Soft templating production of porous carbon adsorbents for CO2 and H2S capture
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Abstract
We report the influence of structural features on the properties of porous carbonaceous
materials obtained using soft-templating coupled with hydrothermal carbonisation. Our results
demonstrate that using d-glucose with Pluronic P123 results in a more homogeneous particle
size distribution of carbon spheres compared with d-fructose. The textural properties of the
carbon materials, both surface area and pore volume, have improved when the carbonisation
temperature was increased from 550 °C to 900 °C, while the amount of C=C bonds was also
increased. Physical activation with CO2 was found to open the pores and thereby improve
textural properties, including total pore volume, micropore volume, and surface area.
Concomitantly, the CO2 and H2S uptake also underwent significant enhancement, achieving a
maximum CO2 adsorption capacity of 8.37 mmol/g at 0 °C and 1 bar, and ca. 6 mmol/g at room
temperature and 1 bar. The same samples showed about 25.7 mmol/g adsorption capacity for
H2S at room temperature and atmospheric pressure, with approximately 32% process
efficiency.
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Highlights:
•

Soft templating strategy coupled with hydrothermal carbonisation (HTC) resulted in
improved porosity.

•

The highest CO2 uptake has been obtained after physical activation.

•

H2S adsorption efficiency was boosted after physical activation step.
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1. Introduction
Nanostructured porous carbon materials can be synthesised by combining hydrothermal
carbonisation (HTC) with templating strategies and/or activation (chemical or physical
activation) to open the pore structure and enhance textural properties. HTC1, as a synthetic
approach, offers a number of advantages, such as a variety of carbon sources ranging from
model molecules (d-glucose2, d-fructose3, sucrose4, etc.) to biomass derivatives (tea leaves5,
rice husk6, dates7 etc.), the abundance of oxygenated surface functional groups facilitating postsynthetic functionalisation, and the possibility of adding dopants, templates or activators during
the process to directly tune the carbon structure. All of the above make this approach a
desirable, eco-friendly and sustainable way for the production of carbon materials used in a
wide range of applications including energy storage8–10, catalysis11, water treatment12 and gas
sorption13–15. Conventionally, porous carbon materials along with standard activated carbon
are synthesised by pyrolysis and subsequent activation of a carbon precursor. Activation of the
obtained materials is at the heart of developing mesoporous and microporous carbon
structures.16 This can be done using either alkaline or acidic compounds (KOH17,18, K2CO319,
KHCO320, H3PO421) as in chemical activation, or using CO2 steam as in physical activation22.
Physical activation with CO2 takes place via hydrochar gasification (C + CO2 => 2CO)
generating high surface area and improved porosity with narrow pore size distribution.23 Other
strategies based on templating routes, such as hard or soft templating, are also efficient ways
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to create porous carbons with controlled and well-defined porosity.24 The hard-templating
approach employs an organic or inorganic sacrificial template whose structure is replicated
within the porous carbon, and it does not involve any significant interaction with the carbon
precursor. The common sacrificial templates are zeolites, for microporous carbon structures
and mesoporous silica for carbonaceous materials with larger pore diameters.25,26 In contrast,
the soft templating approach makes use of carbon precursors and block copolymers assembled
to form a mesophase, which is usually stabilised by a catalyst or by thermal treatment. Once
the mesophase is formed, the template is removed by carbonisation at temperatures above the
polymer thermal decomposition, endowing the remaining carbon powders with a porous
structure.26 The properties of carbonaceous materials obtained via soft templating are
determined by the molecular properties of the polymer template and the synthesis conditions,
i.e. temperature, concentration, solvents and reactant ratios. The main difference between the
two templating approaches consists of the manner in which the organic precursors, i.e. the
carbon donor, interacts with the template: in the case of hard templating, there is barely any
interaction between the two components, while in the case of soft templating, oriented selfassembly of the polymer molecules and carbon precursor occurs through specific chemical
interactions, which represent the key factor for successfully forming a well-defined structure
characterised by high porosity.24 However, the synthesis of ordered porous carbon materials in
a simple self-assembly method remains challenging. The reason for this that there are a few
important pre-requisites that need to be met for a successful process; such as (i) the porestructuring agent and the carbon donor need to be present; (ii) the two components need to be
able to form a mesophase; (iii) the polymer template needs to remain stable during thermal
carbonisation, and (iv) the carbon source needs to undergo cross-linking reactions with the
polymer and retain its nanostructure during the subsequent thermal decomposition.27 Liang et.
al 28 synthesised porous carbon spheres by soft-templating assisted HTC. They used Pluronic
F108 (Mw=14,600; PEO132-PPO50-PEO132) as the templating agent, a phenol-formaldehyde
mixture as the carbon source and a mixture of ethanol/H2O as solvent. The resultant materials
were microporous with BET surface areas of about 1,480 m2/g and 0.89 cm3/g pore volume.
Sanchez et al.29 used Pluronic F127 surfactant and mimosa tannin to produce ordered
mesoporous carbons under mild conditions. The strategy was based on self-assembly approach
at controlled temperature (10, 20 or 30 °C) for 72 h. Textural properties measurements revealed
that all samples displayed type IV nitrogen isotherms with H2 hysteresis loops above a relative
pressure of p/p0 = 0.6, characteristic of mesoporous materials with interconnected pores and
narrow pore-size distribution. The highest surface area reported was above 1,000 m2/g with a
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total pore volume of 0.83 cm3/g. Zhang et al.30 synthesised bowl-like hollow carbon spheres
by combining HTC with soft-templating. Starting from a trioctylamine@ferrocene-in-water
emulsion as template and ascorbic acid as carbon source, carbonaceous hollow spheres with
BET surface area of 199.4 m2/g and of microporous structure with a diameter of approximately
0.53 nm were obtained. A similar approach was used by Xiao et al.31 for the synthesis of
ordered porous carbon materials, using Pluronic P123 block-copolymer as template and
glucosamine as carbon source. The resulted powders displayed ca. 300 m2/g surface area and
0.55 cm3/g pore volume.
Due to the wide range of routes that can be adapted for their synthesis, and their chemical and
physical properties, porous carbon materials have been considered for many applications. One
of the hottest research areas consists of the removal/ adsorption of atmospheric pollutants, such
as CO2 and H2S.32 CO2 emissions have increased considerably since the industrial revolution,
resulting in the intensification of climate change. The imbalance in the CO2 atmospheric
concentration, caused by fossil fuel combustion, deforestation and other anthropogenic sources
caused variations in climate across the globe, creating a huge demand for the development of
new methods to capture and store this green-house gas in an eco-friendly and cost effective
way.33 CO2 is also present in biogas, together with other gases such as CO, CH4, NH3, and
H2S.34 Polymer Electrolyte Membrane Fuel Cell and Solid Oxide Fuel Cell, both devices are
greener alternatives to engines, using and hydrogen or methane as fuel. For applications like
the above fuel-cell technology making use of biogas that may contain H2S, CO2 and CO, there
is an urgent need to find solutions to remove these contaminants affecting the performance and
lifetime of the fuel cell. Because of its toxic and corrosive character, H2S in particular must be
removed in the early stages of purifications.35 This in an ongoing matter of concern and the
capture and removal of hydrogen sulphide from flu gas is subject of intensive research to
develop and optimise adsorbent materials. Several existing technologies aim at the elimination
of H2S and CO2 gases, including chemical absorption36, membrane-based permeation
technologies37 and adsorption with porous adsorbents38. Chemical absorption and membrane
separation processes have limited efficiency because of their high cost and poor reversibility.39
In contrast, adsorption technologies represent a cost effective and sustainable alternative for
both CO2 and H2S capture. Usually, H2S and CO2 adsorption requires the usage of materials
with superior textural and surface properties or with suitable functionalised structure in order
to exhibit high adsorption capacities. Among the porous adsorbents, e.g. zeolites, metal-organic
frameworks and activated carbons, carbonaceous materials are desirable for cost effective CO2
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and H2S removal.40,41 CO2 uptake on porous carbon materials was reported by Zhang et al.42,
with 6.26 mmol/g adsorption capacity in standard conditions of temperature and pressure, and
about 4.17 mmol/g at room temperature and 1 bar. Kan et al.43 reported efficient adsorption
process of H2S on ordered mesoporous carbon spheres, reaching as much as 13.4 mmol/g at 0
°C and 1 bar. Ahmed and co-workers44 reported CO2 gas adsorption between 4.22 and 5.44
mmol/g when using activated carbons prepared from biomass stock.
In this work, we combine the best strategy for the synthesis of highly porous carbon materials,
i.e. HTC coupled with soft templating (HTC-ST) and physical activation strategy, in the
assumption that this would lead to enhanced CO2 and H2S adsorption efficiency. In order to
obtain superior textural properties, the carbonaceous samples were derived from biomass
model systems, d-fructose and d-glucose, and Pluronic block-copolymer templates (Pluronic®
F127 and Pluronic® P123). Finally, a one-step CO2 activation has been used to endow the
materials with an open pore network and to enhance their textural properties, which we
expected would result in increased adsorption capacities towards the selected gases. The
properties of the so-obtained powders have been analysed by measuring N2 adsorptiondesorption isotherms for surface area and pore volume determination, infrared spectra (FTIR)
for the identification of the functional groups present within the hydrochars, and by
thermogravimetric analysis (TGA) to determine the polymer decomposition temperature.
Sample morphology has been studied with microscopy techniques, such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), while X-ray photoelectron
spectroscopy (XPS) has been employed for the qualitative and quantitative analysis of the
carbon and oxygen functional groups. CO2 adsorption capacity of all samples has been
determined using a gas analyser instrument, using the volumetric method. H2S capture was
tested in a handmade setup (depicted in the SI document), using a calibrated gas sensor
connected with an adsorption chamber to measure outlet H2S concentration, downstream from
the porous adsorbent.
2. Experimental
2.1. Materials
All reagents have been purchased from Merck: d-glucose (≥99%), d-fructose (≥99%),
Pluronic® F127 (Mw ~ 12,600 g/mol) and Pluronic® P123 (Mw ~ 5,800 g/mol). Both N2 and
CO2, research grade, used for post synthetic heat treatment have been purchased from BOC
Group. All chemicals were used as received.
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2.2. Synthesis
For convenience, the corresponding porous carbon materials have been named with the initial
of the carbon precursor followed by the abbreviation of the template (F127 or P123) and the
temperature of heat treatment at the end. In this way, FP123_550C refers to a sample derived
from d-fructose, templated with Pluronic® P123 and treated at 550 °C in inert atmosphere. In
this work, carbon materials have been synthesised by soft templating of carbon precursor with
a block copolymer and subsequent hydrothermal carbonisation at moderate temperature under
autogenous pressure. Sugar-based precursors, including d-glucose and d-fructose have been
used as carbon source and Pluronic® F127 triblock copolymer (EO101-PO56-EO101) and
Pluronic® P123 (PEO20-PPO70-PEO20) for templating. In a typical synthesis, 1 g of template
and 4.8 g of carbohydrate were mixed in 60 mL H2O, under continuous stirring. The solutions
were then heat-treated in a stainless-steel autoclave, at 200 °C for 12 h. A dark-brown
precipitate was collected, washed several times with DI water and dried at 80 °C overnight,
until constant mass.
To improve the surface area and pore size distribution, the resulted carbonaceous materials
were treated at high temperature in a tube furnace under N2 atmosphere (flow rate = 0.5 L/min)
as follows: the dried powders were charged in ceramic crucibles covered with ceramic lid then
placed in the furnace and annealed at selected temperatures between 550 °C and 900 °C, with
5 °C/min and a dwell time of 2 h.
After the heat treatment, the samples were allowed to cool down to room temperature under
inert atmosphere. Following the same procedure, GP123 was heated under CO2 atmosphere at
900 °C for 1 h and a half (1:30 h), 3 h and 6 h, under constant flow rate (0.5 L/min). After
physical activation the three samples have been named GP123_CO2activ_xh_900C (where x
refers to the dwell time; x = 1:30; 3; 6).
2.3. Materials characterisation
Chemical and textural properties of the materials were investigated using different
characterisation techniques. Surface area and pore size distribution were determined by
applying the Brunauer-Emmet-Teller (BET) theory and Density Functional Theory (DFT),
respectively, using N2 adsorption-desorption isotherms measured at 77K on a Quantachrome
Nova 4200e instrument. In order to ensure the removal of any possible adsorbed impurities,
the samples were degassed overnight at 150 °C under vacuum prior to the adsorption. The
surface area related to the mesopores (SBET), and micropores (SDR), as well as the total pore
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volume (Vt) were determined from the N2 adsorption isotherms as per IUPAC standards. The
pore size distribution was obtained by fitting the N2 isotherms in quenched solid DFT (QSDFT)
for slit pores, provided by the Quantachrome NovaWin software.
Micrographs were obtained with a FEI Quanta 3D SEM and a JEOL JEM-2010 TEM. TGA
was carried out on a Q500 TA instrument with a heating rate of 10 °C/minute up to 1,000 °C
in nitrogen.
FTIR spectra were acquired on a Bruker Tensor 27 FTIR spectrometer equipped with an ATR
unit, in the 4,000-400 cm-1 range, using 20 scans/min.
XPS measurements were conducted on a ThermalFisher Nexsa equipped with a 180°
hemispherical analyser using Al Kα1 (1,486.74 eV) radiation produced by a monochromatic Xray source. The base pressure of the system was ca. 133.32x10-8 Pa rising to ca. 533.28x10-8
Pa under the analysis of these samples. Samples were mounted using conductive carbon tape
and the surface has been ion etched to ensure the purity of each sample. The deconvolution and
data analysis have been done using the Avantage™ software.
Powder X-ray diffraction (PXRD) data was collected on a PANalytical X’Pert Pro
diffractometer, using Cu Kα radiation (λ = 1.5418 Å).
2.4. CO2 adsorption experiments
To test the materials as potential CO2 adsorbents, their adsorption capacity was investigated.
The results were compared with adsorption capacities recently stated in the literature. The CO2
adsorption experiments were performed at 1 bar at 0 ˚C (STP) and room temperature (RTP),
using a Quantachrome Nova 4200e instrument. The samples were degassed at 150 °C under
vacuum overnight, prior the adsorption. The adsorption capacity was calculated using the
formula below:

𝐶𝑂2 𝑢𝑝𝑡𝑎𝑘𝑒 =

𝑐𝑐
𝑔

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 ( )
𝑀𝑜𝑙𝑎𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (

𝑐𝑐
)
𝑚𝑚𝑜𝑙

Equation 1,

where the volume of the adsorbed gas corresponds to the y axis of the isotherm and the molar
volume is the volume occupied by one mole of a substance (chemical element or chemical
compound) at a given temperature and pressure.45 For the adsorption capacity the maximum
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value is considered. The obtained values are reported in millimoles of adsorbed gas per gram
of carbon adsorbent.

2.5. H2S adsorption experiments
The adsorptive properties of porous carbon samples towards H2S have been tested using a
custom-made setup, depicted in Figure SI1. In a typical experiment, 100 mg of carbon powder
was placed inside the adsorption chamber made of a Teflon tube and a quartz wool mesh. The
gas composition the materials were subjected to was 20 ppm H2S in N2. The gas flow, 0.2
L/min, was maintained constant using a Bronkhorst digital mass flow controller and the
variation in gas concentration was monitored using a Drager X-am 5000 multi-gas monitor
equipped with a H2S sensor with infrared (IR) detection. The experiments were conducted
under normal conditions (room temperature and 1 bar). Each measurement was preceded by
blank tests. Based on the data collected from the multi-gas unit, breakthrough time was directly
determined after each measurement. H2S adsorption capacity and adsorption efficiency were
calculated using the algorithm detailed in the SI document.
3. Results and discussion
3.1. Materials Characterisation
Synthetic parameters of the HTC-ST process have been optimised to produce highly porous
carbon materials capable of adsorbing high amounts of CO2 and H2S with high efficiency. In
particular, the effect of the nature of the carbon source, the polymer template, and post HTC
heat treatment temperature have been hereby explored. In order to establish the appropriate
precursor, d-glucose and d-fructose were chosen as carbon source and mixed with the
Pluronic® F127 triblock copolymer (Mw = 12,600, EO101-PO56-EO101) template, as described
in the experimental section. The materials obtained after 12 h HTC at 200 ˚C underwent
template removal by a post-synthetic thermal treatment in inert atmosphere (N2 flow) at 550
˚C. Porosity measurements of samples after template removal revealed moderate surface areas
for both materials with isotherms indicative of a mesoporous structure of type IV 46. In addition,
the isotherm of FF127_550C showed a type H2 hysteresis loop indicating an ordered pore
orientation, while that of GF127_550C displayed a type H4 hysteresis loop describing the
occurrence of both micro- and mesoporosity. In both cases the isotherms have an open shape,
an indication of the presence of narrow slit- or bottle-shaped pores, inaccessible for N2
molecules at 77 K, the adsorption in very narrow pores being kinetically limited (Figure 1 a).
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The highest BET surface area of 445 m2/g was observed for the carbon sample derived from
d-glucose. The total pore volume of this sample was found to be 0.229 cm3/g, more than half
of which (0.185 cm3/g) may be assigned to the micropore volume, according to the Dubinin–
Radushkevich (DR) formalism.47 On the other hand, the carbon material derived from dfructose displays lower surface area and pore volume, with only a very small fraction assigned
to micropore volume. The textural properties are listed in Table 1. These differences in the
textural properties might be caused by the HTC reaction mechanism. Typically, during the
HTC process of a cellulosic biomass, the first step consists in the depolymerisation of cellulose
into smaller units including d-glucose and d-fructose, together with other monomers. Once
formed, d-glucose may transform to d-fructose via tautomerisation. Monosaccharides are
further transformed to form organic acids, including lactic-, acetic-, formic- and levulinic acid,
which rapidly decrease the pH to ca. 3. The so-enabled acid-catalysed dehydration reactions,
together with fragmentation and ring-opening reactions, lead to the transformation of biomass
into the insoluble hydrochar and the liquid phase.48 Accordingly, when the HTC proceeds
directly from d-fructose, the monomer transformation to acids and consequent pH decrease
takes place faster, which might represent a hostile medium for the micelle formation, a prerequisite for templating. Therefore, the final specimens will be characterised by bigger particles
with low surface area and a small number of micropores. In terms of surface morphology, SEM
micrographs (Figure 1 d) show that homogeneously distributed spherical particles have formed,
which are smaller in dimension for the d-glucose derived material. TEM (Figure 1 f) highlights
that the lower surface area can be described by an ordered pore orientation for FF127_550C,
while random pore orientation can be observed for the spheres of GF127_550C (Figure 1 g).
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In addition to the nature of the carbon precursor, we also studied the effect of the block
copolymer to optimise the textural properties of HTC-ST derived carbonaceous materials.
Pluronic® P123 (Mw=5,800, PEO20-PPO70-PEO20) has been selected for its similar structure to
Pluronic® F127 triblock copolymer, but lower molecular weight and shorter chain lengths for
the polyethylene oxide unit.

Figure 1. a. N2 adsorption-desorption isotherms for the HTC-ST materials; b. pore size distribution for
the same materials; c-e. SEM micrographs for the HTC-ST materials, and f-h. TEM images for the same
series of samples.

On replacing F127 by P123, the surface area of carbonaceous materials was found to improve,
reaching about 544 m2/g and the micropore volume increased as well (0.223 cm3/g). The
textural properties of GP123_550C are displayed in Table 1. SEM and TEM of the powder
sample (Figure 1 e and h) revealed a spherical particle morphology, with homogeneous
distribution and random orientation of pores. Also, using P123 instead of F127 was found to
favour the formation of smaller spherical particles. These improved characteristics on replacing
F127 by P123 could be explained by the longer chain length of F127, which might result in
cluster formation during the HTC process, thereby decreasing the total surface area of the final
material. Furthermore, according to some reports49, the acidic medium is more favourable for
the micelle formation in the case of Pluronic P123 than in the case of Pluronic F127.
Considering that the pH can drop as low as 3 during HTC, it might be possible that this medium
is not appropriate for the micellisation of Pluronic F127. Our data obtained on the pristine
materials (presented in SI) highlight that the textural and chemical differences in the HTC-ST10

derived samples appear during the post-HTC heat treatment and thus the behaviour of the
templates and the carbon precursors is influenced by it. Right after HTC there are not many
differences between the samples derived from different carbon sources and polymer template
(FF127 or GF127, or GF127 and GP123), as clearly evidenced by FTIR and TGA (Figure SI2).
However, once the materials are heat-treated at 550 °C in N2 atmosphere, the porosity and
morphology of the above samples change differently. These differences enabled us to identify
GP123 as the most promising sample for further optimisation for CO2 and H2S adsorption. In
addition, in light of our above finding on the effect of the post-HTC thermal treatment, it is
evident that more attention must be paid to this factor. In order to address this need and to
explore the effect of annealing temperature, samples of GP123 have been heat-treated at 700
°C, 800 °C and 900 °C. As a general trend, both surface area and pore volume improved with
increasing the post-HTC heat treatment temperature. Maximum surface areas were determined
as 1,258 m2/g with the BET method and 1,366 m2/g for the micropore surface area, calculated
with the Dubinin–Radushkevich (DR) formalism.47 The total pore volume also increased from
0.274 cm3/g up to 0.658 cm3/g, with more than 50% micropores. Textural properties of the
HTC-ST materials annealed at various temperatures are shown in Table 1.
Table 1.Textural properties of HTC-ST materials prepared with F127 and P123.
SBET

SDR

SDFT

µVDR [N2]

PVDFT [N2]

C
O
(at %) (at%)

(m /g)

(m /g)

(m /g)

(cm /g)

(cm /g)

Fitting Error
(%)

FF127_550C

229

275

174

0.098

0.188

0.430

92.68

7.32

GF127_550C

445

520

397

0.185

0.229

0.059

93.90

6.10

GP123_550C

544

627

543

0.223

0.288

0.070

94.19

5.81

GP123_700C

554

614

683

0.219

0.340

0.093

94.88

5.12

GP123_800C

563

618

777

0.220

0.297

0.073

95.60

4.40

GP123_900C

1,258

1,366

1,588

0.487

0.658

0.062

96.21

3.79

Sample name

2

2

2

3

3

from XPS

The type IV shape of isotherms46 with H4 hysteresis loop ( Figure 1 a), typical in case of
materials of both micro- and mesoporosity, remains the same regardless of the annealing
temperature. SEM and TEM micrographs showed that the spherical particle morphology, size
and size distribution were also preserved throughout the temperature range of this study,
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suggesting that the harsher synthesis conditions are only affecting the pore structure, rather
than the material morphology.

Figure 2. a. N2 adsorption-desorption isotherms for the HTC-ST materials synthesised with P123 and
annealed at different temperatures; b. pore size distribution for the same samples.

The increase in the surface area and the porosity with increasing post-HTC heat treatment
temperature is explained by the evolution of more volatile matter at higher temperatures, which
facilitates micropore formation. Also, the higher the temperature during the post carbonisation
treatment the larger the amount of carbon content, as more functional groups volatilise; Ronsse
et al.50 observed that the higher the carbonisation temperature the higher the carbon content,
and the lower the oxygen and hydrogen contents. Similar trend has been observed by Tancredi
et al.22 during the synthesis of activated carbons from eucalyptus wood; increasing the
carbonisation temperature from 500 °C to 800 °C under N2 atmosphere resulted in increased
porosity. Our findings are in agreement with the above, as underpinned by XPS data (Table 2)
showing that by treating the samples at higher temperatures, the oxygen content is decreasing
while the carbon content increases.

Figure 3. SEM micrographs of the HTC-ST materials synthesised using P123 and annealed at different
temperatures.
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From the above experiments, GP123_900C was selected for further optimisation as the most
promising candidate for CO2 and H2S adsorption. In order to maximise its textural properties,
physical activation has been used. Physically activation with CO2 at elevated temperatures was
carried out for the duration of 1:30 h, 3 h and 6 h. As previous studies reported51,52 CO2
activation benefits from a single-step process yielding micropores, which are desirable for gassorption applications. By increasing the dwell time from 1.30 h to 6 h, the textural properties
have improved. The BET surface area was found to increase up to 3,217 m2/g and the total pore
volume to exceed 1.7 cm3/g, with approximately 71% micropores. While the effect of
annealing time is evident, the BET surface area does not appear to be affected by the gas used
for activation (see Figure 4 a. for N2 adsorption isotherms and Table 2 for the summary of
textural properties).
Table 2.Textural properties of the soft templating materials synthesised with P123 and physically
activated with CO2.
Sample name

SBET

SDR

SDFT

2

2

2

(m /g)

(m /g)

(m /g)

µVDR
[N2]
3

PVDFT
[N2]
3

(cm /g)

(cm /g)

Fitting
Error
(%)

C
(at %)

O
(at%)

from XPS

GP123_900C (2 h)

1,258

1,366

1,588

0.487

0.658

0.062

96.21

3.79

GP123_CO2activ_1:30h_900C

576

625

742

0.223

0.227

0.561

95.44

4.56

GP123_CO2activ_3h_900C

1,279

1,381

1,663

0.492

0.500

0.601

95.48

4.52

GP123_CO2activ_6h_900C

3,217

3,378

2,472

1.203

1.692

0.207

97.06

2.94

SEM micrographs (Figure 4 c-f) demonstrate that the activation process does not have a huge
impact on the materials’ morphology. It can be observed that the activated powders consist of
spherical particles just as the non-activated powders, similar in size. Powder XRD data (Figure
SI4) showed the formation of amorphous carbon characterized by two peaks positioned at 2Ѳ
= 20-25° and 40-45°, which correspond to the reflection of the (002) and (100) planes. The first
broad peak (2Ѳ = 20-25°) is characteristic to graphite, associated with graphitization of the
organic compounds and the formation of nanocrystalline structure of the matrix, and the second
one (2Ѳ = 40-45°) indicates the formation of small, 2D graphite-like structures.53
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Figure 4. a. N2 adsorption-desorption isotherms for the HTC-ST materials synthesised with P123 and
physically activated with CO2; b. Pore size distribution for the same samples and c-f. their SEM
micrographs.

To gain insight into the composition and functional groups of the amorphous carbon materials
prepared from d-glucose and Pluronic P123 template, the chemical state of carbon and carbonoxygen species have been evaluated using XPS. This is of great importance as the interaction
strength of CO2 and H2S may differ with functional groups. The C1s spectra for GP123_900C
before and after physical activation with CO2 for 3 h are presented in Figure 5 a and b. The C1s
spectra of GP123_900C can be deconvoluted into four peaks centred at about 284.17 eV,
284.80 eV, 285.63 eV, and 286.93 eV corresponding to C=C, C–C, C–O, and C=O,
respectively. Peaks centred at the same binding energies were observed for the samples
carbonised at lower temperatures. Regarding the activated samples, the C1s has been
deconvoluted in the same four peaks, centred at the same binding energies. O1s spectra of
GP123_900C (Figure SI3 a.) have been deconvoluted into two peaks centred at 532.82 eV and
534.13 eV attributed to C=O and C–O, respectively. Same peaks were identified after physical
activation (Figure SI3 b), at 532.59 eV and 533.85 eV, slightly shifted maybe due to the
activation step.
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Figure 5. C1s high-resolution XPS spectra for a. GP123_900C and b. GP123_CO2activ_3h_900C.

3.2. CO2 adsorption
To evaluate the adsorptive properties of the prepared samples towards CO2, isotherms were
measured at 0 °C and 25 °C, and the results are shown in Figure 6. The maximum CO2 uptake
obtained for this set of samples was 8.37 mmol/g at STP and 6.02 mmol/g at RTP. As the
measurement temperature increased the materials’ adsorption performance decreased,
following the behaviour of an exothermic interaction.

Figure 6. CO2 adsorption isotherms under (a-c) standard conditions of temperature and pressure (0 °C
and 1bar) and (d-e) normal conditions of temperature and pressure (25 °C and 1 bar).
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For CO2 adsorption d-fructose as carbon source displayed a lower capacity than d-glucose, the
latter reaching as much as 2.45 mmol/g in STP (Figure 6 a). This observation is in line with
our surface area and pore volume data (Table 1) highlighting the structural origin of the
phenomenon. This feature highlights that the d-glucose-derived carbon material GF127_550C
is the higher-performance CO2 adsorbent. While the surface area and pore volume data
displayed significant difference when different block-copolymer templates, i.e. Pluronic F127
or Pluronic P123, were used, the CO2 uptake of the two samples does not display a significant
difference (2.45 mmol/g vs 2.59 mmol/g) at STP. In contrast, CO2 adsorption capacity was
found to increase by 32% at RTP when the Pluronic P123 template was used as opposed to
Pluronic F127 (Figure 6 d). We have shown that when d-glucose is combined with Pluronic
P123 in HTC-ST, the resultant specimens display a more homogeneous morphology, larger
surface area with higher total and micropore volumes and homogeneous particle size
distribution. This could be explained by the HTC mechanism for the carbon microsphere
formation, as proposed by Sevilla and Fuertes48; as we have seen before, the first reaction step
for hydrochar formation under HTC conditions proceeds through glucose tautomerisation to
fructose. If the HTC starts from fructose the reaction is faster; which might have a negative
impact on the micellisation rate and critical micellar concentration (CMC) of Pluronic F127,
resulting in a low micellisation rate and, consequently, giving rise to the low textural properties
and modest CO2 adsorption performance of FF127_550C. The good performance of d-glucose
in combination with Pluronic P123 over Pluronic F127 can be explained by two reasons: one
is related to the polymer–template structure; F127 possesses more hydrophilic groups of greater
lengths and larger molecular weight, which might inhibit cluster formation during
micellisation, which in turn results in a lower surface area and decreased number of micropores.
A second reason for this to be considered is that the acidic medium (a consequence of the HTC
process) enhances the micelle formation for Pluronic P123 while it has the opposite effect when
it comes to F127, resulting in an ‘unhappy match’49. Naturally, more facile micellisation leads
to enhanced structural features, rendering GP123_550C a better adsorbent for CO2 than
GF127_550C. These considerations are well in line with the observation that the best
performance of these three samples was shown by GP123_550C reaching up to 2.59 mmol/g
in STP and 2.22 mmol/g at room temperature and 1bar.
Assessing the effect of post HTC heat treatment temperature the CO2 uptake of HTC-STderived carbon materials, reveals an increasing in the uptake with increased annealing
temperature (Figure 6 b) in the range of 1.98 mmol/g (550 °C) up to 4.23 mmol/g (900 °C).
This is in line with porosity measurement results, listed in Table 1, which show an improvement
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in both surface area and pore volume with increasing annealing temperature. Previous
studies38,42 demonstrated that the adsorption capacity of porous carbonaceous materials is
largely determined by the micropore volume rather than by the surface area. This is confirmed
by our observations, as the shifting of the carbonisation temperature from 550 °C to 900 °C
was accompanied by the increase in the micropore volume by >50% (Table 1), while a similar
enhancement of the CO2 uptake was also observed both at 0 °C and room temperature. We
conclude that the combination of d-glucose carbon source with Pluronic 123 and subsequent
carbonisation at 900 °C, i.e. GP123_900C, has the highest adsorption capacity of 4.23 mmol/g
at 0 °C and 1 bar but it is still lower than the current record 54,55, which motivated us to further
improve the synthetic and post-synthesis processes. In order to boost CO2 uptake, physical
activation with CO2 gas at elevated temperature has been performed as it has previously found
to be key to introducing microporosity in carbonaceous samples52, which we assumed would
boost the CO2 adsorption capacity of our carbon powders. This strategy indeed led to recordhigh CO2 uptakes (Figure 6 c) at both STP (8.37 mmol/g) and at RTP (6.02 mmol/g) for the
sample physically activated at 900 °C for 3 h (GP123_CO2activ_3h_900C). To assess the effect
of the duration of physical activation, three samples have been synthesised, varying physical
activation length from 1:30 h to 6 h. The surface areas and total pore volumes of these samples,
as determined by N2 adsorption, showed an increasing trend as a function of the duration of the
annealing rather than a dependence on the nature of the gas used for physical activation (Table
2). When it comes to CO2 adsorption however, the difference is stark. The good performance
of the physically activated samples is due to the increased amount of micropores (98% for
GP123_CO2activ_3h_900C vs. 74% GP123_900C) which can be easily accessed by CO2 due
to the its high saturation vapour pressure (~3.5 MPa), at 273 K, as the pressures required for
micropore analysis are in the moderate range (-0.1 to -100 kPa).46 Another difference in the
effect of physical activation using CO2 compared with annealing in N2 is that while probed
with nitrogen adsorption, the influence of longer annealing had a monotonously improving
effect on the surface areas, our CO2 adsorption results reveal the occurrence of an optimum
annealing length at 900 °C. This is a very interesting effect and a possible explanation may be
that a reaction of CO2 with the carbon may occur at around 800 °C according to equation 2:
C + CO2 => 2 CO Equation 2,
during which carbon would be consumed from the pore walls and particle surfaces, leading to
the change of both the composition and the textural properties of the resultant carbon
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materials.56 The longer the annealing the more carbon may be consumed, which might be the
reason for the detrimental effect of too long physical activation.
Table 3. CO2 adsorption capacity and isosteric heat of adsorption of the samples synthesised in this
study, compared with 3 commercial activated carbons.
Sample name

CO2 adsorption (mmol/g)

Qst

0°C, 1bar

25°C, 1bar

kJ/mol

FF127_550C

1.98

1.25

29.15

GF127_550C

2.45

1.68

32.03

GP123_550C

2.59

2.22

21.72

GP123_700C

2.81

2.34

22.13

GP123_800C

3.32

2.51

26.21

GP123_900C

4.23

3.47

22.75

GP123_CO2activ_1:30h_900C

5.71

3.53

37.74

GP123_CO2activ_3h_900C

8.37

6.02

23.47

GP123_CO2activ_6h_900C

6.74

4.33

21.42

NORIT PK1-3

3.20

1.84

29.35

NORIT SXRO-PLUS

3.73

1.90

26.04

NORIT GAC-830

3.20

2.20

21.47

That means that even if the surface area, total pore volume and micropore volume data showed
an increase on a longer activation time, the CO2 uptake it may still decrease as a consequence
of the relative decrease of the micropores’ abundance. We can therefore conclude that a
moderate dwelling time of 3 hours under the physical activation conditions was the most
advantageous, leading to the highest CO2 uptake in GP123_CO2activ_3h_900C, even though
its total pore volume of 0.5 cm3/g was not the highest observed, its micropore volume of 0.49
cm3/g makes it the best performing adsorbent (Figure 7 c).
For performance comparison, three commercial activated carbon materials: NORIT PK1-3,
NORIT SXRO-PLUS and NORIT GAC-830, have also been tested for CO2 uptake using the
same setup. The highest gas uptake for the commercial samples was 3.73 mmol/g in standard
conditions of temperature and pressure, significantly underperforming our materials hereby
reported, highlighting the potential of these samples for future industrial applications. The
values obtained at room temperature were even lower, following the trend of an exothermic
reaction (Table 3).
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Figure 7. a. Pore size distribution of the narrow micropores (<1 nm); b. Selectivity for CO2 over N for
GP123_CO2activ_3h_900C in RTP c. Correlation between CO2 uptake in STP and RTP and amount of
micropores in each sample.

Table 4 summarises few examples of carbon samples synthesised and tested for CO2 from
literature. It can be observed that the best performing sample of this study show the best
performance among the table.
Table 4. Highest values of CO2 capture for porous carbons that can be found in the literature.
Sample

Carbon Precursor and activation

Reference

Pineapple waste / chemical activation

CO2 uptake*
mmol/g
4.25

C-K-700
NAC-800

Macroalgae / chemical activation

1.86

55

ACDS-800-4

Date/chemical activation

4.36

57

GN-650-1

d-Glucose, urea/chemical activation

4.26

58

CGUC-1-8

Cactus/ chemical activation

4.17

42

ACFs

Polyacrylonitrile/chemical activation

2.74

59

G850-5

Glucose/chemical activation

4.50

60

AG-2-700

Micro-algae and glucose/chemical activation

4.50

61

GP123_CO2activ_3h_900C

Glucose/Soft templating & physical activation

6.02

This work

* Measured at 25°C and 1bar
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The isosteric heat of adsorption (Qst) reveals the interactional strengths between CO2 molecules
and the surface of the soft-templated materials. It was determined using Clausius-Clapeyron
equation, by evaluating the slope of the ln(p) versus 1/T plots at 0 °C and 25 °C at the same
adsorbed amount, where p and T are respectively the absolute pressure and temperature.62
𝑝2

𝑄

1

1

𝑙𝑛 𝑝1 = 𝑅 (𝑇1 − 𝑇2)

Equation 3

The obtained values are in between 21 and 37 kJ/mol, in the region of physisorption, as
carbonaceous materials are not expected to significantly activate C=O bonds.63
The

selectivity

of

CO2

adsorption

over

N2 for

the

best

performing

sample

(GP123_CO2activ_3h_900C) has been determined using the ideal adsorbed solution theory
(IAST), which is used to predict adsorption equilibria in mixtures with the help of singlecomponent adsorption isotherms.64 The typical adsorption isotherms of CO2 and N2 on at 25
°C are shown in Figure 7 b. The selectivity calculated using IAST at a bulk phase equilibrium
partial pressure of 0.85 bar for N2 and 0.15 bar for CO2 is 30.14. This result demonstrates that
high selectivity of CO2/N2 can be achieved with the physical activation of HTC-ST derived
carbonaceous materials. Our results obtained for the selective adsorption on CO2 on
GP123_CO2activ_3h_900C favourably compares with other reports from the field15,65.
3.3. H2S adsorption
In addition to CO2, H2S is often found as impurity in biogas and flu gas mixtures. It is highly
toxic and corrosive and has a minimum threshold detection value of about 0.02 ppm, thus its
removal using eco-friendly and cost-effective adsorbents is of a great importance.
H2S adsorption measurements were performed in a custom-made setup described in SI
document, all data acquisition took place at room temperature and atmospheric pressure. Three
parallel experiments were carried out for each sample in order to verify and ensure process
reproducibility.
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Figure 8. H2S uptake at room temperature and atmospheric pressure: a. comparison of the influence of
the HTC-ST on the H2S uptake; b. comparison of the influence of the physical activation treatment on
the H2S uptake and c. comparison of the best performing sample with 3 commercial ACs.

Figure 8 shows the increase in the H2S uptake with increasing exposure time. The exposure
time of each sample to H2S gas has been quantified during the study and the experiment has
been considered finished once the sample has reached the breakthrough time, i.e. the time when
inlet concentration became equivalent to the outlet concentration where the adsorption curve
plateaus. As a general trend, the greater the gas uptake the longer the breakthrough time (Figure
9 a).The H2S adsorption capacity of the series of samples hereby reported varied between 6.32
and 25.7 mmol/g. Beside the adsorption capacity and breakthrough time, the efficiency of the
adsorption process (AE%) was also determined. As shown in Figure 9 b AE% varies between
24.2% and 39.5%. The highest H2S uptake (25.7 mmol/g) was observed for
GP123_CO2activ_3h_900C, with about 32% adsorption efficiency corresponding to about a 1
h breakthrough time. For a material to be considered promising for gas capture and storage
applications it must have a good balance between the adsorption capacity and adsorption
efficiency. In the set of samples hereby reported it is GP123_CO2activ_3h_900C (Figure 9 b)
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that shows the above optimum performance for adsorption capacity and adsorption efficiency.
It is noteworthy that it is the same sample that showed the highest uptake for both CO2 and
H2S. As the origin of its good performance for CO2 adsorption lies in its microporous structure,
it is very likely that this is the H2S adsorption performance determining factor as well.

Figure 9. a H2S uptake and breakthrough time variation and b. H2S uptake and adsorption efficiency
variation.

Kan et. al43 studied H2S capture on porous carbon decorated with nitrogen functionalities and
obtained adsorption capacities of about 13.4 mmol/g at 0 °C and 1 bar and 5.8 mmol/g at 75
°C and 1 bar, using a custom-built gas-tight setup. Gebreegziabher et al.66 observed about 4.82
mmol/g adsorption capacity using porous corncob-derived activated carbon, in an enclosed
plastic chamber under conditions of 60% relative humidity and 20 °C temperature. Considering
the corrosive and toxic character of H2S and negative impact on human health, different studies
adopted different experimental procedures, involving a wide range of custom-made setups and
working parameters. In this way some studies used a mixture of biogas35 as H2S source, while
others have started with H2S/N2 mixture of different concentrations66; operating temperature,
relative humidity and pressure are also varying across the literature, as well as the pre-treatment
of the porous carbon before the H2S adsorption experiment. Based on all of the above, it has
been decided that the easiest way to compare and validate the data among this study is to
measure the commercial samples and see the variation using the exact same procedure.
Therefore, for a better understanding and data validation, three commercial activated carbon
samples (NORIT PK1-3, NORIT SXRO-PLUS and NORIT GAC-830) have been tested for
H2S capture using the same custom-made setup and experimental procedure. The commercial
samples showed good H2S affinity, reaching as much as 21.3 mmol/g and about 30%
efficiency. Although the values obtained for the commercial samples were generally high, the
22

best performing sample hereby reported for H2S capture remains GP123_CO2activ_3h_900C,
outperforming the commercial activated carbon performance.
Table 5. H2S adsorption capacity for the samples synthesised in this study and 3 commercial activated
carbons; breakthrough time values an adsorption efficiency for the same samples.
Sample name

Breakthrough
time (min)

Adsorption capacity
(mmol/g)

Adsorption
efficiency (%)

FF127_550C

18.0

6.32

29.9

GF127_550C

19.5

7.54

33.0

GP123_550C

23.3

9.98

36.5

GP123_700C

40.1

13.1

27.9

GP123_800C

44.4

15.4

29.6

GP123_900C

28.0

7.96

24.2

GP123_CO2activ_1:30h_900C

42.2

20.9

39.5

GP123_CO2activ_3h_900C

68.2

25.7

32.2

GP123_CO2activ_6h_900C

42.3

15.6

31.2

NORIT PK1-3

59.3

21.3

30.3

NORIT SXRO-PLUS

58.7

17.7

24.9

NORIT GAC-830

54.8

18.8

29.2

4. Summary
Porous carbon materials have been synthesised using d-glucose and d-fructose, as carbon
sources, and their textural properties have been improved by the combination of HTC with
soft-templating strategy (using block copolymers as templates), followed by a physical
activation step. During the synthesis it has been observed that acidic medium inhibits micelle
formation in the case of Pluronic F127, while the fast dehydration of sugars with the formation
of organic acids creates a favourable medium for micelle formation for Pluronic P123. As a
general trend, d-glucose in combination with Pluronic P123 possesses superior properties
compared to the d-fructose derived samples, rendering them more promising adsorbents for
gas separation. In addition, by increasing the post HTC heat treatment temperature, the textural
properties are improved, resulting in CO2 adsorption capacity of 3.47 mmol/g at room
temperature and 1 bar. After physical activation step, SBET, SDR and Vt are boosted, reaching a
maximum of 3,217 m2/g in surface area and 1.69 cm3/g in pore volume. The gas adsorption
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experiments showed that a long activation time has a negative influence on the gas uptake
performance, as it favours mesopore formation over micropore. In contrast, too short an
activation time results in moderate adsorptive properties because of a modest number of active
sites available.

This highlights that best adsorptive capacities are obtained on medium

activation lengths. The best performing sample for both CO2 (6.02 mmol/g adsorption capacity
at room temperature and 1 bar) and H2S adsorption (25.7 mmol/g at room temperature and
atmospheric pressure, with about 32% process efficiency) also had the highest number of
micropore volume contribution (~ 98%). The materials hereby reported showed promising
performance towards applications in gas capture and have the advantage of a cost-effective
synthetic process thanks to the cheap and widely available precursors.
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