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Abstract: Improper disposal and storage of waste tires poses a serious threat to the environment
and human health. In light of the drawbacks of the current disposal methods for waste tires,
the transformation of waste material into valuable membranes has received significant attention
from industries and the academic field. This study proposes an efficient and sustainable method
to utilize reclaimed rubber from waste tires after devulcanization, as a precursor for thermally
rearranged (TR) membranes. The reclaimed rubber collected from local markets was characterized
by thermogravimetric analyzer (TGA) and Fourier transfer infrared spectroscopy (FT-IR) analysis.
The results revealed that the useable rubber in the as-received sample amounted to 57% and was
classified as styrene–butadiene rubber, a type of synthetic rubber. Moreover, the gas separation
measurements showed that the C7-P2.8-T250 membrane with the highest H2/CO2 selectivity of 4.0
and sufficient hydrogen permeance of 1124.61 GPU exhibited the Knudsen diffusion mechanism and
crossed the Robeson trade-off limit. These findings demonstrate that reclaimed rubber is an appealing,
cost effective, and sustainable alternative, as a precursor for TR membranes, for application in gas
separation. The present approach is useful in the selection of a suitable reclaimed rubber precursor
and related membrane preparation parameters, leading to the advancement in the recycling value of
waste tires.

Keywords: gas separation; thermally rearranged membrane; waste material; sustainable development;
circular economy

1. Introduction

Rapid population growth and industrialization are responsible for the significant increase in
production and accumulation of solid waste. Advances in the automobile industry and increased use
of vehicular modes of transport have led to an increase in the number of waste tires [1]. Currently,
the global annual consumption of tires is up to 1 billion units [2,3]. Furthermore, the consumption
rate of tires is expected to grow exponentially with their demand growing in developing countries.
In Taiwan, the annual recovery market for waste tires is approximately 100 thousand tonnes, reaching
approximately 140 thousand tonnes in 2017 according to the statistics of Environmental Protection
Administration Executive Yuan, Republic of China (R.O.C.) (Taiwan) [4]. The most prevalent disposal
methods for waste tires include landfilling and using them as auxiliary fuel for energy recovery [5,6].
However, landfilling is not the preferred option due to the large volumes of tires. Furthermore,
the doughnut shape of tires retains stagnant water, which becomes a breeding habitat for mosquitoes,
thereby resulting in the spread of vector-borne diseases [7], especially in humid environments found in
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countries like Taiwan. The incineration of waste tires emits pollutants including carbon monoxide
(CO), carbon dioxide (CO2), sulfur oxides (SOx), toxic dioxins, polycyclic aromatic hydrocarbons,
and particulate matter [8]. Therefore, the improper disposal and storage of waste tires can have
adverse effects on the environment and human health. This necessitates the development of sustainable
and efficient recovery and recycling methods for waste tire management. One of the best alternative
solutions for dealing with waste tires is to transform them from waste material into valuable substances
such as membranes. Considering the number of tires being discarded globally, rubber consumption is
facilitating the exhaustion of limited petrochemical resources. Hence, in view of the circular economy
and the drawbacks of current disposal methods for discarded tires, investigating technologies that can
utilize waste materials are an inevitable tendency worldwide. For countries whose energy is imported,
such as Taiwan, the reutilization of waste materials could boost their economic development because
of the reduction in trade deficit. For example, the Taiwanese government is pressing ahead with the
policy for a circular economy to provide financial support for companies and academic scientists to
encourage and promote reutilization technology.

Recently, thermally rearranged (TR) membranes have been widely applied in the field of gas
separation, such as hydrogen recovery, carbon dioxide capture, and natural gas purification, due to
their unique microstructure and superior chemical/thermal stability in harsh environments [9,10].
TR membranes can be fabricated through a simple thermal rearrangement process after the heat
treatment of a polymeric membrane, which facilitates the transformation of interconnected microcavities
with a narrow cavity [11]. The thermal rearrangement process begins when the polymer aromatic chains
undergoes a heating process by reaction of ortho-substituted atoms, creating a new ring. The buckling
of the ring creates free volume elements in the membrane and enhances gas diffusion. Consequently,
the microporous structure of TR membranes is obtained, which exhibits high gas permeance and great
separation property. The frequently used polymer precursors for TR membranes mainly consist of
polyimide, polybenzoxazoles, and polypyrrolone [10–12]. All the above-mentioned precursors are
thermosetting polymers that are priced exorbitantly. The main constituent (approximately 47%) of the
tires is rubber [13,14], usually synthetic, such as styrene–butadiene rubber and butadiene rubber [15].
All rubber materials are thermosetting polymers, except for thermoplastic elastomers. Thus, the rubber
material in waste tires is viewed as a valuable resource, given its potential as a membrane precursor [16].
To date, no research has investigated tire-derived TR membranes for application in gas separation,
which is likely restricted by their three-dimensional cross-linked structure, thereby resulting in inferior
processability. Recently, methods for reclaiming rubber by physical, chemical, biotechnological,
and de-link processes have been developed. The reclaimed rubber, with enhanced process flexibility,
is converted from a three-dimensional cross-linked structure into a one-dimensional thermosetting
polymer by destroying the rubber/sulfur bond [17]. This study was conducted using reclaimed rubber
as the precursor for TR membranes. The effects of precursor concentration, incorporation of additives,
and thermal treatment temperature on as-prepared TR membranes derived from reclaimed rubber
were investigated.

Research Significance

A huge amount of waste tires are produced worldwide due to the expansion of the automobile
industry, and their disposal is an issue faced by all countries. The most common method to handle
waste tires is landfilling or using them as auxiliary fuel for energy recovery. However, the published
studies showed that scrapped rubber tires could not be decomposed under environmental conditions
and pose a serious threat to the environment and human health. Moreover, the incineration of waste
tires is accompanied with emissions of dioxins, volatile organic compounds and particulate matter.
Consequently, recycling waste tire rubber by transforming it into a valuable material (e.g., membranes)
has become the preferred solution to dispose of waste tires. From the circular economy perspective,
reclaimed rubber-derived membrane is a reutilization alternative that contributed to waste reduction.
Therefore, the goals of the present study were to provide a viable and green precursor (reclaimed
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rubber) with which to fabricate a TR membrane applied in the field of gas separation, thus boosting the
circular economy via prolonging the life cycle of rubber tires. In order to further extend understanding
of the reused rubber from waste tire, a series of characterizations were conducted to understand
its characteristics and performance in related membranes. The membrane fabrication parameters,
including precursor concentration, heating temperature, and the incorporation of a polyphenylene
oxide (PPO) modifier, as well as the corresponding gas transport measurements, were also studied to
produce an experimental evaluation of this new precursor for a gas separation membrane. To the best
of our knowledge, there are no other existing studies on rubber-derived TR membranes applied in
gas separation.

2. Experiment

2.1. Materials

The crumb rubber sample and the reclaimed rubber sample selected as polymer precursors in this
work were supplied by International Quality Materials Nano Tech. Co., Ltd. (Taipei City, Taiwan),
as shown in Figure 1. Toluene (extra pure grade—99% purity, Union Chemical Works Ltd., Hsinchu City,
Taiwan) was sourced as a solvent for the preparation of the casting solution. The polyphenylene oxide
(PPO, Cas. No. 25134-01-4) purchased from Sigma-Aldrich (Saint Louis, MO, USA) was used as an
additive to modify the microstructure of the TR membrane. Commercial ceramic embryos, with an
average pore size of 74 Å, thickness of 1.4 mm, and diameter of 23 mm were obtained from Ganya
Fine Ceramics Co. (New Taipei City, Taiwan). They were calcined at 1400 ◦C with a heating rate of
2 ◦C/min for 2 h holding time in our laboratory to enhance their physical strength. They were used as
a bare substrate. The tested gases (99.999% pure)—H2, CO2, O2, N2, and CH4—were obtained from
Toyo Gas Co. (Taichung City, Taiwan). All chemical reagents were used directly without purification.
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Figure 1. Optical image of as-received rubber sample provided from local market.

2.2. Synthesis of Rubber-Derived TR Membrane

Initially, the different concentrations at 4, 5, 6, and 7 wt % of casting solutions were obtained by
dissolving the desired amounts of collected reclaimed rubber in toluene solvents at a fixed temperature
of 160 ◦C for 24 h. Similarly, casting solutions with various additive contents within the range of 0.7–2.8%
were prepared. Afterwards, the as-prepared casting solution was applied onto an alumina substrate
via the spin coating technique at a speed of 2000 rpm for 16 s to obtain the uniform rubber polymeric
membrane. The fabricated rubber membranes were left overnight in an open environment at room
temperature to allow the rest of the solvent in the membrane to evaporate. Subsequently, the two-stage
thermal rearrangement procedure was performed in a tubular furnace (Chang-Hua Electric Heating
Co., Ltd., Changhua city, Taiwan) in terms of a dried polymeric membrane. The polymeric membrane



Polymers 2020, 12, 2540 4 of 15

was placed in the central zone of a quartz tube equipped with a tubular furnace, and the heating
environment was under a vacuum at less than 10−6 atm. The curing step was conducted at 200 ◦C with
a ramping rate of 5 ◦C/min and then maintained for 6 h to stabilize the polymer chains. Next, the target
temperatures (250 and 350 ◦C) were reached at the same heating rate (5 ◦C/min) and were maintained
for 2 h. Finally, the TR membrane was naturally cooled to room temperature. To prevent aging, the pure
gas permeation value of the resultant TR membrane was measured within 24 h after the conduction of
the thermal rearrangement procedure. The TR membranes fabricated by different parameters were
denoted as Cx-Py-Tz, where x is the precursor concentration, y is the content of PPO additive, and z is
the heating temperature. For example, a C7-P0.7-T250 TR membrane means the polymeric membrane,
with 7 wt % rubber precursor and 0.7 wt % PPO, was heated at 250 ◦C. Moreover, a C4-P0-T350 TR
membrane refers to a polymeric membrane prepared with a 4 wt % rubber precursor, without the
incorporation of PPO filler and heated at 350 ◦C.

2.3. Characterization of Collected Rubber Samples and Fabricated TR Membranes

The thermal behavior of the collected rubber samples from the recycling company was studied
using a thermogravimetric analyzer (TGA, Perkin Elmer, simultaneous thermal analyzer 6000, Waltham,
MA, USA). Prior to the analysis, the as-received rubber sample was placed in the oven at 60 ◦C for 24 h
to remove any trapped moisture. The TGA testing of the rubber sample was conducted following the
guidelines by Perkin Elmer [18]. To evaluate the polymer content in the sample, 6–8 mg of the dried
sample was first heated in a nitrogen atmosphere, with temperatures increasing from 50–700 ◦C at
the rate of 20 ◦C/min. Subsequently, the sample underwent second heating at 700–900 ◦C, at a fixed
heating rate of 20 ◦C/min, in the air atmosphere to measure the carbon black content. The residue that
remains undecomposed after heating until 900 ◦C was considered the other filler.

Fourier transfer infrared spectroscopy (FT-IR, FT/IR-4100 spectrophotometer, Jasco Corporation,
Tokyo city, Japan) in the wavenumber range of 4000 to 400 cm−1 was performed to identify the
functional group and to confirm the composition of the collected rubber sample.

The cross-linking density (Ve, mol/cm3) of the rubber sample, presented in Equation (1),
was obtained by combining the American Society for Testing and Materials (ASTM) D6814 standard
and the Flory–Rehner equation [19,20].

ve =
−[ln(1−Vr) + Vr + X1V2

r[
V1

(
V

1
3
r −Vr

)
/2

] (1)

where Vr refers to the volume fraction of the swollen sample in the equilibrium with the pure solvent
(toluene), X1 refers to the polymer–solvent interaction parameter (0.446) [20], and V1 refers to the molar
volume of the toluene (106.35 cm3/mol).

The degree of devulcanization (%) of the as-received reclaimed rubber sample was evaluated
using Equation (2):

Devulcanization(%) =
Vr,reclaimed rubber

Vr,crumb rubber
× 100% (2)

where Vr,crumb rubber and Vr,reclaimed rubber refer to the cross-linking densities of the rubber sample before
and after the devulcanization process, respectively.

Scanning electron microscopy (SEM) micrographs of the rubber-derived TR membrane were
obtained by a JEOL JSM-6700F scanning electron microscope (JEOL Ltd., Tokyo city, Japan) at an
accelerating voltage of 3 kV to observe the membrane morphology. Prior to morphological analysis,
the outer surface of each sample was sputtered with gold to improve its conductivity.

Atomic force microscopy (AFM, BRUKER Dimension Icon, Billerica, MA, USA) was conducted
to evaluate the topography and surface roughness of the as-obtained TR membrane. Roughness
measurements in this work were performed by surface analysis on a fixed area (5 × 5 µm2) taken from
each sample.
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2.4. Permeation Test

The pure gas permeation value of each as-fabricated TR membrane was measured by using
lab-scale permeation measurement equipment, with an effective membrane area of 0.785 cm2 and an
operation temperature of 28 ± 2 ◦C, by the constant volume/variable pressure approach (Figure 2).
Before the permeation test, a vacuum pump was used to maintain the system in a vacuum state to avoid
atmospheric gas interference. Afterwards, the membrane was mounted on a stainless-steel housing
(Millipore Corp., Cat. No. XX4404700, Burlington, MA, USA) with a silicone O-ring. Two pressure
transducers with a range of −1 to 9 bar (JPT-131S, Jetec Electronics Co., Ltd., Taichung City, Taiwan)
were used to measure the feed and permeate pressures. A gas with a pressure of about 1.96 bar was
fed into the upstream of the membrane and the downstream pressure, which increased with time
(dp/dt), was recorded with a computer. Then, the gas separation performance of the membrane was
obtained. To minimize the investigational error, each membrane sample was measured three times
and the average value was reported. The detailed permeation process has been described in our
previous work [21,22]. The tested gases in the present study contained hydrogen (2.89 Å), carbon
dioxide (3.24 Å), oxygen (3.46 Å), nitrogen (3.64 Å), and methane (3.80 Å)—the values in parentheses
correspond to the kinetic diameter. The study inferred the gas separation mechanism of the TR
membrane based on the measured permeation results and related characterizations. Additionally,
pure gas permeance was defined and calculated by Equation (3) and expressed according to the gas

permeation unit (GPU = 1× 10−6 cm3(STP)
cm2·s·cmHg ).

P =

[
dp
dt

]
V·T0

A·∆p·P0
(3)

where P represents the gas permeation value (GPU), dp/dt represents the increased rate of the
downstream pressure at a steady state (cm Hg/s), V refers to the downstream volume (cm3), T is the
permeation temperature (K), A is the effective area of the membrane (cm2), ∆p represents the pressure
difference between the feed side and the permeation side of the membrane (cm Hg), P0 is 76 cm Hg,
and T0 is 273 K.

The equation for selectivity calculation is as follows:

αi/ j =
Pi
P j

(4)

where αi/ j represents the ideal selectivity of pure gas i over j. Pi and P j are the permeance value of gas
i and gas j, individually.
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3. Results and Discussion

3.1. Analysis of As-Received Rubber Sample

The TGA analysis of commercial styrene–butadiene rubber (SBR) and reclaimed rubber were
investigated by the TGA and their proximate compositions are shown in Figure 3. As expected, prior to
heating to a temperature of 700 ◦C, commercial SBR suffered the greatest weight loss and finally
decomposed completely at approximately 500 ◦C, which suggests that its whole composition consisted
of polymer, that is, rubber. As presented in Figure 3a, for reclaimed rubber, the initial decomposition
temperature (Td) was 343 ◦C and the weight-loss curve displayed a two-stage degradation process.
The primary weight-loss was observed at approximately 350 ◦C, while the secondary weight loss
was at approximately 750 ◦C, which implied at least two different compositions existing in the
reclaimed rubber sample (i.e., polymer and carbon black). When the temperature reached 900 ◦C,
approximately 11% of the sample weight remained, which was indicative of the presence of another
filler. In addition, the initial decomposition temperature for reclaimed rubber is lower than that of
commercial SBR, which suggests the presence of an impurity such as carbon black or another filler.
As a result, based on the weight loss percentages corresponding to the degradation temperature,
the approximate composition of reclaimed rubber was determined (Figure 3b). As anticipated, polymer
accounted for 57% of the reclaimed rubber sample. Thus, using reclaimed rubber as a membrane
precursor was feasible because of the abundant rubber polymer in the overall sample. Carbon black,
which accounted for 32% of the reclaimed rubber, was the minor ingredient. A tire generally consists
of 40–48% rubber polymer [13,14], and our findings show that the rubber polymer content is increased
in reclaimed rubber. Additionally, a change in the functional group of the as-received rubber samples
before and after devulcanization was detected using the FTIR technique to gain insight into the rubber
sample properties (Figure 4). For the infrared spectroscopy of crumb rubber, the characteristic peaks at
3100–2800, 1540, 1500–1380, 990–910, 780–660, and 700–590 cm−1 were associated with the stretching
vibration of C–H bonds, the stretching vibration of C=C bonds, C–H vibration, =C–H bands, aromatic
C–H bonds, and C–S bonds, respectively [23]. The spectra for reclaimed rubber revealed that the
characteristic peaks of C–H bonds and C=C bonds were increasingly apparent, and the intensity of
C–S bonds was negligible, which mirrored the validity of the devulcanization procedure and validated
the increase in the rubber polymer content of reclaimed rubber. In addition, the rubber type of the
collected specimen from the local market was shown to be styrene–butadiene rubber because the
detected functional groups of the rubber sample were similar to those of styrene–butadiene rubber
from previous studies [24,25]. Due to the existence of carbon black and other fillers in the adopted
precursor (reclaimed rubber), the light scattering degree would be affected by the black substance.
Therefore, the typical peak of sulfur bridges is not easy to detect by the FTIR technique. As a result,
the effect of devulcanization on reclaimed rubber was evaluated by the change in cross-linking density
between rubber and reclaimed rubber. The cross-linking densities of both rubber samples, as reported
in Table 1, were tested by the combination of the swelling method in the ASTM D6814 standard and
the Flory–Rehner equation [19,20]. The devulcanization degree for reclaimed rubber, calculated by
Equation (2), was 45.5%.
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Table 1. Property of rubber samples before and after devulcanization.

Sample Cross-Linking Density (10−7 mol/cm3) Devulcanization (%)

Crumb Rubber 2.233 -
Reclaimed Rubber 1.217 45.50

3.2. Effect of Reclaimed Rubber Precursor Concentrations on Gas Separation Performance

As shown in Figure 5, the gas permeance of all TR membranes with different precursor
concentrations decreased in the following order: H2 (2.89 Å) > CH4 (3.80 Å) > N2 (3.64 Å) >

O2 (3.46 Å) > CO2 (3.2 Å), where the values in parentheses represent the kinetic diameter. Evidently,
the change in gas permeance for all rubber-derived TR membranes was uncorrelated with the kinetic
diameter of tested gas. Moreover, all TR membranes exhibited higher selectivity over H2/CO2,
H2/N2, and H2/CH4 separations than CO2/N2 and CO2/CH4 separation. The dominant gas separation
mechanism for the membrane depends on the magnitude of the membrane pore. The Knudsen
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diffusion model, as a kind of gas transport mechanism, governs the gas separation process when the
effective pore size of the membrane is smaller than the mean free path of penetrates, thus resulting
in the linear relationship between gas permeance and the square root of the reciprocal gas molecular
weight [26,27]. To further investigate the gas separation mechanism of rubber-derived TR membranes,
we compared the gas permeance to the square root of the reciprocal gas molecular weight (Figure 6).
As expected, correlations were observed between the gas permeance value and the square root of the
reciprocal gas molecular weights for all TR membranes fabricated at different precursor concentrations
(4–7 wt %). Their coefficients of determination, labeled R2, were in the range of 0.98–0.99. As a result,
the predominant gas separation mechanism for all rubber-derived TR membranes was confirmed as
Knudsen diffusion. The permeation of hydrogen of all rubber-derived membranes was higher than that
of carbon dioxide, indicating that the rubber polymer was transformed into the unique microporous
structure of TR membrane after thermal treatment due to the presence of aromatic chains in as-received
reclaimed rubber (SBR confirmed in previous section), rather than dense rubber polymeric membrane.
With regard to the lower experimental selectivity than theoretical values, this may be ascribed to the
presence of surface diffusion because of the permeation temperature (28 ± 2 ◦C). The presence of a
surface diffusion effect weakens the other mechanism (Knudsen diffusion).

Polymers 2020, 12, x FOR PEER REVIEW 8 of 16 

 

effective pore size of the membrane is smaller than the mean free path of penetrates, thus resulting 
in the linear relationship between gas permeance and the square root of the reciprocal gas molecular 
weight [26,27]. To further investigate the gas separation mechanism of rubber-derived TR 
membranes, we compared the gas permeance to the square root of the reciprocal gas molecular 
weight (Figure 6). As expected, correlations were observed between the gas permeance value and the 
square root of the reciprocal gas molecular weights for all TR membranes fabricated at different 
precursor concentrations (4–7 wt %). Their coefficients of determination, labeled R2, were in the range 
of 0.98–0.99. As a result, the predominant gas separation mechanism for all rubber-derived TR 
membranes was confirmed as Knudsen diffusion. The permeation of hydrogen of all rubber-derived 
membranes was higher than that of carbon dioxide, indicating that the rubber polymer was 
transformed into the unique microporous structure of TR membrane after thermal treatment due to 
the presence of aromatic chains in as-received reclaimed rubber (SBR confirmed in previous section), 
rather than dense rubber polymeric membrane. With regard to the lower experimental selectivity 
than theoretical values, this may be ascribed to the presence of surface diffusion because of the 
permeation temperature (28  ±  2  °C). The presence of a surface diffusion effect weakens the other 
mechanism (Knudsen diffusion). 

0

1000

2000

3000

4000

5000
(a)

CH4N2O2CO2

G
as

 P
er

m
ea

nc
e 

(G
PU

)

 C4-P0-T350
 C5-P0-T350
 C6-P0-T350
 C7-P0-T350

H2  
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

CO2/CH4CO2/N2O2/N2H2/CH4H2/N2H2/CO2

Se
le

ct
iv

ity
 (a

)

 C4-P0-T350
 C5-P0-T350
 C6-P0-T350
 C7-P0-T350

(b)

 
Figure 5. Gas separation performances obtained from resultant thermally rearranged (TR) 
membranes with different precursor concentrations. (a: single gas permeance; b: selectivity of 
different gas pairs). 

 
Figure 6. Single gas permeance of different gases obtained from resultant TR membranes with 
different precursor concentrations as a function of square root of inverse of gas molecular weights. 

  

R² = 0.9883
R² = 0.9987
R² = 0.99
R² = 0.9892

0

1000

2000

3000

4000

5000

0.0 0.2 0.4 0.6 0.8

G
as

 p
er

m
ea

nc
e 

 (G
PU

)

Square root of the inverse of gas molecular weight,

C4-P0-T350
C5-P0-T350
C6-P0-T350
C7-P0-T350

CO2 O2 N2 CH4             H2

Figure 5. Gas separation performances obtained from resultant thermally rearranged (TR) membranes
with different precursor concentrations. (a: single gas permeance; b: selectivity of different gas pairs).

Polymers 2020, 12, x FOR PEER REVIEW 8 of 16 

 

effective pore size of the membrane is smaller than the mean free path of penetrates, thus resulting 
in the linear relationship between gas permeance and the square root of the reciprocal gas molecular 
weight [26,27]. To further investigate the gas separation mechanism of rubber-derived TR 
membranes, we compared the gas permeance to the square root of the reciprocal gas molecular 
weight (Figure 6). As expected, correlations were observed between the gas permeance value and the 
square root of the reciprocal gas molecular weights for all TR membranes fabricated at different 
precursor concentrations (4–7 wt %). Their coefficients of determination, labeled R2, were in the range 
of 0.98–0.99. As a result, the predominant gas separation mechanism for all rubber-derived TR 
membranes was confirmed as Knudsen diffusion. The permeation of hydrogen of all rubber-derived 
membranes was higher than that of carbon dioxide, indicating that the rubber polymer was 
transformed into the unique microporous structure of TR membrane after thermal treatment due to 
the presence of aromatic chains in as-received reclaimed rubber (SBR confirmed in previous section), 
rather than dense rubber polymeric membrane. With regard to the lower experimental selectivity 
than theoretical values, this may be ascribed to the presence of surface diffusion because of the 
permeation temperature (28  ±  2  °C). The presence of a surface diffusion effect weakens the other 
mechanism (Knudsen diffusion). 

0

1000

2000

3000

4000

5000
(a)

CH4N2O2CO2

G
as

 P
er

m
ea

nc
e 

(G
PU

)

 C4-P0-T350
 C5-P0-T350
 C6-P0-T350
 C7-P0-T350

H2  
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

CO2/CH4CO2/N2O2/N2H2/CH4H2/N2H2/CO2

Se
le

ct
iv

ity
 (a

)
 C4-P0-T350
 C5-P0-T350
 C6-P0-T350
 C7-P0-T350

(b)

 
Figure 5. Gas separation performances obtained from resultant thermally rearranged (TR) 
membranes with different precursor concentrations. (a: single gas permeance; b: selectivity of 
different gas pairs). 

 
Figure 6. Single gas permeance of different gases obtained from resultant TR membranes with 
different precursor concentrations as a function of square root of inverse of gas molecular weights. 

  

R² = 0.9883
R² = 0.9987
R² = 0.99
R² = 0.9892

0

1000

2000

3000

4000

5000

0.0 0.2 0.4 0.6 0.8

G
as

 p
er

m
ea

nc
e 

 (G
PU

)

Square root of the inverse of gas molecular weight,

C4-P0-T350
C5-P0-T350
C6-P0-T350
C7-P0-T350

CO2 O2 N2 CH4             H2

Figure 6. Single gas permeance of different gases obtained from resultant TR membranes with different
precursor concentrations as a function of square root of inverse of gas molecular weights.



Polymers 2020, 12, 2540 9 of 15

3.3. Effect of Heating Temperature on Gas Separation Performance

The results of pure gas permeation obtained at different heating temperatures showed no apparent
difference when compared to that obtained from a different precursor concentration, because the
gas permeation order was the same (Figure 7). Consequently, the gas transport mechanism of TR
membranes was still Knudsen diffusion when the heating temperature shifted from 350 to 250 ◦C.
We also observed that the gas permeance of resultant membranes at a heating temperature of 350 ◦C,
regardless of precursor concentration, were higher compared with membranes at a heating temperature
of 250 ◦C. In the heating process at 350 ◦C, the bulking rings create more space to provide gases
diffusion because of the higher thermal conversion; therefore, the effect of heating temperature on the
as-prepared membrane is a crucial factor. In addition, the selectivity of the H2/CO2 gas pair obtained
for all TR membranes as a function of precursor concentration and heating temperature is plotted in
Figure 8. As shown in Figure 8, the selectivity of all membranes, regardless of heating temperature,
was in the range of 2.4–3.5, which indicates that the influence of altering the precursor concentration
or heating temperature on membrane permselectivity is insignificant. This infers that the pore size
distinguishing between bigger gases (CO2) and smaller gases (H2) would not be substantially shrunk or
enlarged with the changes in both parameters. The lower selectivity of the TR membrane was observed
when the precursor concentration was too high (6 and 7 wt %); this could be correlated with the derived
membrane thickness. Based on the work by D. Grosso [28], the degree of heat for the membrane surface
and the membrane interior was uneven in the carbonization process and non-selectivity pores were
produced as a result. Consequently, while the membrane was fabricated with higher concentration
and higher heating temperature, a suppression in H2/CO2 selectivity was observed.
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3.4. Effect of PPO Additive Content on Gas Separation Performance

Figure 9 shows the influence of incorporating PPO additive into the rubber precursor on the
morphological structure of the derived TR membrane. No observable cracks were observed on the
membrane surface of C7-P2.8-T250 compared with other TR membranes. Furthermore, the reduction
of membrane surface roughness from 147 nm to 49.8 nm indicated a significant densification of the
membrane surface after incorporating the PPO additive at 2.8 wt %. As expected, by adding the
PPO modifier into membrane matrix, the membrane surface became smoother. The AFM results
corroborated this finding, indicating that the membrane was successfully modified by the presence
of PPO.Polymers 2020, 12, x FOR PEER REVIEW 11 of 16 
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As shown in Figure 10, the C7-P2.8-T250 TR membrane exhibited the highest selectivity for all gas
pairs. Specifically, H2/CO2 selectivity differed nearly by a factor of two and was observed to be 4 and
2.68 for C7-P2.8-T250 and C7-P0-T250, respectively. These findings indicate that the incorporation of
PPO additive enhanced the permselectivity of the derived TR membrane for H2/CO2. These results
can be attributed to the dense membrane structure obtained by blending a thermally stable polymer,
in this case PPO, and are in accordance with previous studies [29,30]. According to the work of
Ozaki [31], the pore structure of a carbon membrane is strongly influenced by polymeric precursors,
and their thermal properties are vital in determining the derived carbon membrane performance.
During thermal treatment, a thermally liable polymer precursor tends to decompose into volatile gas.
This provides a diffusion path for gas, leading to an increase in permeance and a decrease in selectivity.
The opposite trend in terms of gas permeance and selectivity was observed for the thermally stable
polymer in this study. Hence, the addition of a thermally stable polymer (PPO, in this study) improved
the resultant TR membrane’s selectivity because of the thermal stable property of the PPO during the
heating procedure.
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3.5. Comparison of Rubber-Derived TR Membrane with Other Published Literature

Table 2 compares the gas separation performance of the TR membrane derived from reclaimed
rubber to that of TR membranes derived from expensive precursors [9,10,32–35]. The rubber-derived
membrane at a lower thermal rearrangement temperature (250 ◦C) was comparable to other TR
membranes fabricated with expensive polymer precursors at higher heating temperatures because of
its acceptable selectivity, remarkable hydrogen permeability, and competitive and feasible commercial
properties. As the hydrogen capacity of the demonstration plant in Japan is 50 Nm3/h [36], the plant
needs a membrane with high flux but a reasonable separation factor for hydrogen enrichment.
The C7-P2.8-T250 membrane synthesized during this work, with a hydrogen permeability of
1333 Barrer, exhibits a similar hydrogen permeance to membranes applied in a biogas plant [37].
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Hence, the as-prepared membrane with high flux has potential for application in the commercial
H2/CO2 gas-separation field. The binary gas mixture test will be performed in our future work to
better understand the separation capability of rubber-derived membranes.

In addition, for membrane scientists, the Robeson upper bound set the appealing target to aim
for and is a commonly used standard with which to evaluate the gas separation performance in the
field of polymeric membranes. To compare our work with other studies in the field of TR membranes,
the optimum gas separation result in this work (C7-P2.8-T250) and other published studies were
illustrated in Robeson upper bound plots for H2/CO2 separation. The comparison clearly indicates
that the gas transport capability of the rubber-derived membrane (C7-P2.8-T250) lies in the upper-right
quadrant of Figure 11 and crosses the upper limit for H2/CO2 applications, showing that it can be
recognized as an attractive candidate for H2/CO2 gas separation.
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Figure 11. Robeson plot for H2/CO2 separation comparing the rubber-derived TR membrane with
other TR membrane prepared by different precursors.

The practical feasibility for the membrane’s commercial application was preliminarily evaluated
from the perspective of price per unit membrane area (USD/m2). The price per unit membrane area
(USD/m2) was determined by the cost of the raw material, including the polymer precursor, and the
used solvent and additive, etc. Table 3 summarizes the data and assumptions employed in this study.
The cost of required solvent per ton rubber equals USD 50,309.4/ton, which was calculated from
the solvent price multiplied by the rubber solubility in solvent. The cost of raw materials ranged
from USD 51,864.40 to USD 52,975.40/ton, which was obtained by summing the price of reclaimed
rubber [38] and the cost of required solvent and subtracting the value of national aid. The price per
unit membrane area (USD/m2) in this work was calculated to be 2.1–3.2 USD/m2, which was acquired
by multiplying the cost of raw materials and the required polymer per unit membrane. According
to Richard W. Baker [39], if the adopted precursor is commercial polymer, these membrane modules
vary in price from 10 to 100 (USD/m2), which is far more expensive than our figures. It is clear that
the membrane prepared with reclaimed rubber is competitive in the capital market. We believe this
technology is worthy of development in the future and could contribute to a significant reduction in
tire waste.
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Table 2. Comparison of rubber-derived TR membrane with other reports with respect to hydrogen
permeability and H2/CO2 selectivity.

Polymer Thermal Rearrangement
Protocols

Permeability (Barrer) * H2/CO2
Selectivity Reference

H2 CO2

6FDA-HAB5DAM5 450 ◦C for 1 h 1318 1607 0.82 [32]
HAB-6FDA 450 ◦C for 1 h 530 410 1.29 [33]

Aromatic Polyimides 450 ◦C for 1 h 738 295 2.50 [9]
Poly(benzoxazole-co-imide) 400 ◦C for 2 h 222.1 172.8 1.29 [10]

Polybenzimidazole (PBI) 450 ◦C for 1 h 1779 1624 1.1 [34]
PANI/PBI 300 ◦C for 3 h 3.69 0.242 15.2 [35]

C7-P2.8-T250 250 ◦C for 2 h 1333 333.25 4.0 This work

*: Barrer = 1 × 10−10 cm3(STP)cm·cm−2 s−1 cmHg; the C7-P2.8-T250 membrane thickness is 1.116 µm.

Table 3. Summary of material price data and assumptions in this work.

Item

The price of reclaimed rubber [38] USD 1555–2666/ton
The required polymer per unit membrane 4–6 × 10−5 ton/m2

The price of solvent (toluene) USD 0.52/100 mL
The rubber solubility in solvent 1.04 × 10−5 ton reclaimed/100 mL solvent

National aid USD 100/ton reclaimed rubber

4. Conclusions

Our main conclusions are as follows:

(a) The as-received reclaimed rubber was intensively investigated by TGA and FTIR analysis.
The results revealed that the rubber type of reclaimed rubber is styrene–butadiene rubber,
which accounted for more than half of the total components (57%).

(b) The presence of carbon black and other filler was also found, and their presence decreased the
thermal stability of rubber.

(c) We measured the degree of devulcanization and the results showed that reclaimed rubber
exhibited 45.5% devulcanization.

(d) According to the gas permeation tests, all rubber-derived TR membranes exhibited the Knudsen
diffusion mechanism. In particular, the C7-P2.8-T250 membrane, with an ideal H2/CO2 selectivity
of four and hydrogen permeability of 1333 Barrer, demonstrated a superior gas transport capability,
mainly due to the conversion of the reclaimed rubber layer into a microporous membrane structure
and the incorporation of a thermal stable filler.

In conclusion, these conditions showed that reclaimed rubber has significant potential as a precursor
for fabricating TR membranes for the hydrogen enrichment industry. We have provided a viable approach
to adopt reclaimed rubber as a precursor for preparing TR membranes with high performance for
H2/CO2 separation.
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8. Czajczyńska, D.; Krzyżyńska, R.; Jouhara, H. Syngas Quality as a Key Factor in the Design of an Energy-
Efficient Pyrolysis Plant for Scrap Tyres. Multidiscip. Digit. Publ. Inst. Proc. 2018, 2, 1455. [CrossRef]

9. Park, H.B.; Han, S.H.; Jung, C.H.; Lee, Y.M.; Hill, A.J. Thermally rearranged (TR) polymer membranes for
CO2 separation. J. Membr. Sci. 2010, 359, 11–24. [CrossRef]

10. Jo, H.J.; Soo, C.Y.; Dong, G.; Do, Y.S.; Wang, H.H.; Lee, M.J.; Quay, J.R.; Murphy, M.K.; Lee, Y.M. Thermally
rearranged poly(benzoxazole-co-imide) membranes with superior mechanical strength for gas separation
obtained by tuning chain rigidity. Macromolecules 2015, 48, 2194–2202. [CrossRef]

11. Kim, S.; Lee, Y.M. Thermally rearranged (TR) polymer membranes with nanoengineered cavities tuned for
CO2 separation. J. Nanopart. Res. 2012, 14, 265–275. [CrossRef]

12. Patel, A.; Acharya, N. Thermally rearranged (TR) HAB-6FDA nanocomposite membranes for hydrogen
separation. Int. J. Hydrog. Energy 2019, 45, 18685–18692. [CrossRef]

13. Luo, K.; Zheng, W.; Zhao, X.; Wang, X.; Wu, S. Effects of antioxidant functionalized silica on reinforcement
and anti-aging for solution-polymerized styrene butadiene rubber: Experimental and molecular simulation
study. Mater. Des. 2018, 154, 312–325. [CrossRef]

14. Kan, T.; Strezov, V.; Evans, T. Fuel production from pyrolysis of natural and synthetic rubbers. Fuel 2017, 191,
403–410. [CrossRef]

15. Fazli, A.; Rodrigue, D. Waste rubber recycling: A review on the evolution and properties of thermoplastic
elastomers. Materials 2020, 13, 782. [CrossRef] [PubMed]

16. Jabbar, A. Sustainable Jute-Based Composite Materials: Mechanical and Thermomechanical Behaviour; Springer:
Berlin/Heidelberg, Germany, 2017.

17. Williams, K.R. Rubber reclamation. J. Chem. Educ. 2007, 84, 217. [CrossRef]
18. PerkinElmer. Compositional Analysis of Tire Elastomers Using Auto Stepwise TGA; PerkinElmer, Inc.: Waltham,

MA, USA.
19. Chen, Y.; Xu, C. Stress softening of NR reinforced by in situ prepared zinc dimethacrylate. J. Appl. Polym. Sci.

2012, 123, 833–841. [CrossRef]
20. Xia, Z.; Patchan, M.; Maranchi, J.; Elisseeff, J.; Trexler, M. Determination of crosslinking density of hydrogels

prepared from microcrystalline cellulose. J. Appl. Polym. Sci. 2013, 127, 4537–4541. [CrossRef]
21. Wey, M.-Y.; Wang, C.-T.; Lin, Y.-T.; Lin, M.-D.; Uchytil, P.; Setnickova, K.; Tseng, H.-H. Interfacial interaction

between CMS layer and substrate: Critical factors affecting membrane microstructure and H2 and CO2

separation performance from CH4. J. Membr. Sci. 2019, 580, 49–61. [CrossRef]
22. Zhuang, G.-L.; Tseng, H.-H.; Wey, M.-Y. Facile synthesis of CO2-selective membrane derived from butyl

reclaimed rubber (BRR) for efficient CO2 separation. J. CO2 Util. 2018, 25, 226–234. [CrossRef]

http://dx.doi.org/10.3390/polym11121967
http://www.ncbi.nlm.nih.gov/pubmed/31795514
http://dx.doi.org/10.1016/j.ijhydene.2018.11.150
http://dx.doi.org/10.1016/j.enconman.2018.09.013
http://dx.doi.org/10.1007/s10163-016-0500-5
http://dx.doi.org/10.3390/molecules25194445
http://www.ncbi.nlm.nih.gov/pubmed/32992654
http://dx.doi.org/10.3390/en9110888
http://dx.doi.org/10.3390/ma11071169
http://dx.doi.org/10.3390/proceedings2231455
http://dx.doi.org/10.1016/j.memsci.2009.09.037
http://dx.doi.org/10.1021/acs.macromol.5b00413
http://dx.doi.org/10.1007/s11051-012-0949-7
http://dx.doi.org/10.1016/j.ijhydene.2019.07.052
http://dx.doi.org/10.1016/j.matdes.2018.05.048
http://dx.doi.org/10.1016/j.fuel.2016.11.100
http://dx.doi.org/10.3390/ma13030782
http://www.ncbi.nlm.nih.gov/pubmed/32046356
http://dx.doi.org/10.1021/ed084p217
http://dx.doi.org/10.1002/app.34584
http://dx.doi.org/10.1002/app.38052
http://dx.doi.org/10.1016/j.memsci.2019.02.070
http://dx.doi.org/10.1016/j.jcou.2018.04.003


Polymers 2020, 12, 2540 15 of 15

23. Mangili, I.; Collina, E.; Anzano, M.; Pitea, D.; Lasagni, M. Characterization and supercritical CO2

devulcanization of cryo-ground tire rubber: Influence of devulcanization process on reclaimed material.
Polym. Degrad. Stab. 2014, 102, 15–24. [CrossRef]

24. Mann, D.C.; Cline, K.G. Confirmation of the Presence of Styrene Butadiene Resin (SBR) Polymer in Drywall Primer
Applications; PerkinElmer, Inc.: Waltham, MA, USA, 2010.

25. Willis, J.N.; Liu, X. A Study of Styrene Butadiene Rubber Using GPC-FTIR; International GPC Symposium;
Waters Corporation: Florida, FL, USA, 1994.

26. Wey, M.-Y.; Chen, H.-H.; Lin, Y.-T.; Tseng, H.-H. Thin carbon hollow fiber membrane with Knudsen
diffusion for hydrogen/alkane separation: Effects of hollow fiber module design and gas flow mode. Int. J.
Hydrog. Energy 2020, 45, 7290–7302. [CrossRef]

27. Gilron, J.; Soffer, A. Knudsen diffusion in microporous carbon membranes with molecular sieving character.
J. Membr. Sci. 2002, 209, 339–352. [CrossRef]

28. Grosso, D. How to exploit the full potential of the dip-coating process to better control film formation.
J. Mater. Chem. 2011, 21, 17033–17038. [CrossRef]

29. Itta, A.K.; Tseng, H.-H.; Wey, M.-Y. Fabrication and characterization of PPO/PVP blend carbon molecular
sieve membranes for H2/N2 and H2/CH4 separation. J. Membr. Sci. 2011, 372, 387–395. [CrossRef]

30. Kim, Y.K.; Park, H.B.; Lee, Y.M. Carbon molecular sieve membranes derived from thermally labile polymer
containing blend polymers and their gas separation properties. J. Membr. Sci. 2004, 243, 9–17. [CrossRef]

31. Ozaki, J.; Endo, N.; Ohizumi, W.; Igarashi, K.; Nakahara, M. Novel preparation method for the production of
mesoporous carbon fiber from a polymer blend. Carbon 1997, 35, 1031–1033. [CrossRef]

32. Smith, S.J.; Hou, R.; Lau, C.H.; Konstas, K.; Kitchin, M.; Dong, G.; Lee, J.; Lee, W.H.; Seong, J.G.; Lee, Y.M.
Highly permeable thermally rearranged mixed matrix membranes (TR-MMM). J. Membr. Sci. 2019, 585,
260–270. [CrossRef]

33. Sanders, D.F.; Smith, Z.P.; Ribeiro, C.P., Jr.; Guo, R.; McGrath, J.E.; Paul, D.R.; Freeman, B.D. Gas permeability,
diffusivity, and free volume of thermally rearranged polymers based on 3,3′-dihydroxy-4,4′-diamino-biphenyl
(HAB) and 2,2′-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA). J. Membr. Sci. 2012, 409,
232–241. [CrossRef]

34. Han, S.H.; Lee, J.E.; Lee, K.J.; Park, H.B.; Lee, Y.M. Highly gas permeable and microporous polybenzimidazole
membrane by thermal rearrangement. J. Membr. Sci. 2010, 357, 143–151. [CrossRef]

35. Giel, V.; Morávková, Z.; Peter, J.; Trchová, M. Thermally treated polyaniline/polybenzimidazole blend
membranes: Structural changes and gas transport properties. J. Membr. Sci. 2017, 537, 315–322. [CrossRef]

36. Kumakiri, I.; Tamura, K.; Sasaki, Y.; Tanaka, K.; Kita, H. Influence of Iron Additive on the Hydrogen
Separation Properties of Carbon Molecular Sieve Membranes. Ind. Eng. Chem. Res. 2018, 57, 5370–5377.
[CrossRef]

37. Richter, H.; Reger-Wagner, N.; Kämnitz, S.; Voigt, I.; Lubenau, U.; Mothes, R. Carbon membranes for bio gas
upgrading. Energy Procedia. 2019, 158, 861–866. [CrossRef]

38. CalRecovery, Inc. Evaluation of Waste Tire Devulcanization Technologies; Integrated Waste Management Board
Public Affairs Office: Sacramento, CA, USA, 2004.

39. Richard, W. Baker, Future Directions of Membrane Gas Separation Technology. Ind. Eng. Chem. Res. 2002,
41, 1393–1411.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.polymdegradstab.2014.02.017
http://dx.doi.org/10.1016/j.ijhydene.2019.09.135
http://dx.doi.org/10.1016/S0376-7388(02)00074-1
http://dx.doi.org/10.1039/c1jm12837j
http://dx.doi.org/10.1016/j.memsci.2011.02.027
http://dx.doi.org/10.1016/j.memsci.2004.05.001
http://dx.doi.org/10.1016/S0008-6223(97)89878-8
http://dx.doi.org/10.1016/j.memsci.2019.05.046
http://dx.doi.org/10.1016/j.memsci.2012.03.060
http://dx.doi.org/10.1016/j.memsci.2010.04.013
http://dx.doi.org/10.1016/j.memsci.2017.04.062
http://dx.doi.org/10.1021/acs.iecr.7b05265
http://dx.doi.org/10.1016/j.egypro.2019.01.222
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment 
	Materials 
	Synthesis of Rubber-Derived TR Membrane 
	Characterization of Collected Rubber Samples and Fabricated TR Membranes 
	Permeation Test 

	Results and Discussion 
	Analysis of As-Received Rubber Sample 
	Effect of Reclaimed Rubber Precursor Concentrations on Gas Separation Performance 
	Effect of Heating Temperature on Gas Separation Performance 
	Effect of PPO Additive Content on Gas Separation Performance 
	Comparison of Rubber-Derived TR Membrane with Other Published Literature 

	Conclusions 
	References

