fitted for the experimental data
in Figure 10 with first-order and second-order kinetic
equations.37,38

Q Q Q k tln( ) lnte e 1= (4)

t
Q k Q

t
Q

1

e 2 e
2

e

= +
(5)

where Qe (mg/g) is the adsorbed quantity of n-hexane at
equilibrium, Qt (mg/g) is the adsorbed quantity of n-hexane at
time t, and k1 and k2 are the adsorption rate constants for the
two models, respectively.

Figure 6. Freundlich adsorption isotherms of (a) n-hexane and (b) benzene at equilibrium in static adsorption.

Table 1. Fitting Results of Freundlich Adsorption Isotherm
Related Parameters

adsorption isotherm model

category KF 1/n R2

rubber particles adsorbed n-hexane 0.2820 0.7503 0.8197
rubber particles adsorbed benzene 0.0161 1.0446 0.9182

Figure 7. Dynamic testing of adsorbed n-hexane using 10, 20, and 30
g of rubber particles (mg/m3).

Figure 8. Dynamic testing of adsorbed benzene using 10, 20, and 30 g
of rubber particles (mg/m3).

Figure 9. Static adsorption capacity of n-hexane with different-quality
rubber particles (g/m3).
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As shown in Table 2, the adsorption of n-hexane by rubber
particles conforms to the first-order kinetic model, and the R2

values were relatively lower for 10 and 20 g, which is probably
due to the low particle mass causing a significant wall
interference. The model indicates that the adsorption of
VOCs by rubber particles is controlled by diffusion and only
one type of adsorption site on the surface of rubber
granules.39,40

The intra-particle diffusion model shows that a linear line
through the starting point of the drawing is provided, which
indicates that the model discussed is the only speed-limiting
step. As shown in Table 3, Qt and t1/2 have a good linear
relationship but do not pass through the origin, implying that
the adsorption process is affected by other speed-limiting steps
except for the diffusion resistance in the particles.41,42 The
maximum internal diffusion rate constant is achieved at 20 g
due to the more adequate contact with the adsorbed gas.

Q K t Ct p
1/2= + (6)

where Qt (mg/g) is the adsorbed quantity of n-hexane at time
t, Kp is the model rate constant, and C is the constant involving
the boundary and thickness layers.

4. CONCLUSIONS
In this paper, the adsorption effects of waste rubber particles
on two kinds of VOCs were analyzed by static adsorption and
dynamic adsorption experiments. Static adsorption experi-
ments show that the saturated adsorption capacities of n-
hexane and benzene per unit mass of rubber particles are 0.18
and 0.072 mg/g, respectively, and the effect is much better
than that of sawdust. Meanwhile, the similar adsorption
capacity of the type A and type B rubber particles was verified
by the comparative experiments. The adsorption process is in

accordance with the Freundlich isothermal adsorption model
and Lagergren pseudo-first-order kinetic equation. At the same
time, the adsorption process does not conform to the intra-
particle diffusion model, and the adsorption process is also
affected by other factors. In the dynamic adsorption, the
concentration of n-hexane in the reaction column is 2507.01
mg/m3, the adsorption capacity of rubber particles to n-hexane
is 0.591 mg/g, the concentration of benzene in the reaction
column is 105.61 mg/m3, and the adsorption capacity of
rubber particles to benzene is 0.059 mg/g. Tire rubber particles
are mainly composed of polymer (about 60−65%), carbon
black (about 25−35%), and other additives;43 the adsorption
of VOCs may be attributed to the carbon black due to physical
adsorption.44,45 However, due to the complex composition of
tire particles, the adsorption mechanism still needs to be
verified. As a result, the significant adsorption effect is revealed
by the adsorption of two gases by rubber particles, while their
low price and high stability make them a promising adsorbent
for VOCs.
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