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Hierarchically macro-/mesoporous (HMM) materials generally contain at least two distinct populations of

pore sizes with ranges of 2–50 nm and >50 nm; they exhibit promising performance for various

applications, such as water remediation and energy storage, due to the combined advantages of high

surface area, pore accessibility, and porosity. Conventional synthesis of HMM materials typically utilize

multiple templating agents to develop varied sizes of pores, often involving complex processes and the

use of relatively expensive precursors with low recourse-efficiency, leading to significant challenges

toward scaled production. Therefore, development of a simple approach for HMM materials synthesis is

important for facilitating their commercialization and broad use. In this work, we demonstrate

a generalizable method for the fabrication of HMM polymers and carbons using immiscible

thermoplastic elastomer (TPE) blends, through incorporating a small amount of polystyrene-block-

polyisoprene-block-polystyrene (SIS) within the matrix of polystyrene-block-poly(ethylene-ran-

butylene)-block-polystyrene (SEBS), followed by sulfonation-induced crosslinking. During this reaction,

the presence of SIS not only leads to the formation of macropores from released gaseous products, but

it also facilitates the selective degradation of polystyrene domains to develop ordered mesopores. These

porous polymers can then be converted to HMM carbons upon pyrolysis, where ordered nanostructures

can be retained. This approach to produce HMM materials can be generalized to different selections of

TPE blends with varied precursor identity and molecular weight. Furthermore, we demonstrate that HMM

polymers can be employed as sorbents for the efficient removal of heavy metals from aqueous systems,

while their derived carbons are efficient for organic pollutant remediation. We believe this work

demonstrates a simple and robust approach with great potential for the scaled manufacturing of HMM

materials to enable their broad use in practical applications.
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1. Introduction

Hierarchically macro-/mesoporous (HMM) materials have
attracted broad interests in various applications, including
catalysis,1–4 water remediation,5–8 energy storage,9–11 and
biomedicine,12–15 due to their collective advantages of tunable
framework chemistry, uniform pore sizes and structures,
enhanced pore accessibility, and relatively high surface areas,16

which can enable facilitated guest molecule sorption, transport,
and diffusion within pore channels. In general, HMMmaterials
can outperform their mesoporous counterparts due to the
introduction of macropores,17 which lead to improved active
site exposure that promotes enhanced transport along chan-
nels.18 For example, HMM carbons prepared through co-
assembly of bottlebrush block copolymers, linear block copol-
ymers, and a phenol-formaldehyde resin to form “planet-satel-
lite” morphologies were found to exhibit enhanced
supercapacitor performance compared to monomodal porous
carbons.19

A common approach to synthesize HMM materials is
through the combined use of two or more templating agents for
developing pores with distinct characteristic sizes.20 In most
strategies, framework precursors are self-assembled with block
copolymers (BCPs) and/or amphiphilic surfactants, which upon
removal, can form mesopores and/or macropores.21 Moreover,
a high internal phase emulsion (HIPE) templating method can
be employed,22,23 wheremonomers are polymerized in situ in the
external phase of the emulsion followed by removal of the
internal phase; in these systems synthesis of HMM materials
can be achieved through coupling mesopore-forming
compounds within an interconnected macroporous structure.
While these conventional methods allow for the structural
control in HMM materials through varying template/precursor
selection and composition, they oen require complex
processes for material preparation, having low resource effi-
ciency due to the removal of templating agents, as well as using
expensive precursors.

Alternatively, direct conversion of self-assembled BCPs to
mesoporous materials has attracted signicant interest,24,25 due
to its simplied reaction pathway compared to templating-
based methods. In these systems, BCPs typically contain at
least two distinct segments for developing pores and frame-
works respectively.26 Signicant efforts in the direct synthesis of
mesoporous materials have utilized polyacrylonitrile (PAN)-
based BCP precursors, specically for ordered mesoporous
carbon (OMC).27 The PAN majority phase can be readily cross-
linked at elevated temperatures and acts as the carbon
precursor while the minority phase directs nanostructure and
forms pores upon pyrolysis. We note there are several strategies
for preparing hierarchically porous polymers,28–30 such as the
combination of polymerization-induced microphase separation
in addition to hyper-crosslinking with poly(4-vinylbenzyl chlo-
ride-co-divinylbenzene) and polylactide acid, which was shown
to develop well-dened mesopores and micropores.31 Despite
various synthetic routes and application demonstrations of
hierarchically porous materials, the lack of a simple and cost-

effective method to produce HMM materials through direct
pyrolysis at scale limits their transformative impacts. Address-
ing this challenge is essential to enable the scaled production of
HMM materials and unlock their great potential for addressing
various practical applications.32–35

In this work, we demonstrate a simple and universal strategy
to prepare HMM materials using low-cost, commodity TPE
blends as precursors, including porous polymers and carbons.
Specically, incorporation of a small amount of poly(styrene)-
block-poly(isoprene)-block-poly(styrene) (SIS) into a poly(-
styrene)-block-poly(ethylene-ran-butylene)-block-poly(styrene)
(SEBS) matrix leads to macrophase separation between distinct
BCPs, while retaining ordered nanostructures from self-
assembly. Noteworthily, it is found that introducing SIS addi-
tives can result in selective cleavage of polystyrene domains
upon sulfonation-induced crosslinking, leading to a stream-
lined approach to prepare HMM polymers. Through a subse-
quent pyrolysis step, HMM carbons can be produced containing
ordered mesostructures; we note that SIS and SEBS are
responsible for the formation macropores and mesopores,
respectively. The impact of SIS loading content on the structure
development of HMM materials is investigated, while the
generalizability of this synthesis approach is conrmed by
extending to other commodity TPE blend systems. Further-
more, HMM polymers can exhibit rapid sorption performance
for the removal of heavy metals from water due to their large
amount of negatively charged groups (sulfonic acid groups) on
the pore surface, whereas HMM carbons can be employed for
the removal of organic pollutants from aqueous systems,
leveraging their high surface area and excellent pore
accessibility.

2. Experimental section
2.1. Materials

Poly(styrene)-block-poly(ethylene-ran-butylene)-block-poly(-
styrene) (SEBS; Mw: 118 000 g mol−1, Đ: 1.59, fPS = 20 wt%; Mw:
89 000 g mol−1, Đ: 1.56, fPS = 20 wt%; Mw: 100 000 g mol−1, Đ:
1.67, fPS = 18 wt%), poly(styrene)-block-poly(isoprene)-block-
poly(styrene) (SIS; Mw: 102 500 g mol−1, Đ: 1.12, fPS = 14 wt%),
poly(methyl methacrylate) (Mw: 38 000 g mol−1), sulfuric acid
(98%), rhodamine B (97%), nickel(ll) nitrate hexahydrate
(99.9%), and toluene (>99.5%) were obtained from Sigma
Aldrich. Cobalt(II) chloride hexahydrate (98–100%) and nickel(II)
chloride hexahydrate (99.95%) were purchased from Thermo
Scientic (Thermo Scientic, Waltham, MA). Nitric acid trace
metal grade was obtained from Fisher Scientic (Fisher, Wal-
tham, MA). Deionized (DI) water was obtained through a Milli-
pore Sigma Milli-Q IQ 7003 ultrapure lab water purication
system.

2.2. Synthesis of TPE blend-derived HMM materials

To synthesize HMM polymers using thermoplastic elastomer
(TPE) blends, parent solutions of SEBS and SIS were rst
prepared at 5 wt% in toluene. Following this step, 10 g of the
SEBS solution and a varied amount of SIS (between 0.1 and 1 g)

13140 | J. Mater. Chem. A, 2024, 12, 13139–13152 This journal is © The Royal Society of Chemistry 2024
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were blended, drop-cast onto Petri dishes, and dried overnight
through slow solvent evaporation. These lms were then
removed for subsequent processing. For performing
sulfonation-induced crosslinking reaction, 2 g of polymer blend
lm and 5 g of sulfuric acid were introduced, and the mixture
was heated to 145 °C for varying amounts of time. Different
amounts of sulfuric acid relative to polymer precursor ratios
(ranging from 2.5 to 10 g) were also investigated to determine
their inuence of the crosslinking reaction, where a minimal
inuence was observed up until a minimum amount that is
required for ensuring complete submersion of the polymer in
the reaction mixture (Fig. S1†). Following sulfonation, cross-
linked lms were then washed with DI water three times in
order to remove residual sulfuric acid and byproducts, which
were then completely dried at 125 °C overnight. To prepare
HMM carbons, crosslinked polymer was then carbonized using
an MTI Corporation OTF-1200× tube furnace with a rate of 1 °
C min−1 to 600 °C and 5 °C min−1 to 800 °C under a nitrogen
environment, with a total carbonization time of 640 min. Aer
reaching 800 °C, the furnace was naturally cooled down to room
temperature.

2.3. General characterization

The chemical composition of prepared samples was investi-
gated using a Thermo Nicolet 6700 Fourier transform infrared
(FTIR) spectrometer with a Smart iTR attenuated total reection
accessory and a scan range of 4000–600 cm−1. The measure-
ments were performed through averaging over 32 scans at
a resolution of 4 cm−1. Atomic force microscopy (AFM) analysis
of TPE blends was conducted using a Dimension Icon atomic
force microscope (Bruker) in Peak-Force Tapping mode. Nano-
Scope soware was utilized for AFM scanning, and the images
were analyzed and processed using NanoScope Analysis 3.0.
Peak-Force Tapping mode imaging was performed using
a sharp antimony (n) doped Si cantilever (RTESPA-300, nominal
tip radius of 8 nm; nominal resonance frequency of 300 kHz;
nominal spring constant 40 N m−1) in a standard probe holder
under ambient conditions with 256× 256 data point resolution.
To further study the nanostructure of TPE blends and their
derived porous materials, small-angle X-ray scattering (SAXS)
was carried out with a Xeuss 2.0 laboratory beamline (Xenocs
Inc.) with an X-ray energy of 8.05 keV and a sample-to-detector
distance of 3.86 m. The domain spacing of samples, d, was
determined by d = 2p/q*, where q* is the scattering vector from
the primary ordering peak's position within the scattering
spectra. Scanning electron microscopy (SEM) was performed
using a Zeiss Ultra 60 eld-emission SEM to characterize the
morphology of TPE blend derived porous samples with an
accelerating voltage of 15 kV.

A Micromeritics Tristar II 3020 was used for performing
nitrogen physisorption measurements at 77 K and carbon
dioxide physisorption measurements at 273 K, where surface
areas were determined by Brunauer–Emmett–Teller (BET)
theory and non-local density functional theory (NLDFT) analysis
with a carbon slit model was utilized for pore size distribution
analysis. X-ray photoelectron spectroscopy (XPS)

characterization was performed by a ESCALAB Xi+ spectrometer
(Thermo Fisher), equipped with a MAGCIS Ar+/Arn+ gas cluster
ion sputter gun and a monochromatic Al X-ray source (1486.6
eV). A takeoff angle of 90° from the surface and a base pressure
of 3 × 10−7 mbar in the analysis chamber was set for spectral
acquisition. Thermo Fisher Avantage soware was used for
spectral analysis.

2.4. Dye and ion sorption study

To evaluate the adsorption performance of HMM carbons,
rhodamine B aqueous solutions with varied concentrations
(from 50 to 800 mg L−1) were prepared by dissolving the
appropriate level of dye in 250 mL DI water. 0.02 g of porous
carbon were introduced to 20 mL of dye solutions. To determine
adsorption kinetics, aliquots at several time points were taken
for the 50 mg L−1 concentration and then characterized with
a Thermo Scientic Genesys 30 visible spectrometer to deter-
mine the maximum absorbance. Adsorption capacities were
evaluated at several dye concentrations by shaking samples for
7 days, followed by determining quantity of dye adsorbed.

To evaluate the metal ion adsorption performance of HMM
polymer, the metal chloride salts were dissolved in DI water and
then diluted to prepare solutions with varying metal ion
concentrations ranging from 5 mg L−1 to 5000 mg L−1. For the
adsorption kinetic experiment, 0.04 g of HMM polymer was
added into 20 mL solutions containing 12 mg L−1 of metal ions
in 250 mL Erlenmeyer asks. These asks were placed in
a shaking incubator at 20 °C, agitating at a speed of 300 rpm
(round per minute). At designated sampling time points, 100 mL
solutions were taken from the asks. Aer centrifugation for
20 s, 60 mL of the supernatant was collected and mixed with DI
water and 1% nitric acid to achieve a nal volume of 1800 mL.
Residual metal ion concentrations were determined using Agi-
lent 5100 ICP-OES (Agilent, Santa Clara, CA). For the adsorption
isotherm experiment, 1 mL solutions with varying metal ion
concentrations (5 mg L−1 to 5000 mg L−1) were combined with
0.01 g of HMM polymer in 15 mL tubes. These mixtures were
subjected to the same conditions as the kinetic experiment and
incubated overnight. Subsequently, the same procedure
employed in the adsorption kinetic experiment was followed to
prepare samples and quantify the metal ion concentrations.

For sorption measurements, the quantity adsorbed (qt) was
found with the following equation:

qt ¼ ðCo  CeÞ  V

M
(1)

where V is the solution's volume (L), M is the adsorbent mass
(g), and Co and Ce are the initial and equilibrium dye concen-
trations (mg L−1), respectively. Adsorption kinetics were then t
to a pseudo-rst-order adsorption model expressed as follows:

logðqe  qtÞ ¼ log qe  k1

2:303
t (2)

where qe (mg g−1) is the amount of dye absorbed onto the
sorbent at equilibrium, qt (mg g−1) is the amount of dye
absorbed onto the sorbent at time t (h), and k1 (g mg−1 h−1) is

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A, 2024, 12, 13139–13152 | 13141

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
1 

M
ay

 2
02

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f S
ou

th
er

n 
M

is
si

ss
ip

pi
 o

n 
1/

29
/2

02
5 

8:
08

:0
8 

PM
. 

View Article Online

https://doi.org/10.1039/d4ta01590h


the pseudo-rst-order rate constant. Adsorption isotherms were
t to a Langmuir model expressed as follows:

qe ¼ qmKLCe

1þ CeKL

(3)

where qe (mg g−1) is the amount of dye adsorbed onto the
sorbent at equilibrium, qm (mg g−1) is the maximum adsorption
capacity of the sorbent at equilibrium, Ce (mg L−1) is the equi-
librium dye concentration, and KL is the Langmuir equilibrium
constant which represents the affinity of sorbent binding sites.
The recyclability of HMM carbon sorbents was assessed by
determining the equilibration adsorption capacity with
a rhodamine b concentration of 400 mg mL−1 followed by
thermal treatment to regenerate the sorbent following dye
adsorption. Specically, the sorbent was collected, dried, and
exposed to 600 °C under an inert environment for 2 h and
repeated for a total of 4 cycles.

3. Results and discussion
3.1. Fabrication of hierarchically macro-/mesoporous
(HMM) polymers

HMM polymers were fabricated by using TPE blends as
precursors through two steps including mixing, where varied

loading content of SIS (from 1 to 10 wt%) was introduced to
a SEBS matrix, and sulfonation-enabled crosslinking. In this
study, SEBS-SIS blends are referred to as SIS-x, where x repre-
sents the loading level (wt%) of SIS. Briey, SEBS-SIS blends
were solution cast to establish self-assembled nanostructure
through slow solvent evaporation. These TPE blend samples
were then submerged in concentrated sulfuric acid at 145 °C to
undergo crosslinking. For both TPEs, at elevated temperatures
sulfuric acid readily diffuses and reacts with all blocks,
including olenic and polystyrene phases. Specically, the
polystyrene blocks can undergo a sulfonation reaction where
sulfonic acid groups are introduced to the aromatic rings
preferentially at the para position.26 For polyolen segments,
including poly(ethylene-ran-butylene) and polyisoprene blocks,
sulfuric acid reacts with the polymeric backbone and introduces
sulfonic acid groups to the polymer chain, which can then
undergo homolytic dissociation, producing double bonds
within the backbone. Followed by a series of additional reac-
tions, functionalized polyolens can undergo intermolecular
crosslinking through a radical–radical coupling mechanism.
Subsequently, SEBS-SIS blends were then washed by DI water to
remove residual acid and byproducts, and then dried. It was
observed in this work that inclusion of SIS resulted in cleavage
of polystyrene blocks from the TPE blend matrix, forming

Fig. 1 AFM phase images of the (a) neat SEBS film and SEBS-SIS blends with (b) 1, (c) 5, and (d) 10 wt% SIS. (e) Chemical structures of SEBS and SIS
with a schematic demonstrating macrophase separation behavior as a function of SIS concentration.

13142 | J. Mater. Chem. A, 2024, 12, 13139–13152 This journal is © The Royal Society of Chemistry 2024
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hierarchically macro-/mesoporous crosslinked polymers. The
ability to obtain HMM polymers without a calcination step is
highly advantageous due to its lower energy consumption,
simplied manufacturing process, and retention of functional
groups in the polymer framework, which may be lost upon high
temperature treatment from pyrolysis steps.

Bulk SEBS has a cylindrical morphology as shown in AFM
image (Fig. 1a), which exhibits minimal change aer the addi-
tion of 1 wt% SIS (Fig. 1b), indicating efficient mixing between
these two TPEs. At greater loadings of SIS (5 and 10 wt%), large
spherical features (>100 nm) are observed (Fig. 1c and d), which
are associated with macrophase separation between SIS and
SEBS, while nanoscale self-assembly of TPEs can also be
observed. The macrophase separation between SIS and SEBS
has been previously reported,36,37 driven by the increased
interfacial tension due to lack of favorable interaction.38 As
shown in Fig. 1, increasing SIS content was observed to increase
the size of macro-domains due to further enhanced polymer
blend phase separation. Additionally, the maximum roughness
depth was observed to increase with higher SIS loading content,
shown in Table S1.† The change in TPE-blend morphology from
efficient mixing to macrophase separation with increasing SIS
loading content is illustrated in Fig. 1e, and these altered
polymer blend structures may impact their subsequent
sulfonation-enabled crosslinking behaviors.

The progression of sulfonation-induced crosslinking reac-
tion at 145 °C was monitored through FTIR spectra to probe
changes in the chemical composition of bulk SEBS and SEBS-
SIS blends (Fig. 2a–d). Changes in several characteristic vibra-
tions can be observed, including the bands at 2910 cm−1 and
2850 cm−1 which correspond to alkyl stretching of the poly-
olen backbone. This band gradually decreases with increasing
reaction time and becomes nearly absent aer 3 h for the bulk
SEBS, which is in good agreement with a previous report
investigating the sulfonation of SEBS.26 In comparison, SIS-1
exhibited an accelerated decay in intensity with alkyl stretch-
ing. This enhanced reaction progression is slightly increased
with the SIS-5 blend, where the alkyl stretch is nearly absent
following 1 h reaction time. This behavior is shown to slightly
lessen at even higher loadings, where SIS-10 still exhibits
accelerated chemical transformation compared to bulk SEBS,
though slower than SIS-1 and SIS-5. These results suggest

potentially enhanced crosslinking kinetics of SEBS-SIS blends
in comparison to the bulk SEBS system. We note that alkyl
stretching should not completely disappear even in a fully
crosslinked sample, while this characteristic peak can become
convoluted and hidden from the band corresponding to
hydroxyl stretching. Hydroxyl stretching (∼3350 cm−1) is rapidly
developed within 30 min for all samples, while a band at
1600 cm−1 becomes apparent and increases in intensity with
extended reaction times, which is associated with the formation
of alkenes in the olenic backbone, further indicating the
progression of crosslinking. With increasing reaction times,
bands between 1700 cm−1 and 1600 cm−1 are also observed
which suggest side reactions occurred, corresponding to the
possible formation of carboxylic acids, ketones, and aldehydes.
However, for SEBS-SIS blends with even longer reaction times
up to 3 h, these bands convolute once again into a broad peak.
Moreover, the introduction of sulfonic acid groups into the
polystyrene backbone can be observed with the development of
a characteristic band at 1000 cm−1, while their addition to the
polyolen backbone is observed at 1030 cm−1. Interestingly,
bulk SEBS shows these two bands retaining signicant intensity
at longer sulfonation times, whereas the SEBS-SIS blends at
early reaction times show a reduced intensity of the peak
associated with sulfonic acid groups within the polystyrene
backbone. For SEBS-SIS blends, the band at 1000 cm−1 is rst
observed to decrease in intensity and then merge with band at
1030 cm−1 at longer reaction times. This decrease and subse-
quent convolution of the band associated with sulfonic acid
groups within the polystyrene backbone suggests a decrease in
the relative amount of sulfonated polystyrene within SEBS-SIS
blends in comparison to the bulk SEBS following sulfonation-
based crosslinking. Overall, the chemical structure evolution
indicates that the well dispersed and marginally phase sepa-
rated morphologies can lead to faster reaction kinetics. This
reaction kinetics difference may be due to the presence of SIS
molecules promoting the crosslinking reaction within SEBS
domains. In a previous work, it was found that bulk SEBS
required 4 h at 150 °C to fully crosslink, conrmed by FTIR, gel
fraction and mass gain, while 90 min is required for bulk SIS at
140 °C;39 here, we observe the inclusion of SIS can potentially
improve crosslinking kinetics of TPE blends.

Fig. 2 (a) FTIR spectra as a function of sulfonation time for (a) the bulk SEBS and SEBS-SIS blends with (b) 1, (c) 5, and (d) 10 wt% SIS.
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The nanostructure of SEBS-SIS precursors upon blending
and sulfonation can be studied through SAXSmeasurements, as
shown in Fig. 3a, where the neat SEBS has a primary ordering
peak (q*) of 0.20 nm−1, corresponding to a domain spacing of
31.4 nm. Additional higher ordering peaks at O3q* further
conrm the presence of hexagonally packed cylindrical
morphology in SEBS. For comparison, bulk SIS has a domain
spacing of 28.4 nm (Fig. S2†). With 1 wt% SIS loading, the
averaged domain spacing decreased slightly to 31.1 nm fol-
lowed by a further decrease to 30.3 and 29.7 nm for 5 and
10 wt%, respectively, while a slight broadening of the primary
peak is also observed. The broadening of the primary peak at
higher SIS contents may be due to a slight loss in degree of
ordering or convolution of the primary peak from both SEBS
and SIS contributions. To assess this, the full width at half-
maxima (FWHM) was determined by tting the primary scat-
tering peak to a Gaussian model. It was found that the bulk
SEBS has a FWHM of 0.035 nm−1 which then increases to 0.064
nm−1 with SIS-1, indicating a slight loss in the degree of
ordering following blending. The FWHM of primary scattering
peak of SIS-5 and SIS-10 is 0.049 nm−1 and 0.078 nm−1,
respectively, indicating their reduced nanostructural ordering
compared to the bulk SEBS samples.

To determine how nanostructure is impacted by the sulfo-
nation reaction, SAXS was carried out following 1 h and 2 h of
sulfonation time (Fig. 3b and c). The domain spacing of the bulk
SEBS increased from 31.4 nm to 35.5 nm and 38.6 nm, aer 1 h
and 2 h of sulfonation time, respectively. This change is due to
both the swelling of polystyrene and polyolen domains upon
reaction.40 With 1 wt% SIS loading, the domain spacing
increases from 31.1 nm to 40.3 nm within the rst hour of
sulfonation-based crosslinking. Following 2 h of reaction time,
the domain spacing further increases to 42.2 nm; this indicates
the majority of the structural rearrangement occurs within the
rst hour, which is faster compared to the bulk SEBS. This
behavior is also observed for the SIS-5 blend, where domain
spacing increases from 30.3 nm to 39.1 nm and 41.6 nm aer
1 h and 2 h of reaction time, respectively. Finally, the SIS-10
sample exhibited a similar trend with a domain spacing of

39.1 and 42.2 nm following 1 h and 2 h of sulfonation, respec-
tively. These results suggest that the presence of SIS in the SEBS
matrix can play an important role in controlling their
morphological evolution. It has been shown in a previous work
that sulfonation-induced crosslinking of SIS leads to macropore
formation and a complete loss of ordered structures,39 due to
the highly reactive isoprene unit resulting in signicant gaseous
byproducts released from polymer frameworks. From SAXS
results in Fig. 3, it can be observed that mesostructural ordering
of all samples in this study can be retained. The slight increase
in domain spacing for the SEBS-SIS blends, compared to their
SEBS-only counterpart, can be attributed to the portion of SIS
that is efficiently mixed slightly expanding the nanostructure.

Following sulfonation-induced crosslinking for 2 h, cross-
linked TPE blends were characterized using liquid nitrogen
physisorption measurements, which are shown in Fig. 4a. The
bulk SEBS, as anticipated, has no presence of mesopores or
macropores, however, it is very interesting that a type IV
isotherm, indicative of ordered mesoporous materials, is
observed for all SEBS-SIS blends. This result suggests the
inclusion of SIS results in the removal of styrene blocks within
the SEBS majority, leading to the formation of mesopores in the
polymer framework. The pore size distributions of these
samples are shown in Fig. 4b, which are derived from NLDFT
model. It was found that the bulk SEBS has no mesopores,
whereas the crosslinked SEBS-SIS blends have pore size distri-
butions centered at 20.9, 21.9, and 20.0 nm for SIS-1, SIS-5, and
SIS-10, respectively. Moreover, Fig. 4c shows the resulting pore
volume and BET surface areas of different samples, where the
bulk SEBS has a very low pore volume of 0.04 cm3 g−1, which
increases to 1.12, 0.95, and 0.73 cm3 g−1 for SIS-1, SIS-5, and SIS-
10, respectively. The sulfonated SEBS also exhibits a low surface
area of 11 m2 g−1, which increases to 62, 50, and 44 m2 g−1 for
SIS-1, SIS-5, and SIS-10, respectively. For HMM polymers
derived from SEBS-SIS blends, the decreasing pore volume and
surface area with increasing SIS loading level could be attrib-
uted to a relative decrease in SEBS content in the blend systems.

To understand how incorporation of SIS leads to mesopore
formation, nitrogen physisorption experiments were carried out

Fig. 3 SAXS profiles for bulk SEBS and SEBS-SIS films (a) as-cast, (b) after 1 h sulfonation and (c) after 2 h sulfonation.

13144 | J. Mater. Chem. A, 2024, 12, 13139–13152 This journal is © The Royal Society of Chemistry 2024

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
1 

M
ay

 2
02

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f S
ou

th
er

n 
M

is
si

ss
ip

pi
 o

n 
1/

29
/2

02
5 

8:
08

:0
8 

PM
. 

View Article Online

https://doi.org/10.1039/d4ta01590h


for bulk SEBS and SEBS-SIS blends at various sulfonation
reaction times. Fig. 5a displays mesopore volume as a function
of sulfonation time, where the bulk SEBS has minimal pore
volume for the rst few hours, though a slight increase to ∼0.04
cm3 g−1 is observed following 3 h of reaction time. At much
longer reaction times (12 h), no noticeable change is observed
(Fig. S3†). The SEBS-SIS blends have no mesopore volume
within the rst hour of sulfonation, though beginning at 1.5 h
mesopore volume increases to 0.41, 0.33, and 0.25 cm3 g−1 for
SIS-1, SIS-5, and SIS-10, respectively. Following 3 h of reaction
time, mesopore volume appears to plateau with values of 0.40,
0.39, and 0.36 cm3 g−1 for SIS-1, SIS-5, and SIS-10, respectively.
The ability to selectively decompose polystyrene domains in
TPEs through a sulfonation step is intriguing, as this
phenomenon is observed for the rst time. Here we note that
the removal of polystyrene is primarily attributed to the incor-
poration of SIS, while the underlying mechanism can be
complicated. From literature examples, it is established that
degradation of polystyrene to small molecules can occur in
various reaction pathways,41–45 some of which involve the use of
acid and radicals in the systems. For example, it was shown that

commercial polystyrene can be converted to benzoic acid and
benzoyl derivatives under UV light,46 which generate radicals
along the polymer chain that then oxidize and generate peroxy
radicals that cleave the backbone. This can be further improved
with the incorporation of photoinitiators which promote back-
bone oxidation through hydrogen-atom transfer. Here, we
hypothesize the incorporation of highly reactive polyisoprene
units coupled with sulfuric acid and elevated temperatures (145
°C) may lead to a similar mechanism, where polyisoprene in the
minority phase of TPE-blends undergoes reaction with sulfuric
acid generating radical species in the systems. As a result, these
radicals following 1.5 h of reaction time selectively degrade
polystyrene blocks during the crosslinking of the olenic pha-
ses in the presence of strong acid, resulting in the formation of
a crosslinked macro-/mesoporous polymer. To test this
hypothesis, a control experiment was carried out where a blend
of SEBS with a small amount of homopolymer was prepared,
specically 5 wt% poly(methyl methacrylate) (PMMA; Mw: 38
000 g mol−1). Following sulfonation-based crosslinking at 145 °
C for 1 h, no pore formation is observed through nitrogen
physisorption characterization (Fig. S4a†). However, following

Fig. 4 (a) Liquid nitrogen adsorption isotherms for bulk SEBS and SEBS-SIS blends sulfonated for 2 h, where a type IV isotherm is observed for
TPE blend precursors, and (b) associated pore size distributions. For clarity, isotherms were shifted in the Y-direction. (c) Pore volumes and
surface areas as a function of SIS loading.

Fig. 5 (a) Pore volume as a function of sulfonation time for bulk SEBS and SEBS-SIS blends, (b) proposed mechanism for removal of polystyrene
domains, and (c) schematic illustration of the sulfonation-induced crosslinking reaction resulting in formation of both macropores and
mesopores.
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2 h, a type IV isotherm is once again observed through nitrogen
physisorption with a pore size centered at 13.5 nm and a mes-
opore volume of 0.15 cm3 g−1 (Fig. S4b†). Macropores and
mesopores can be visually observed through SEM imaging
(Fig. S4c and d†), though compared to SEBS-SIS blends, less
macropores are observed within the carbon framework in
addition to a reduced ordering in mesopores. The formation of
macro-/mesoporous polymer can be directly attributed to the
presence of 5 wt% homopolymer, where PMMA undergoes acid
hydrolysis during the sulfonation-crosslinking reaction which
forms radical species that can facilitate the formation of porous
polymer.47 However, the reduction in macro- and mesopore
uniformity is due to strong phase separation in the SEBS-PMMA
system. In SEBS-SIS system, macropores can derived from the
formation of gaseous byproducts that result in more uniform
macropore formation. Furthermore, the reduced mesopore
volume in the SEBS-PMMA polymer indicates the SEBS-SIS
system is more efficient for producing macro-/mesoporous
crosslinked polymer. A schematic illustration showing the
conversion of SEBS-SIS blends to HMM polymers is provided in
Fig. 5b. This result conrms that introducing a small amount of
homopolymer that undergoes degradation to form additional
radical species during the sulfonation reaction leads to the
fabrication of a HMM polymer, enabling the cleavage of poly-
styrene groups from the polymer backbone and the formation
of mesopores.

The hierarchical macro-/mesoporous morphology of the
crosslinked polymer was further investigated through SEM
imaging in Fig. 6, where the bulk SEBS sample does not exhibit
either macropores or mesopores upon sulfonation for 2 h. For
the SIS-1 blend, macropores are observed throughout the
structure; this could be a result of the efficient mixing of SIS in
this composition which results in gaseous byproduct formation
and their release creates macropores in the polymer framework.
With the SIS-5 and SIS-10 samples, craters are observed on the
surface of several micron-size with a diameter of ∼4.6 mm for
SIS-5 and ∼14.5 mm for SIS-5, attributed to SIS macrophase
separation. Insets are provided to better observe reaction-
induced macropores, where SIS-1 has a range of sizes between
220 and 460 nm, SIS-5 has a range between 690 and 900 nm, and

SIS-10 has a range between 1.2 and 2.0 mm; their formation is
attributed to sulfonation reaction, which released gaseous
products. These macropore sizes at higher SIS loadings begin to
approach values previously reported for bulk SIS following
sulfonation (4.3–6.0 mm). From Fig. 6, an ordered mesoporous
morphology with averaged pores size centered at 20.6 nm,
21.7 nm, and 19.6 nm is observed through SEM for SIS-1, SIS-5,
and SIS-10, respectively. These SEM imaging results conrm the
formation of both macropores andmesopores in these SEBS-SIS
blend materials, through a simple and scalable sulfonation
reaction process.

3.2. Fabrication of hierarchically macro-/mesoporous
carbon

Following sulfonation-induced crosslinking, porous SEBS-SIS
blends were then converted to HMM carbons through pyrol-
ysis, specically through exposure to temperatures up to 800 °C,
as shown in Fig. 7a. Fig. 7b indicates bulk carbon yield of
different samples as a function of sulfonation time, where SEBS
has a gradual increase to 19, 29, and 38% upon 1, 1.5 and 2 h of
sulfonation time. A plateau at 42% is reached between 3 to 4 h
of reaction time, which is consistent with previous reports.26 For
SIS-1 and SIS-5, a plateau at 43% is reached following 1 h of
reaction time, where SIS-10 reaches a maximum of 43%
following 2 h of sulfonation. Coupling these results with FTIR
and SAXS of the crosslinked analogs, it further conrms the
introduction of SIS leads to accelerated crosslinking kinetics.
Fig. S5† shows TGA thermograms of bulk SEBS and SEBS-SIS
blends sulfonated for 4 h under nitrogen environment upon
800 °C, where the bulk SEBS has a residual mass of approxi-
mately 52%. We note that bulk SIS was previously reported to
have a carbon yield of 35 wt% following sulfonation-based
crosslinking.39 These results conrm that these crosslinked
SEBS-SIS blends have a relatively limited compositional impact
on their nal carbon yield.

Nanostructure of carbons derived in our system was inves-
tigated through SAXS measurements as shown in Fig. 7c, where
for a bulk SEBS sulfonated for 1 h, there is no clear primary
ordering peak, indicating insufficient crosslinking conditions

Fig. 6 SEMmicrographs of bulk SEBS and SEBS-SIS blends sulfonated for 2 h, indicating dual macroporous and mesoporous regimes, with inset
images confirming the presence of macropores (inset heights: 5.9 mm, inset lengths: 8.9 mm).
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that result in complete nanostructure collapse during carbon-
ization. This disruption of ordered nanostructure is not
observed for the SEBS-SIS blends (sulfonated for 1 h), which
have a pronounced primary ordering peak with domain spac-
ings of 35.1, 35.5, and 33.8 nm for SIS-1, SIS-5, and SIS-10,
respectively. Following carbonization of samples sulfonated
for 2 h, SAXS results in Fig. 7d show nanostructure retention of
the bulk SEBS with a domain spacing of 30.7 nm, however this
value is lower than expected for a sufficiently crosslinked
sample. With longer sulfonation reaction times up to 4 h, bulk
SEBS carbon domain spacings reach 34.2 nm, which is consis-
tent with previous reports for a fully crosslinked SEBS
(Fig. S6†).26

Similar to the HMM polymer analogs, a dual macro-/
mesoporous morphology can be observed through SEM
imaging in Fig. 8 for carbonized SEBS-SIS blends with a sulfo-
nation time of 2 h. The bulk SEBS shows no macropores and
a mesoporous morphology can be observed with an averaged
pore size of 19.6 nm. For SIS-1, SIS-5, and SIS-10 derived
carbons, macropores are observed to be retained following
carbonization; their sizes are consistent between blend
compositions for the carbons (with a broad range between 65
and 160 nm, broadly centered at ∼100 nm). The averaged

mesopore size of SIS-1, SIS-5, and SIS-10 derived carbons is
approximately 18.2 nm, 18.6 nm, and 16.9 nm, respectively. The
mesopore shrinkage may be attributed to the increased amount
of macropores in the system, leading to a further weakened
carbon framework. These results conrm the successful prep-
aration of HMM carbons through this facile two-step
sulfonation-based crosslinking and direct pyrolysis approach.

Pore textures of SEBS-SIS blend-derived HMM carbons with
varied precursor compositions were determined through
nitrogen physisorption experiments to assess changes in
porosity, pore size distributions, and BET surface areas. Fig. 9a
shows the nitrogen adsorption isotherms for porous carbons
derived from bulk SEBS and the SEBS-SIS blends. Pore size
distributions are shown in Fig. 9b, where the bulk SEBS exhibits
a pore size distribution centered at 19.2 nm, compared to
18.3 nm, 18.3 nm, 16.1 nm for SIS-1, SIS-5, and SIS-10 derived
carbons, respectively. The slight decrease in pore size for the
blends can be attributed to a weakened carbon framework from
macropore presence leading to increased shrinkage. Further-
more, a similar, marginal shoulder is observed at higher pore
sizes around 40 nm, though this is predominantly observed for
SIS-5. The mesopore volumes and BET surface areas are shown
in Fig. 9c, where the bulk SEBS has a pore volume of 0.11 cm3

Fig. 7 (a) Schematic illustration of pyrolysis under inert environment to produce HMM carbons. (b) Carbon yield as a function of sulfonation time
for bulk SEBS and SEBS-SIS blends. SAXS profiles for (c) 1 h sulfonated and (d) 2 h sulfonated bulk SEBS and SEBS-SIS blends following
carbonization.
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g−1 and surface area of 61 m2 g−1. This is signicantly lower
than a sufficiently crosslinked carbon precursor with 4 h of
sulfonation time, which exhibits a pore volume of 0.41 cm3 g−1

and a surface area of 356 m2 g−1. A mesopore volume of 0.83
cm3 g−1, 0.55 cm3 g−1, and 0.46 cm3 g−1 is observed for carbons
derived from SIS-1, SIS-5, and SIS-10 precursors with a sulfona-
tion time of 2 h, respectively. These results indicate that pore
volumes exceeding the maximum observed for bulk SEBS-
derived OMCs can be achieved by introducing low amounts of
SIS, however these values begin to decrease and approach bulk
SEBS at high SIS loading levels. A similar behavior is observed
with surface area, with SIS-1, SIS-5, and SIS-10 derived HMM
carbons exhibiting surface areas 529, 534, and 478 m2 g−1,
respectively. These surface area values are comparable to other
HMM carbons prepared through several dual templating
approaches.11,48–50 Additionally, our process to prepare HMM
carbons results in the incorporation of sulfur heteroatoms that
are retained following conversion to carbon as shown in XPS
results in Fig. S7.† The SEBS control exhibits a sulfur content of
1.1 at%, whereas the 1, 5, and 10 wt% blends exhibit a doping of
0.5, 0.6, and 0.6 at%, respectively. These values are consistent
with previous reports,26 in which the introduction of sulfur

heteroatoms into carbon sorbents may lead to altered interac-
tions between guest molecules and carbon surface.51 This
simple, two-step process of crosslinking and carbonization
using commodity thermoplastic elastomers as precursors is
cost-effective and resource-efficient, providing a signicant
advantage for scaled manufacturing of HMM carbons.

The versatility of this HMM carbon fabrication method was
demonstrated by extending to additional SEBS samples with
different molecular weights, including 89 000 g mol−1 (SEBS-89)
and 100 000 g mol−1 (SEBS-100), allowing control over meso-
pore size through varying precursor identity. These two
precursors were respectively blended with 5 wt% SIS, following
a similar reaction procedure as described in previous sections
(i.e. 2 h sulfonation at 145 °C). Their chemical composition is
also provided in the Experimental section. The SAXS prole of
HMM carbon derived from SEBS-89 exhibited a lower domain
spacing of 24.3 nm, compared to 30.7 nm of the model SEBS
system (Fig. 10a), while an increase in the degree of ordering
was observed. The liquid nitrogen physisorption measurements
(Fig. 10b and c) show a uniform pore size distribution centered
at 12.9 nm, further conrming the smaller pore size obtained
from using a lower molecular weight SEBS precursor, with

Fig. 8 SEMmicrographs of carbonized SEBS and SEBS-SIS blends, indicating retention of dual macroporous andmesoporous regimes following
carbonization.

Fig. 9 (a) Nitrogen adsorption isotherms for carbonized bulk SEBS and SEBS-SIS blends, where a type IV isotherm is observed, and (b) associated
pore size distributions. For clarity, isotherms were shifted in the Y-direction. (c) Mesopore volumes and surface areas as a function of SIS loading.
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a pore volume of 0.67 cm3 g−1 and a BET surface area of 500 m2

g−1, signicantly greater than the 216 m2 g−1 previously re-
ported for the bulk SEBS-89 precursor.26 Additionally, a dual
macro-/mesopore morphology can be observed through SEM
imaging (Fig. 10d and e). The broad generalizability of this
synthetic strategy is further demonstrated with a SEBS-100
precursor, where the formation of HMM carbons with well-
ordered mesopore morphologies are conrmed through SAXS
(Fig. 10f); this material has an averaged domain spacing of
25.2 nm, pore size (Fig. 10g and h) centered around 13.5 nm,
a pore volume of 0.84 cm3 g−1, and surface area of 526 m2 g−1.
Furthermore, the nitrogen adsorption isotherm and pore size
distribution of SEBS-89 and SEBS-100 suggest the presence of
micropores. To better assess their microporous characteristics,
carbon dioxide physisorption measurements were conducted
and micropore size distributions were extracted with NLDFT
modeling. The CO2 adsorption isotherms are shown in Fig. S8†
for both SEBS-89 and SEBS-100. The combined pore size
distributions determined from CO2 and N2 isotherms display
the dual micro- and mesoporous regimes of SEBS-89 and SEBS-
100 (Fig. S9†). As shown in Fig. 10i and j, SEM imaging conrms
the presence of macropores with a range of 50–110 nm and
ordered mesopores in derived carbon samples. With tailorable
mesopore textures controlled through precursor selection, the
broad applicability and robustness of this synthetic route is
demonstrated toward attaining different HMM materials with
altered hierarchical morphology.

3.3. Application of HMM materials as sorbents for water
remediation

An important application of HMM polymers is their use as
sorbents for water remediation, where the removal of toxic
heavy metal ions from aqueous environments has been
demonstrated with various polymeric systems.52–57 To demon-
strate the practical application of TPE blend-derived HMM

polymers, adsorption studies were carried out with two model
compounds, including Co2+ and Ni2+. Specically, the SIS-5
HMM polymer was selected for investigating adsorption
kinetics for the two metal ions through monitoring the change
in metal ion concentration over contact time, starting with an
initial concentration of 12 mg L−1. Fig. 11a and b show that SIS-
5 HMM polymer achieved adsorption equilibrium for Co2+ and
Ni2+ within only 20 minutes, accompanied by signicantly high
removal rates for Co2+ and Ni2+ (95.3% and 92.9%, respectively),
which surpass efficiencies reported in many previous
studies.58–61 The adsorbed concentrations of Co2+ and Ni2+

reached 5.96 and 5.87 mg g−1, respectively, despite their low
initial concentrations, suggesting rapid kinetics and strong
affinity of our HMM polymer for heavy metal ions. The
adsorption isotherms of HMM polymer for both Co2+ and Ni2+

t well with the Langmuir model as observed in Fig. 11c, where
Co2+ exhibited a maximum adsorption capacity (qm) of 49.7 mg
g−1 and a Langmuir equilibrium constant (KL) of 0.192 L mg−1,
while Ni2+ showed a qm of 74.9 mg g−1 and a KL of 8.42 × 10−3 L
mg−1 (Table S2†). These parameters are comparable to or better
than the values reported for other polymers as shown in Tables
S3 and S4.† (ref. 59–67) Specically, in terms of Co2+ adsorption,
our HMM polymer exhibited both qm and KL values that rank
among the highest compared to those reported in other
studies.59–61,63–67 For instance, the qm of our polymer is approx-
imately 14 times higher than that of an anthranilic acid – 2-
aminopyridine – formaldehyde terpolymer,64 and the KL is
about 7 times higher than that of a mesoporous silica-
supported polyethyleneimine.60 Notably, the adsorption of
Co2+ on our HMM polymer reached equilibrium in just 20
minutes, 3–15 times faster than other polymers listed in Table
S3,† suggesting the fast kinetics of Co2+ adsorption on the HMM
polymer, which is crucial for applications in ow-through
columns designed for removing metals from water. Regarding
Ni2+ adsorption, despite exhibiting a relatively small KL value, it

Fig. 10 (a) SAXS profile, (b) nitrogen adsorption isotherm, (c) corresponding pore size distribution, SEM micrographs of (d) mesopore and (e)
macropore regimes for the SEBS-89 precursor. (f) SAXS profile, (g) nitrogen adsorption isotherm, (h) corresponding pore size distribution, SEM
micrographs of (i) mesopore and (j) macropore regimes for the SEBS-100 precursor.
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still reached equilibrium in less than 20 minutes, faster than
most other studies.59,62,64,66,67 Collectively, these ndings provide
fundamental insights into the properties of our HMM polymer
for metal ion adsorption, while highlighting their potential for
metal removal applications. We also note that our method for
preparing HMM polymers employed cost-effective commodity
plastics as the starting materials, in conjugation with a simple
sulfonation steps, which can provide high scalability to address
practical applications.

Following the implementation of HMM polymers as heavy
metal capture agents, we next assessed the application of HMM
carbons. HMM carbons have been shown in several works to have
great promise for the adsorption of organic pollutants from water
streams.5,7,68,69 To show the versatility of HMM materials within
water remediation applications, dye adsorption experiments were
performed with a water-soluble dye, rhodamine b, as a model
system. Specically, the SEBS-89 precursor with 5 wt% SIS was
selected and compared to an OMC control derived from the same
precursor (prepared with the absence of SIS polymer). Adsorption
kinetics were rst assessed by investigating the adsorption
capacity as a function of contact time for a concentration of
50 mg L−1 (Fig. 12a). The HMM carbon exhibited enhanced
adsorption kinetics and a higher equilibrated adsorption capacity
(98 mg g−1) in comparison to the OMC control (51 mg g−1). The
adsorption kinetics results were then t to a pseudo rst-order

model (Fig. S10†) and displayed good accordance with both the
control (qe,cal = 52.8, R2 = 0.995) and the HMM carbon (qe,cal =
96.0, R2 = 0.998). The rate constant of the HMM carbon (1.982
h−1) at the 50 mg mL−1 concentration was also higher than the
OMC control (1.723 h−1), where the enhanced pore accessibility
and mass transport associated with the introduction of macro-
pores lead to improved sorption performance. A previous study
shows that an ordered mesoporous carbon prepared through
a conventional so-templating approach,70 followed by doping
with cobalt, resulted in slightly higher adsorption capacity
(151.7 mg g−1) and rate constant (0.15 h−1) when assessed with
a pseudo rst-order model at a rhodamine b concentration of
50 mg mL−1. The slightly higher sorbent performance in their
work could be a result of the higher surface area (955m2 g−1) and/
or the high cobalt loading (8.9 at%) leading to enhanced dye
interactions. Adsorption isotherms were carried out for various
dye concentrations (in the range of 50–800 mg mL−1) to deter-
mine equilibrium adsorption capacities (Fig. 12b), which were t
to a Langmuir isothermmodel. The HMM carbon exhibits higher
adsorption capacities compared to the OMC control at all dye
concentrations with an experimental maximum value of 581 and
533 mg g−1 for the HMM carbon and OMC control, respectively.
The Langmuir constant for the HMM carbon (0.012 L mg−1) is
higher than the control (0.006 L mg−1), while both have compa-
rable qmax values (637 to 641 mg g−1, respectively). The perfor-
mance of HMM materials against pollutants for water
remediation demonstrate how introducing macropores into the
OMC matrix leads to sorbent performance enhancement.

To assess the recyclability of the adsorbent, cycling studies
were performed with the model HMM carbon and rhodamine
b dye at a concentration of 400 mg mL−1. Following determi-
nation of equilibration adsorption capacities, a thermal treat-
ment step was performed similar to previous studies to
decompose adsorbed dyes and regenerate adsorbents.71

Specically, adsorbents were collected, dried, and exposed to
600 °C under an inert environment for 2 h. This process was
repeated for 4 cycles, shown in Table S5,† where the adsorption
capacity was observed to decrease to 40% aer the 2nd cycle,
37% aer the 3rd cycle, and 35% aer the 4th cycle, all
compared to their rst-cycle performance. Following the 4th

Fig. 11 (a) Co2+ adsorption as a function of contact time at an initial metal ion concentration of 12 mg L−1. (b) Ni2+ adsorption as a function of
contact time at an initial metal ion concentration of 12 mg L−1. (c) Co2+ and Ni2+ adsorption isotherms fit with a Langmuir isotherm model for
HMM polymers.

Fig. 12 (a) Dye adsorption as a function of contact time at a concen-
tration of 50 mg mL−1 and (b) adsorption isotherms between 50 and
800 mg mL−1

fit with a Langmuir isotherm model for 5% SIS blend-
derived HMM carbon and an OMC derived from SEBS-89.
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cycle, nitrogen physisorptionmeasurements were conducted on
the regenerated sorbent to examine potential changes in pore
textures (Fig. S11†). Compared to the initial carbon (surface
area: 500 m2 g−1 and pore volume: 0.67 cm3 g−1), the regen-
erated carbon has a slightly reduced surface area (467 m2 g−1)
and pore volume (0.53 cm3 g−1) though it is mostly retained
following 3 cycles of dye adsorption and regeneration. The
decreased pore textures can be attributed to dye decomposition
resulting in slight amounts of deposition onto the carbon
surface. The reduced adsorption capacities of HMM carbon
following cycling tests can be attributed to a combination of
reduced accessible pore areas and a change in the carbon
surface functionalities following initial cycle of dye adsorption
and thermal decomposition. Specically, high temperature
thermal destruction of adsorbed rhodamine b within conned
pores may lead to re-deposition of decomposed byproducts into
the pore surface, and thus alter the sorbent–sorbate interac-
tions. While further research opportunities exist to advance the
cyclability of these HMM carbon sorbents through under-
standing the change in pore textures as a function of recycling
events, as well as development more efficient desorption
methods, we note that the recycling efficiencies of our materials
are comparable to porous carbons from several studies.72–74

4. Conclusions

To unlock the full potential of hierarchically macro-/
mesoporous (HMM) materials, a simple and scalable synthetic
strategy is needed to facilitate their scaled production. In this
work, we report the conversion of commodity thermoplastic
elastomer blends to produce HMM materials, enabled by
sulfonation-induced crosslinking. The incorporation of
isoprene units was found to facilitate the selectively cleavage of
polystyrene domains with the presence of acid, leading to the
fabrication of HMM polymers with a uniform pore size distri-
bution of mesopores. Moreover, low amounts of SIS content can
accelerate crosslinking kinetics. Following exposure to elevated
temperatures for pyrolysis, HMM carbons can be prepared with
ordered mesopore structures. Furthermore, the broad applica-
bility of this approach is demonstrated through extension to
two additional commercial TPE systems, indicating the gener-
alizability of this synthetic platform. Moreover, we demonstrate
that the TPE blend-derived HMM materials can be employed as
high-performance sorbents for the efficient removal of heavy
metal ions and organic pollutants from aqueous systems. This
work provides a streamlined and innovative method for the
preparation of porous materials containing distinct pore sizes
and tailorable morphologies.
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