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a sulfur-doped microporous
carbons from inverse vulcanised polymers†

Jet-Sing M. Lee, Douglas J. Parker, Andrew I. Cooper and Tom Hasell *

Sulfur is not only a highly abundant element, but is also produced as a by-product of the petrochemical

industry. However, it has not been conventionally used to produce functional materials because

polymeric sulfur is unstable, and decomposes back to its monomer. Recently, inverse vulcanisation has

been used to produce stable polymeric materials with elemental sulfur as a major component. Here we

show that an inverse vulcanised polymer produced from sulfur and another low-cost industrial by-

product, dicyclopentadiene, can be made highly microporous by carbonisation. The resultant materials

have a remarkably high surface area of over 2200 m2 g�1, and retain a high level of sulfur content. The

S-doped carbons out perform many higher cost commercial and academic materials in gas adsorption

applications, such as H2, CO2, as well as mercury and gold capture from water.
Introduction

Microporous materials have many important potential applica-
tions, such as to store hydrogen as a greener fuel, carbon dioxide
capture, to prevent global warming, and the ltration of toxic
compounds from wastewater and gas streams to prevent envi-
ronmental pollution. To be relevant to these applications any
potential material must be not only effective, but also low enough
in cost to allow large scale production and use. However, many
proposed microporous materials, such as metal–organic frame-
works or covalent organic frameworks, suffer from a high cost of
production due to the cost of the starting materials – oen
comprising costly metals or rare organic molecules requiring
complex synthesis. The material reported here is produced
entirely from industrial by-products, and with simple chemistry
not requiring solvents. Despite this, the products show excellent
uptakes of both hydrogen and CO2, outperforming many more
expensive commercial and academic materials. Furthermore, the
sulfur incorporated into thesematerials, itself a by-product of the
petrochemicals industry, affords a high affinity for heavy metals
such asmercury or gold. The ltration ofmercury from industrial
waste-water is a signicant and current global health concern,
especially in lower andmiddle income countries. Gold extraction
by hydrometallurgy is a widely used practice to recover gold from
natural ore,1 or increasingly from electrical waste.2 In this
method lixiviants are used to solubilise the gold in an aqueous
phase before it is recovered onto a solid support, commonly
activated carbon.3
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Porous carbonaceous materials have attracted great interest
due to their versatility in gas storage,4 separations,5 catalysis,6

and energy storage applications.7,8 The popularity of porous
carbons is led by their relatively low cost, scalability, and ease of
preparation from a variety of natural and synthetic precursors.
These materials possess high surface areas and pore volumes,
good thermal, chemical, and mechanical stability, high elec-
trical and thermal conductivity, and good processability.9

Heteroatom doping of carbon materials has been suggested as
the “Next Big Thing” in materials science and has gained a great
deal of attention in the last few years.10 While carbonaceous
materials that contain hydrogen, oxygen, and nitrogen elements
have been heavily studied, sulfur has been explored to a much
lesser extent. The properties of porous carbons are inuenced
strongly by their surface functionalities. S-doped carbonaceous
materials have most commonly been produced by melt diffu-
sion of sulfur into porous carbon materials,11 but this approach
requires an additional synthetic step and commonly reduces
the porosity of the material. It would be more efficient to use
a carbonisation precursor with a high initial S-content to
produce a porous, S-doped carbon directly.

Though sulfur has many applications, supply greatly
outweighs demand, thus creating large unwanted stockpiles
and a global issue in the petrochemical industry known as the
“excess sulfur problem”.12 Sulfur is a waste by-product from the
purication of crude oil and gas reserves, which produces �70
million tons of elemental sulfur annually. This quantity will
likely increase as demand for energy pushes the need to use
more contaminated petroleum feed-stocks. There has been
interest in the use of this un-tapped, low-cost sulfur into useful
materials for applications, with the most signicant advance-
ment being a recent development known as “inverse vulcani-
sation”.12–14 The process enables the production of high-sulfur
J. Mater. Chem. A, 2017, 5, 18603–18609 | 18603
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containing polymers by the ring-opening of S8 – a cyclic ring of 8
sulfur atoms, with the addition of a small organic molecule
crosslinker, typically a diene. This crosslinks the sulfur chains
and stabilises the product against de-polymerisation. Because
sulfur is a by-product of the petroleum industry, converting it
into useful polymers and related materials is an advance in
waste valorisation.15 Therefore, co-polymerisation of sulfur with
renewable monomers represents an additional contribution to
sustainability as these reactions are oen solvent free and
benet from full atom economy, further supplementing their
Green Chemistry credentials.15 Suggested applications for these
high sulfur polymers are diverse.12,16 Optical applications arise
from the high refractive index and IR transparency of the
materials.17 Polymeric electrodes can be produced from inverse
vulcanisation to give Li–S batteries with enhanced capacities
and lifetimes.18 Sulfur polymers have also shown potential for
mercury capture,19 which is enhanced if they are made
macroporous.20,21

To date, only two reports have described microporous
materials synthesised directly from elemental sulfur. The rst
involved inverse vulcanisation of sulfur with either di-
isopropenyl benzene (DIB) or limonene, followed by carbon-
isation.22 The second route involved the reaction of aromatic
methyl and amine-substituted monomers with elemental sulfur
directly at elevated temperatures to make benzothiazole poly-
mers.23 Both of these routes gave materials with narrow pore
size distributions, which can be benecial in gas separations,
but also with relatively low Brunauer–Emmett–Teller surface
areas (SABET): 537 m2 g�1 (by nitrogen) as the highest for
carbonised sulfur–DIB co-polymer, and 751 m2 g�1 for the
benzothiazole polymers (by argon). The organic precursors for
the S–DIB and benzothiazole polymers are also considerably
more expensive in comparison with sulfur.

Recently, we reported the use of the low-cost bulk industrial
feed-stock, dicyclopentadiene (DCPD) as a crosslinker for the
inverse vulcanisation of sulfur.24 DCPD is readily available since
it is coproduced in large quantities as a by-product in the steam
cracking of naphtha and gas oils to ethylene. Here we show that
S–DCPD copolymers can be used to produce low cost S-doped
microporous carbons with much higher surface areas
(>2200 m2 g�1) than previously reported.
Experimental section
Materials

Dicyclopentadiene (DCPD) was purchased from Tokyo Chem-
icals Industry. Sulfur and potassium hydroxide were purchased
from Sigma Aldrich. High purity nitrogen was purchased from
BOC. All chemical precursors were used as received without any
further purication. Deionised water was used in ltration and
washing steps of the resultant materials.
Synthesis of S–DCPD

Polymerisation was performed as previously reported.24 Briey:
sulfur (10 g) was heated at 160 �C in a glass vessel with stirring,
until molten, before adding DCPD (10 g). Heating and stirring
18604 | J. Mater. Chem. A, 2017, 5, 18603–18609
were maintained until the reaction mixture became a homoge-
neous phase (typically �20–40 minutes) before decanting into
a silicone mould and curing at 140 �C for 12 h.

Synthesis of directly carbonised materials

In a typical procedure, S–DCPD (300 mg) was homogeneously
ground using a pestle and mortar. The polymer was placed in
a ceramic boat and inserted within a tube furnace. The furnace
was purged with N2 at room temperature for 30 min, heated to
the specied temperature at a rate of 5 �C min�1, held at the set
temperature for the associated time, and nally cooled to room
temperature. The material was used without further purication.

Synthesis of KOH activated carbonised materials

In a typical procedure, S–DCPD (1.0 g) and the associated
amount of KOH was homogeneously ground using a pestle and
mortar. The mixture was placed in a ceramic boat and inserted
within a tube furnace. The furnace was purged with N2 at room
temperature for 30 min, heated to the specied temperature at
a rate of 5 �C min�1, held at the set temperature for 2 h, and
nally cooled to room temperature. The residue was washed
thoroughly with deionised water and 1 M HCl until the ltrate
attained pH 7. The resultant carbons were dried under vacuum
for 1 d at 70 �C.

Mercury and gold uptake studies

A 1000 ppm solution (250 ml) was made up from a stock solu-
tion of chloroauric acid (HAuCl4) or mercury chloride (HgCl2)
and deionised water, with the pH adjusted to 3–4 with the
addition of HCl. For mercury, this was then used to prepare
further solutions of 20, 100, 500 and 750 ppm by serial dilu-
tions. Activated charcoal (Sigma Aldrich, measured at
594m2 g�1) and 1K–S–DCPD were coarsely ground and screened
through a 45 mesh sieve to ensure particles no larger than 350
microns. 12 ml of each solution was decanted in to a series of
glass vials along with either 15, 30 or 60 mg of 1K–S–DCPD or
activated charcoal (for the Hg tests), or 10, 20, 40 and 80 mg (for
the Au tests). The vials were then capped and placed on a roller
for 1 hour at room temperature. Aer 1 hour, the vials were
removed and the test solutions ltered into clean sample vials
using a 0.22 mm lter and a polypropylene syringe. Samples
were analysed along with a water blank and a 1000 ppm control
sample using the same calibrationmethod on the ICP-OES, with
the data being corrected post collection. The data were tted to
a Langmuir isotherm, qA ¼ (KCeQsat)/(1 + KCe), where qA ¼ mg
adsorbate per g adsorbent (mg g�1), K ¼ adsorption parameter
(L mg�1), Ce ¼ equilibrium concentration (mg L�1) and Qsat ¼
maximum capacity (mg g�1).

Results and discussion
Design and porosity of S-doped carbons

S–DCPD was initially carbonised under a ow of nitrogen at
750 �C for 1 h as a direct comparison with the previously re-
ported carbonised inverse vulcanised polymer,22 and the
product was denoted as S–DCPD-750-1. This material became
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Nitrogen adsorption–desorption isotherms of KOH activated
S–DCPD carbons at 77.3 K (the adsorption and desorption branches
are labelled with filled and empty symbols, respectively).
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microporous with a SABET of 403 m2 g�1. A yellow powder
appeared in the tube furnace exhaust due to the leaching of
elemental sulfur, and the resultant material was a shiny grey-
black monolith (Fig. S1a, ESI†). With the aim of increasing
the surface areas, S–DCPD was further carbonised for an
extended time of 2 h and another sample was carbonised at
a higher temperature, 850 �C, for 2 h (S–DCPD-750-2 and S–
DCPD-850, respectively). The nitrogen sorption isotherms for S–
DCPD-750-1 and S–DCPD-750-2 were very similar (Fig. S2, ESI†);
both exhibited type Ia behavior where most of the nitrogen
uptake occurs at P/P0 < 0.02, indicating narrow micropores
(Fig. S3, ESI†), resulting in a SABET of 415 m2 g�1 for S–DCPD-
750-2. S–DCPD-850 also showed a type 1a isotherm, but the
somewhat larger gas uptake at the microporous region resulted
in a higher SABET of 511 m2 g�1. These surface areas are
comparable to previously reported carbonised inverse vulcan-
ised polymers,22 and somewhat low for many applications. We
therefore adopted an alternative carbonisation approach with
the aid of KOH as a chemical activating agent to target higher
surface area S-doped carbons. It is known that the use of KOH
aids in porosity generation via the reaction 6KOH + 2C / 2K +
3H2 + 2K2CO3, followed by the production of CO2 through the
decomposition of K2CO3 which generates further porosity.25

S–DCPD was synthesised and thoroughly mixed with varying
amounts of KOH before being carbonised under a nitrogen ow
for 2 h (Scheme 1). The carbons are referred to as nK–S–DCPD-D
where n is the weight ratio of KOH to S–DCPD andD signies the
carbonisation temperature. The nitrogen sorption isotherms of
the KOH-activated carbonised S–DCPD showed high levels of
microporosity in all samples (Fig. 1). The physical properties of
these carbons and their precursors are summarised in Table 1.
0.5K–S–DCPD-750 showed a type Ib isotherm indicating high
levels ofmicroporosity with pore size distributions over a broader
range compared with the directly carbonised samples (Fig. S3,
ESI†). As the KOH to S–DCPD ratio was increased to 1 : 1 in 1K–S–
DCPD-750, the nitrogen sorption increases, especially in the P/P0
< 0.02 microporous region, resulting in a higher micropore
volume (0.80 versus 0.51 cm3 g�1) and an increase in SABET
(2216 m2 g�1 versus 1792 m2 g�1). Further increases in the KOH
quantity in 2K–S–DCPD-750 and 4K–S–DCPD-750 resulted in
some type IVa character, where a hysteresis loop gradually
appeared at P/P0 ¼ 0.5 indicative of the development of meso-
pores. The SABET values for these hierarchically-porous materials
were 2197 and 1520 m2 g�1, respectively. The micropore
percentage fell from 73% in 1K–S–DCPD-750 to 56% in
Scheme 1 Synthesis of the hypercrosslinked polymers and the subsequ

This journal is © The Royal Society of Chemistry 2017
2K–S–DCPD-750 and 28% in 4K–S–DCPD-750, perhaps because
of an oversaturation of the KOH activating agent causing
micropore collapse. Since S–DCPD contains 50 wt% sulfur,
smaller quantities of KOH activating agent are required
compared with conventional carbonisations, where the precursor
contains a much higher carbon content.26 Higher carbonisation
temperatures (850 �C) were also tested with 1K–S–DCPD-850
since it is known that higher surface areas can be achieved
with temperature optimisation,4 but the resulting carbon yielded
a type Ib isothermwith a SABET of 1599m

2 g�1. The carbonised S–
DCPDmaterials retain a signicant amount of their parent sulfur
heteroatom in their structure—up to 18.16 wt%—showing that
incorporation of sulfur into the porous carbon is possible when
using inverse vulcanised polymers as a carbonisation precursor
(Table S1, ESI†). The SABET of 2216 m2 g�1 for 1K–S–DCPD-750
outperforms other microporous S-doped carbons,27 including
carbonisation precursors that were inherently porous and more
costly.28
Characterisation of carbons

Field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) was used to study the
morphology of carbonised S–DCPD products (Fig. 2). The shiny,
monolithic structure from directly carbonising S–DCPD in
S–DCPD-850 is shown in Fig. 2a. The observed structure was
ent carbonisation method.

J. Mater. Chem. A, 2017, 5, 18603–18609 | 18605
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Table 1 Physical properties, H2, CO2, and CH4 uptake of KOH activated S–DCPD carbons

Sample

Surface area (m2 g�1) Pore volumea (cm3 g�1) Gas uptake

BET method Langmuir method Micro-pore Total poreb CO2
c (mmol g�1) CH4

d (mmol g�1) H2
e (wt%)

0.5K–S–DCPD-750 1792 2379 0.51 1.00 2.01 1.07 1.99
1K–S–DCPD-750 2216 2976 0.80 1.09 2.20 1.03 2.09
2K–S–DCPD-750 2197 3015 0.68 1.21 1.79 0.58 1.88
4K–S–DCPD-750 1520 1995 0.26 0.92 1.29 0.50 1.40
1K–S–DCPD-850 1599 2226 0.48 0.84 1.31 0.57 1.41

a Calculated by single point pore volume. b Total pore volume at P/P0 ¼ 0.99. c CO2 uptake at 298 K and 1 bar. d CH4 uptake at 298 K and 1 bar. e H2
uptake at 77 K and 1 bar.
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smooth with few signs of pores on the surface. TEM of the
sample also backed up this observation since the white spots
that are typically indicative of pores were not apparent (Fig. 2b).
The KOH-activated carbonised product, 1K–S–DCPD-750, was
a black powder (Fig. S1b, ESI†) and its rough, particulate surface
was apparent under FE-SEM (Fig. 2c and e). As made, the
particle size is in the mm to cm range (Fig. S1c†), though the
powder can be easily sieved/ground to fractionate into a desired
size range. The bulk density of the powder depends on the
particle size and packing, but is in the range of 0.4–0.5 g cm�3,
comparable to other activated carbons. The skeletal density,
measured by nitrogen pycnometry, is 2.2 g cm�3, slightly higher
than is usual for activated carbons, which tend to be between
2.0 and 2.1 g cm�3. However, this increase in density could be
attributed to the higher mass of sulfur relative to carbon. The
TEM of the porous carbon indicated high porosity, and a lower
density was structure observed (Fig. 2d and f). High-resolution
Fig. 2 FE-SEM images of (a) S–DCPD-850 and (c) 1K–S–DCPD-750.
TEM images of (b) S–DCPD-850 and (d) 1K–S–DCPD-750. Higher (e)
FE-SEM and (f) TEM magnification of 1K–S–DCPD-750.

18606 | J. Mater. Chem. A, 2017, 5, 18603–18609
transmission electron microscopy (HR-TEM) was also used to
examine both types of products and was found that the KOH-
activated sample resulted in a more brous network due to its
greater porosity (Fig. S4, ESI†). The morphology of the KOH-
activated sample was also observed to be more homogeneous
when scanning across the material compared to the directly
carbonised sample, which can be advantageous.

Powder X-ray diffraction patterns of the carbonised products
showed two broad characteristic peaks located at 25 and 43�

(Fig. S5, ESI†), corresponding to the (002) and (100) planes of
hexagonal graphite, respectively, revealing the presence of an
amorphous structure and a low degree of graphitisation.29
CO2, CH4 and H2 storage

The affinities of the S–DCPD carbons towards small gas sorp-
tion (CO2, CH4, and H2) were studied (Fig. 3). The CO2 uptakes
for the KOH-activated materials were tested at room tempera-
ture (ca. 298 K) with the full isotherms shown in Fig. 3a. Table 1
summarises the amount of CO2 absorbed by each material at
a pressure of 1 bar. The CO2 uptake was roughly proportional to
the surface area of each material, with a CO2 uptake of up to
2.20 mmol g�1 for 1K–S–DCPD-750, outperforming recent
reports of sulfur-containing microporous polymers,23 previous
carbonised inverse-vulcanised polymers,22 sulfur-containing
hypercrosslinked microporous polymers,30 and microporous
networks COF-6,31 CMP-1,32 and highly porous PAF-1.33 The CH4

sorption behavior was also tested at 298 K and 1 bar with an
uptake of up to 1.07 mmol g�1 for 0.5K–S–DCPD-750 (Fig. 3b).
H2 uptakes tested at 77 K and 1 bar were high with all
KOH-activated samples, with an uptake of 2.09 wt% observed
from 1K–S–DCPD-750 (Fig. 3c). The large uptakes are due to H2

being purely attracted to a large surface via physisorption as
a result of weak van der Waals interactions. The H2 uptake is
more than three times larger than the previously reported
carbonised inverse vulcanised polymers; this a dramatic
improvement for this cheap synthetic method,22 although more
striking results were found at higher gas pressures, as discussed
below. The absorption of small gases were also evaluated at
pressures of up to 10 bar for the optimised sample, 1K–S–DCPD-
750 (Fig. 3d). This material adsorbed up to 10.1 mmol g�1 of
CO2 at 298 K with no sign of saturation, matching and out-
performing more costly materials such as carbonised poly-
acrylonitrile AC-3000,34 mesoporous silica templated carbon
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) CO2 sorption isotherms at 298 K over pressure range 0–1 bar. (b) CH4 sorption isotherms at 298 K over pressure range 0–1 bar. (c) H2

sorption isotherms at 77 K over pressure range 0–1 bar. (d) CO2 and CH4 sorption isotherms at 298 K and H2 sorption isotherms at 77 K of 1K–S–
DCPD-750 over pressure range 0–10 bar. The adsorption and desorption branches are labelled with filled and empty symbols, respectively.
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IBN-9,35 and directly carbonised MOF-74 and MIL-53.36 1K–S–
DCPD-750 adsorbs 2.74 wt% H2 at 77 K and 10 bar, out-
performing industrial BPL activated carbon,31 and exceeding
porous carbons 12ACA-800 made from carbon aerogel via
subcritical drying,37 AC-C4 (activated at very high temperatures
with further activation using CO2 gas),38 and even porous
carbons measured at high pressures of over 60 bar.39
Heavy metal capture studies

The S-doping in the structure of these microporous carbons
may have further benets, such as providing anchor sites for
metal catalysts. The combination of high surfaces areas, hier-
archical porosity, and high sulfur loading is also very attractive
for the removal of trace heavy metals from water. Mercury
pollution from industrial wastewater is a signicant global
health concern because of its relatively high solubility in water
and tendency to bioaccumulate and cause severe toxic effects.40

Sulfur is known to have a high affinity for mercury, and there-
fore 1K–S–DCPD-750 was tested for the capture of HgCl2 from
water (Fig. 4). 1K–S–DCPD-750 showed a greatly enhanced
uptake of mercury in comparison to activated carbon, especially
This journal is © The Royal Society of Chemistry 2017
at low mercury concentrations. The higher uptake of Hg by
1K–S–DCPD-750 is not simply a result of the higher surface area,
as this enhancement is not the case for other metals (Fig. S7†),
but instead is a result of the incorporation sulfur functional
groups. Activated carbons are frequently used for the adsorp-
tion of mercury from wastewater, and they generally show
maximum Hg uptakes in the �10–500 mg g�1 range.41 Activated
carbons post-synthetically doped with also sulfur tend to also
fall within this range, e.g. a recent optimisation study on
commercially available activated carbon impregnated with
sulfur showed a maximum adsorption capacity of 294 mg g�1.42

At an equilibrium Hg concentration of �10 ppm, 1K–S–DCPD-
750 absorbed over 15 times more Hg than the activated
carbon control (151mg g�1 versus 7.8 mg g�1). Fitting these data
to a Langmuir isotherm also indicated a higher maximum
saturation capacity for the sulfur loaded material (850 mg g�1

versus 498 mg g�1) and adsorption parameters that were over
20 times higher (0.058 Lmg�1 versus 0.0028mg g�1). Absorption
of mercury at low concentrations (<1 mg g�1) has particular
practical relevance. For example, the Environmental Protection
Agency has set a maximum contaminant level goal for mercury
of 0.002 mg L�1, or 1 � 10�6 mg g�1.29
J. Mater. Chem. A, 2017, 5, 18603–18609 | 18607
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Fig. 4 The adsorption isotherm of mercury (as aqueous HgCl2) into
samples of carbonised sulfur polymer (orange circles) and conven-
tional activated carbon (black squares), with Langmuir isotherm fitting
shown as red lines.

Fig. 5 The adsorption isotherm of gold (as aqueous HAuCl4) into
samples of carbonised sulfur polymer (red circles) and conventional
activated carbon (black squares), with Langmuir isotherm fitting shown
red lines.
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The precipitation of gold from chloride solutions by acti-
vated carbon is of interest not only for the recovery and
concentration of gold in hydrometallurgical extraction, but also
in catalysis, electronics, and biotechnology.3 This higher surface
area, and specic affinity of the incorporated sulfur for Au, gives
the 1K–S–DCPD-750 a much higher uptake of gold in compar-
ison to a standard activated carbon (Fig. 5). Fitting these data to
a Langmuir isotherm gave saturation capacities of 1497 mg g�1

for the sulfur loaded material compared to 541 mg g�1 for
standard activated carbon, with corresponding adsorption
parameters of 1.3 L mg�1 and 0.6 L mg�1 respectively.
Conclusions

In summary, porous carbons with surface areas greater than
2200 m2 g�1 with high levels of S-doping have been produced
18608 | J. Mater. Chem. A, 2017, 5, 18603–18609
from inverse vulcanised polymers. Synthesis was performed
from starting materials that consist entirely of low-cost indus-
trial by-products; sulfur and DCPD trade at�100 and�800$ per
ton, respectively. The use of KOH as a chemical activating agent
resulted in vastly improved porosity and morphology. The
resultant carbons show attractive properties for small gas
adsorption, outperforming many commercial porous materials,
particularly at higher pressures. The materials show mercury
capture potential in the practically-relevant, low-concentration
range. Up to one and a half times the materials weight in gold
can be adsorbed from solution, three times the capacity seen for
common activated carbon. The applicability of these porous S-
doped carbons should not only be limited to gas sorption and
water purication materials; they are also potentially relevant as
catalyst supports, in lithium–sulfur batteries, and as super-
capacitors. There is great scope for variation in the organic
crosslinkers used in inverse vulcanisation and, with further
optimisation of the carbonisation process, this new route to
microporous S-doped carbons should yield a range of scalable
materials with improved properties in the future.
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