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Abstract: Novel hierarchically structured microporous bio-carbons with exceptionally high capacities
for CO2 capture have been synthesized from the abundant agricultural waste of rice husk (RH), using a
facile methodology that effectively integrated carbonisation, activation and potassium intercalation into
a one-step process. Textural characterisation demonstrates that the synthesized bio-carbons exhibit
exceedingly high ultra-microporosity accounting for up to 95% of total porosity mainly as a result of the
naturally occurring silicon compounds within the RH molecular framework structures. With a modest
surface area of up to 1035 m?/g and a total pore volume of 0.43 cm®/g, the best performing RH carbon
has showed exceptionally high and fully reversible CO> uptake capacity of 2.0 mmol/g at 25 °C and a
COz partial pressure of 0.15 bar, which represents one of the highest uptakes ever reported for both
carbon and MOF materials usually prepared from using cost-prohibitive precursor materials with
cumbersome methodologies. It has been found that up to 50% of the total CO. uptake is attributable to
the unique surface chemistry of the RH carbons, which appears to be dominated by the enhanced
formation of extra-framework potassium cations owing to the exceedingly high levels of ultra-
microporosity and the presence of zeolitic structures incorporated within the carbon matrices.
Characterisations by EDX element mapping, XPS and the heat of adsorption measurements confirm the
existence of a range of zeolitic structures, which essentially transforms the RH carbons into a kind of
zeolite-carbon nanocomposite materials with strong surface affinity to CO..
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1 Introduction

The world faces unprecedented challenges in cutting the emissions of CO2, the dominant greenhouse gas
in the atmosphere from fossil fuel utilisation, which has clearly been taken as one of the major climate
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change mitigation strategies. According to IEA and other climate change studies 3, in order to limit the
rise in global temperature to 2 °C above pre-industrial levels, the global greenhouse gas emissions need
to be reduced by 40 ~ 70% relative to 2010 by 2050, and to near-zero by 2100. Given the projected
growing energy demand and continuous dominance of fossil fuels in foreseeable futures, it has generally
been recognised that in addition to accelerating the application of renewable energy technologies and
energy efficiency measures, carbon capture and storage (CCS) is the only viable option for de-
carbonising global power generation and other carbon-intensive process industries without
compromising energy security while achieving climate change target . However, a number of technical
and economic barriers will have to be overcome before CCS can be widely deployed on large scales. One
of the major barriers is clearly the immaturity of affordable efficient technologies for carbon capture,
which is the first and also the costliest element of the whole CCS chain. Among many CO- capture
technologies currently under development at varying scales, adsorption-based post-combustion capture
with solid adsorbents have been considered as a viable alternative to the state-of-art aqueous amine
scrubbing, offering great promise for greatly improved process efficiency at reduced energy penalty and
lower capital and operational cost. In addition, unlike toxic and corrosive amine solvents, the spent solid

adsorbents can be effectively recycled or disposed of without undue environmental problems®.

For solid adsorbents-based capture systems either with pressure and/or temperature swing cycles,
developing high-performance adsorbent materials has clearly become the focus of research, with the
materials being investigated typically including activated carbons, zeolites, metal oxides, amine-based
solid adsorbents, metal organic frameworks (MOFs) or polymers (MOPs) as well as zeolitic imidazolate
frameworks (ZIFs)®°.Among these adsorbent materials, carbon-based materials represent one of the most
promising categories of adsorbents for CO> capture!®®, due to their large surface areas and pore volumes,
high surface amenability, fast adsorption kinetics, low adsorption heat and hence ease of regeneration,
high thermal and chemical stabilities, low moisture sensitivity and superior electrical and heat
conductivities as well as the suitability for use in both pressure and temperature swing cycles. The
adsorption performance of carbon-based materials is strongly affected both by their textural properties
and surface chemistries, which are determined by many factors, such as the precursor materials,

activation methodologies and post-preparation treatments & 1 6 In general, as physical adsorbents,



activated carbons are usually very sensitive to flue gas temperatures and CO partial pressures, with CO-
adsorption capacities of most commercial carbons being usually below 5 wt% (ca. 1mmol/g) at 0.15 bar
CO2 and 25 °C despite their very high surface areas and pore volumes 17-1°, Therefore, increasing the
surface affinities of carbon-based materials for CO2 as a means to increase their adsorption capacities at
low CO: partial pressures has become the focus of many investigations. One of the most popular methods
is to use nitrogen-rich precursor materials to produce functional porous carbons, such as poly
(benzoxazine-co-resol), polypyrrole, resorcinol-urea—formaldehyde resin, polybenzoxazine.?®2? The
CO- adsorption capacities of the nitrogen-enriched carbon materials prepared with nitrogen contents
being up to 22.3wt%, can have improved CO> uptake capacities varying between 1.3 and 1.8mmol/gat
25 °C and 0.15 bar CO», thanks to the formation of basic surface nitrogen functionalities, such as pyrrolic,
pyridonic-N, pyridinic and quaternary nitrogen groups?2*. MOFs and ZIFs were also used by some
investigators to produce carbon-based CO> adsorbents by carbonisation at high temperatures but the CO>
uptakes of the “designer” carbons at low CO; partial pressures showed no appreciable improvements,

being typically only around1.4mmol/g %°.

Various post-preparation treatments have also been investigated as a potential means to enhance surface
affinity for CO2, such as metal oxides doping and secondary activation with ammonia?®-8, but only
incremental improvements in CO> adsorption performance have been obtained, with CO> uptake being
usually no more than 1.3mmol/g at low partial pressures. In our previous research'®, we have reported
that potassium intercalation, which can easily be achieved via an innovative chemical activation protocol,
can be used as a facile but more powerful technique to greatly enhance the surface CO; affinity of carbon
materials, leading to more than doubled CO> uptakes for nitrogen-free phenolic resin derived carbons.
The results suggested that the greatly enhanced surface affinity for CO; is closely linked to the solid state
electrostatic effects created by the extra framework cations due to alkali intercalation, a phenomenon that
is usually only observed for zeolite and MOF adsorbent materials®® %, Compared to other aforementioned
carbon preparation and/or surface modification methodologies, alkali intercalation can potentially serve
as a versatile and more effective approach for remarkably enhancing CO2 capture performance of carbon-
based adsorbents that can be produced from a wider range of feedstocks, such as various agricultural

waste residues and other low-cost biomass and lignocellulosic wastes.



Biomass and other low cost agricultural wastes have increasingly become a preferred feedstock for
activated carbon production but most bio-carbons are produced from using woody biomass®32. In this
research, the use of alkali intercalation via chemical activation has been further developed as a novel
methodology to produce alkali-intercalated functional carbon materials for CO capture using the
abundantly available low-cost agricultural waste of rice husk, which is produced at a scale of 140 million
tonnes a year worldwide 3. Owing to its very low energy density on a volumetric dry basis %, RH is
usually considered as waste that is often dumped on landfills or destroyed in agricultural burning,
although rice husk has been considered as a valuable resource for silica production due to its high silica
content 3. In recent years, there have been some investigations into the use of rice husk to produce
activated carbon materials for variable general applications, and chemical activation typically with alkali
hydroxides or carbonates as being the activating agents has almost exclusively been used typically
following a three-step process, namely carbonisation and activation followed by the removal of minerals
by leaching 3%, However, to the best of our knowledge, no investigation has ever been carried out to
use rice husk to prepare alkali-intercalated ultra-microporous materials for CO2 adsorption by making
the effective use of rice husk contained silicon as a natural template for deriving ultra-microporosity and
by controlling the chemical activation to achieve alkali intercalation for further enhanced CO; uptake. In
addition, in this research, the separate carbonisation and activation processes were effectively integrated
into a single process to achieve simultaneous carbonisation and activation. It is our belief that alkali
intercalation and ultra-microporosity can be better developed synergistically during the formation of

carbon networks when these two separate processes are integrated.

2 Experimental

2.1 Preparation of activated carbon samples from rice husk

A batch of raw RH was sourced from China and used for the preparation of activated carbon samples.
The raw RH sample was first dried, crashed and sieved into the particles in the range of 1.0-0.5mm. On
a weight percentage basis, the RH sample has an ash content of 11.54% and contains 40.4% carbon, 5.70%
hydrogen, 0.64% nitrogen, and 41.72% oxygen. The activating agents used, including technical grade

potassium hydroxide (KOH) and potassium carbonate (K2COz) were purchased from Sigma Aldrich.
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An innovative chemical activation protocol, which can effectively facilitate the potassium intercalation
during the activation process, was used to prepare the RH activated carbon samples. 3g of as-prepared
raw RH sample was first physically mixed with activating agents at different mass ratios. The mixture
was then heated up in a purpose-designed carbonisation/activation furnace to different pre-set final
temperatures at a heating rate of 5 °C/min in a nitrogen flow of 1 L/min. Once the target temperature was
reached, the sample mixture was maintained at this temperature for 1h before it was cooled down in N2
to ambient conditions. To yield the final bio-carbon products, the mixture was removed from the
activation furnace and washed till neutral with excessive quantities of de-ionized water (typically three
times with 200 mL water). It was found that at the KOH/RH ratio of 1.0, the carbon yield ranged from
25% wt% at 600 °C, 20 wt% at 700 °C to 15 wt% at 800 °C. For activation with K2COs, the yield is

slightly higher by an average of 2 wt% than for KOH activation under the same conditions.

For the convenience of subsequent discussion, the carbons obtained from KOH and K>COs activation
under different conditions are labelled as HC-X-Y and KC-X-Y respectively, where X represents the

activation temperature and Y stands for the KOH/RH or K2CO3z/RH mass ratios.

2.2 Characterisation

The textural properties of the prepared carbon samples were characterised with a Micromeritics ASAP
2420 instrument by N2 and CO> adsorption at 77 and 273 K, respectively. Prior to the measurements,
samples were first degassed at 120 °C for 16 hrs. The surface area was calculated by BET (Brunauer-
Emmett-Teller) method using the N2 adsorption isotherm data within the relative pressure ranging from
0.01 to 0.1. The cumulative pore volumes (Viotal) Were calculated from the amount of nitrogen adsorbed
at P/Po of ca. 0.99. Since N has diffusion problem at 77K to access narrow micropores, CO2 adsorption
isotherms at 0 °C was also applied to calculate narrow micropore volume and pore size distribution (PSD)
using non-local density functional theory (NLDFT) model by a combination analysis of N. adsorption

isotherms and CO; adsorption isotherms.

A JEOL 7100F FEG-SEM was employed to study the morphology of samples while high resolution
transmission electron microscopy images were taken on JEOL 2100F FEG-TEM at 200 kV. Bruker S8
Tiger X-ray Fluorescence Spectrometer (XRF) was used for mineral elemental analysis for selected

5



samples. The structural and crystallographic properties of the RH carbons prepared in different
conditions were examined with X-ray Diffraction (XRD) analysis (Bruker D8 Advance). The X-ray
photoelectron spectroscopy measurements were performed using a Kratos AXIS Ultra DLD instrument.
Samples were mounted on the standard Kratos sample bar using double sided tape (sellotape brand),
these were inserted into the airlock and pumped down to ~3 x 107 Torr overnight before transfer into the
instrument analysis chamber. The analysis chamber pressure during the measurements was better than 5

x 10° Torr.
2.3 COz adsorption

A thermogravimetric analyser (Q500, TA instruments) was used to examine the CO; adsorption
characteristics of the derived carbon samples. For each adsorption test, the sample was first dried at 120
°C in N2 for 30 min before it was cooled down to 25 °C for CO; adsorption with the gas flow switched
from N2 to the simulated flue gas (15% CO: in N2) at the same flow rate of 100 ml/min. Once the
adsorption reached equilibrium at a given temperature, the sample was then heated up to 120 °C and held
at this temperature till complete desorption. Cyclic adsorption and desorption tests were also conducted
to study the stability and regenerability of the samples. In addition, CO2 adsorption isotherms at 0 °C and
25 °C for different relative pressures was also measured using volumetric analysis (Micromeritics ASAP
2420) to characterise the surface CO> affinity of the carbon samples. ATG-DSC instrument (Setaram

SENSYSS evo) was used to measure the adsorption heat.

3 Results and Discussion

3.1 XRD and XRF characterisation

Fig. 1 shows the XRD pattern of the microcrystalline structure for the activated RH carbon samples
obtained with different activation conditions. The broad and diffused peaks of the XRD profile
demonstrate the disordered, amorphous structures of the carbons. Two broad characteristic peaks were
observed, one centred at around 25° which corresponds to the (002) set of planes usually used to assess
the pseudo graphic interlayer spacing and another at around 43°, corresponding to the microcrystalline
lateral dimensions of (100) planes, respectively *-44, It seems that at the activation temperature of 600

°C, increasing the KOH/RH mass ratio from 0.1 to 2 inflicted insignificant structural alterations in general,
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despite the minor broadening observed for the (002) peak and the slightly increased 100 peak
corresponding to the lateral dimension of graphitic crystallites. However, the effect of the activation
temperature was found to be significantly greater. It was found that when the activation temperature
increased from 600 to 800°C at a given KOH/RH mass ratio, the (002) peak became increasingly broader
and weaker or even disappeared whilst the (100) peak remained relatively constant. This suggests that
the enhanced activation at higher activation temperatures led to the collapse of interlayer structures and
hence made the carbon microcrystalline structures more single-layered >4, giving rise to larger surface
areas of the carbon as shown in next section. Similar relationship between the disappearance of 002 peak

and surface area of carbons was also obtained by Yang et al #’.
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Figure 1 XRD patterns of RH carbons samples from different activation conditions

Table 1 shows the results of XRF analysis of the residual silica and potassium present in the RH carbon
samples. As expected, the silicon content of the carbon decreased sharply with increasing KOH or K2COs
to RH mass ratio used in the activation process, with most of the RH carbons prepared with high KOH
or K2CO3 mass ratios (>1) having silicon contents below 2wt%. The residual silicon may occur either as
unreacted silica or trapped silicates that are hard to be removed. Interestingly, the amount of potassium
surviving the same excessive post-activation washing process was found to be disproportionately much
larger for all the carbon samples, varying from 5 to 12 wt% which was about 3 ~ 16 times the content of
silica for different samples. This sharp contrast is a strong suggestion of the different transformational

pathways of the potassium present in the activating agents and the natural silica in the rice husks, and it
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is believed that a significant proportion of the potassium is intercalated deep into the carbon framework
formed in the activation process and is hard to be removed with the excessive washing process. Compared
to our previous results reported for phenolic resin beads®, the occurrence of potassium intercalation
appears to be significantly more pronounced during the chemical activation of RH carbons, being
indicative of the prominent role of the RH-contained inherent silica.

Table 1 Chemical analysis by XRF of RH carbons

Sample K, wt% Si, wt% Sample K, wt% Si, wt%
Raw 0.74 17.51 KC-600-1 13.49 5.46
HC-600-0.1 10.82 9.65 KC-700-0.1 8.47 8.86
HC-600-0.5 12.12 4.56 KC-700-1 12.35 2.44
HC-600-1 9.63 2.42 KC-700-2 4.78 1.84
HC-600-2 6.75 1.41 KC-700-3 6.74 1.75
HC-600-3 11.28 1.86 KC-800-1 7.43 1.42
HC-700-1 9.85 1.29
HC-700-2 6.15 0.89
HC-800-1 5.36 1.30

3.2 Textural properties of RH-derived carbons

Fig. 2 shows the N> adsorption isotherms of the carbon samples prepared from the protocol of KOH
activation under relatively mild conditions with the activation temperatures varying from 600 to 800 °C
and RH/KOH mass ratios from as low as 0.5 to a maximum of 3. It can be seen that the adsorption
isotherms of all RH-derived carbons were highly characterised by the large sharp uptake observed at low
relative pressures typically < 0.1 followed by virtually horizontal plateaus at high relative pressures, this
indicating the extraordinary microporosity of the RH carbons. Hysteresis at high relative pressures, which
is indicative of the presence of mesoporosity, was only observed for two samples prepared from using
either very low RH/KOH mass ratios or higher activation temperatures (HC-600-0.5 and HC-800-1).
Compared to KOH-activated RH carbons, however, most of the K.COs-activated carbons showed type
IV isotherms with sloped plateaus at low relative pressures followed by variable significant amounts of
hysteresis at higher relative pressures, being indicative of the wider pore size distributions ranging from

micro to mesoporous structures in the KoCOsz-activated carbons.
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Figure 2 N2 adsorption isotherms obtained at 77 K for RH-derived carbons from different chemical
activation protocols (HC: KOH activation; KC: K2COs activation)

Table 2 summarises the surface textural parameters obtained from the BET measurements. It can be seen
that the total pore volume and BET surface area increased from 0.061 to 0.64 cm®/g and 89 to 1343 m?/g,
respectively when KOH/RH mass ratio increased from 0.1 to 1.0 and the activation temperature from
600 to 800 °C. It is clear that the RH-derived carbons from the protocol of KOH activation are extremely
microporous, with the microporosity accounting for up to 95% of the total porosity. More importantly,
the microporosity of the RH carbons, as shown in Fig. 3, was found to consist mostly of ultra-micropores
with pore diameters centred on 0.36 and 0.55 nm, which represents 84% of total microporosity for the
carbon sample prepared at 600 °C with a KOH/RH mass ratio of 1. Such well-defined ultra-microporosity
with extremely narrow pore size distributions obtained for the RH carbons can usually only be achieved
with some special metal organic frameworks (MOFs) built from a single small ligand ¢ and the carbons

derived from carefully selected costly precursors and using cumbersome methodologies *°



Table 2 Specific surface areas, pore structure parameters of the bio-carbons

Sample SBET Viotal Vmicro Vmicro<inm Vimicro<tnm/Vini Vmicro/
(m’/g)  (cm’/g)  (cm’/g)  (cm'/g) T Vieal

KOH—activated carbon
HC-600-0.1 89 0.061 0.029 0.018 62% 48%
HC-600-0.5 249 0.16 0.083 0.057 69% 52 %
HC-600-1 536 0.24 0.19 0.16 84% 79 %
HC-600-2 1025 043 0.39 0.30 81% 95 %
HC-600-3 1303 0.52 0.47 0.34 72% 90 %
HC-700-1 976 0.39 0.33 0.26 79% 85 %
HC-700-2 1197 0.47 043 0.33 T7% 91 %
HC-800-1 1343 0.64 0.49 0.30 61% 77 %
K>COs—activated carbon
KC-700-0.1 42 0.044 0.012 0.006 50% 27 %
KC-700-0.5 274 0.15 0.10 0.072 72% 67 %
KC-700-1 395 0.24 0.14 0.094 67% 58 %
KC-700-2 640 0.38 0.23 0.17 74% 61 %
KC-700-3 741 0.39 0.25 0.19 76% 64 %
KC-800-1 944 0.60 0.37 0.24 65% 62%
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Figure 3 NLDFT pore size distributions for RH samples from KOH activation with different
KOH/RH mass ratios at 600 °C

Figure 4 shows the effect of activation temperature and KOH/RH mass ratio on the development of ultra-

microporosity. It can be seen that the volume of ultra-micropores increased both with the activation

temperature and KOH/RH mass ratio, indicating an enhanced activation effect. However, at a given

KOH/RH mass ratio, the ultra-micropore volume as a fraction of the total micropore volume decreased

with activation temperature whereas at a given activation temperature, the percentage of ultra-
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microporosity was found to decrease with an increase in KOH/RH ratio up to 3.0. The decrease in the
relative ultra-microporosity with increasing severity of activation conditions was believed to be
associated with the formation of increasingly larger micropores with a broader size distribution, with

mesoporosity starting to emerge when the activation temperature was higher than 700°C (sample HC-

700-1) as shown in Fig. 2.
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Figure 4 Effect of activation temperatures and KOH/RH mass ratios on ultra-microporosity of
KOH-activated RH carbons

Compared to the KOH activation, the results shown in Table 2 and Fig.2 show that the RH carbons from
the one-step K>COs activation, which can be considered as part of KOH activation but can only take
place at higher temperatures, were found to be significantly less microporous owing to the formation of
mesoporosity that appears to become more pronounced with increasing activation temperatures. The
highest surface area was obtained at only 944 m?/g for the sample prepared at the highest K,COs3
activation temperature (800 °C) investigated. However, it is noteworthy that despite the smaller ultra-
micropore volumes, the relative ultra-microporosities of the KoCOs-activated RH carbons were overall
comparable to those of the carbons from the one-step KOH activation under similar conditions,
suggesting that the RH carbons obtained with K>COz3 activation essentially exhibit a distinct bimodal
pore structure consisting mainly of two groups of porous structures, namely the mesopores and the ultra-
micropores below 1 nm in diameter. However, as K.COs activation appears to favour the formation of

mesoporosity at a cost of microporosity, it can be reasonably envisaged that the RH carbons obtained
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with K>COs3 activation will become increasingly mesoporous with increasing activation temperatures

and/or K,CO3/RH mass ratios, eventually leading to the formation of mesoporous RH carbons *°.

Figure 5 illustrates the SEM images of the raw RH and its derived carbon samples from KOH and K>COz3
activations. It can be seen that despite the lower activation temperature used, the carbon sample from the
KOH activation shows a much more developed porous structure than the KoCOs-activated carbons, being
consistent with the above results obtained. In order to further understand the microporous structure of
HC-600-1, transmission electron microscopic (TEM) imaging analysis were also performed. As shown
in Figure 5(f, g), slit-like ultra-micropores can be clearly seen in the TEM images and the ultra-

microporosity distributed across the porous network skeleton.
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Figure 5 SEM images of raw RH (a) and its derived carbons from KOH and K2COs activation
(HC-600-1 (b)-(c); KC-700-1(d)-(e)) and TEM images of sample HC6001 (f)-(g)

3.3 The role of RH inherently contained silicon in ultra-microporosity development

The formation of well-defined ultra-microporosity at such exceptionally high levels, which has never
been observed for any other carbon materials prepared with similar methodologies *°, is highly suggestive
of other reactive element(s) involved during the activation. RH is well known for its uniquely high
contents of silica (15-23 wt%) present in an inherent structural framework at molecular levels and some
of the silicon species are even chemically bonded to the functional groups of the carbonaceous rice husk
5152 During chemical activation, these inherently present silicon species within the framework of rice
hulls can play a prominent in-situ template role in the development of the exceptionally high levels of

ultra-microporosity observed for the RH carbons.
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Previous investigations have revealed that KOH activation of carbonaceous materials for activated
carbon production involves the following major chemical reactions (1) to (8) 3 whereas K,COs
activation only involves the reactions (5) to (8) and requires higher temperatures to achieve high levels
of activations®’-°. The significance of individual reactions and hence the porous structures of resultant
activated carbons are determined by both the activation temperature and the amount of KOH used. In
general, activation efficiency increases with increasing KOH/carbon ratio and activation temperature in
particular, due to the enhanced chemical reactions and associated pore creating and widening effect. It is
noteworthy that the pore widening effect accelerates significantly with increasing activation temperatures,
because of the higher kinetic energy possessed by the melt of K.COs3, K>O and the vapour of metallic

potassium at higher temperatures.

2KOH — K20 + H20 (1)
C + H20— CO + H> 2
CO + H20— CO2+H2 3)
CO2+ K20 — K2COs3 4)
K2CO3 — K20 + CO2 (5)
COx+C — 2CO (6)
C+K20 —» C-O0-K + K @)
C+K>0 — 2K + CO (8)

In general, the results obtained for the RH carbons agree well with previous findings. However, compared
to other biomass feedstocks free of silica, the following additional pore-creating reactions (9~11)
between the activating agents and RH-contained silica also take place with varying significance, which
provide additional activation as the water-soluble silicates formed can easily be removed to free the
porosity during the washing process. The results present in Table 1 confirm the removal of silicon as a
result of the additional reactions during the chemical activation process.

K20 + SiO2 — K2SiO3 9)

2K20 + SiO2 — KaSiO4 (10)
K2COs3 + SiO2 — K»2SiO3 + CO2 (11)
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Figure 6 Schematic diagram for the silicon-containing RH framework and the pore-creating
reactions of silicon with activating agents (a) and the relationship between the ultra-micropore
volume and the residual silicon content of the carbons (b)

These additional reactions were believed to be the main factors responsible for the extraordinary ultra-
microporous structures observed for the RH carbons, given the inherent nano-scale distribution of the
natural templating silica within the matrix of rice husk °. It is also reasonable to assume that the
formation of silicates may also help retain the resultant ultra-microporosity by weakening the pore
widening effect of further carbon reactions with the activating agents. Indeed, a linear relationship as
shown in Fig. 6(b) was observed between the volume of ultra-micropores (<0.55nm) and the residual
silicon contents of the RH carbons (Table 2), showing that the micropore (<0.55nm) volume increases

with the increasing removal of residual silicon in the form of potassium silicates.
3.4 CO2 adsorption properties of RH carbons
3.4.1 Static adsorption measurement

Fig. 7 shows the adsorption isotherms at 0 and 25 °C for the RH carbons prepared from the one-step
carbonisation—activation with KOH under different conditions. Clearly, the CO, uptake of the RH
carbons was affected substantially by both the activation temperature and the amount of activating agent
used. At the given activation temperature of 600 °C, the results shown in Fig. 7(a, b) indicate that on
increasing the KOH/RH mass ratio from 0.1 to 2, the CO> adsorption capacity increased sharply from
2.35and 1.88 mmol/g to 4.75 and 5.91 mmol/g at 0 and 25 °C and 1 bar CO> respectively, being consistent

with the increased activation efficiency and removal of RH-contained silica as shown in Table 2.
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However, a further increase in KOH/RH ratio from 2:1 to 3:1 resulted in a significant decrease in CO>
uptake from 4.75 to 4.1mmol/g at 25°C and 1 bar, despite the continuous increase in the porosity but
clearly at a cost of ultra-microposity as a result of enhanced pore widening effect (Table 2). A similar
trend was also observed for the effect of carbonisation and activation temperature (Fig. 7c) on CO> uptake,
with the carbons prepared at 600 and 700 °C showing the best adsorption performance in general. Of all
the KOH-activated samples, the RH carbon (HC-600-2) prepared at 600 °C with a KOH/RH ratio of 2:1
exhibited the highest adsorption capacities of 5.91 and 4.75 mmol/g at 1 bar, and 2.96 and 2.0mmol/g at
0.15 bar CO at the adsorption temperatures of 0 and 25 °C, respectively. A comparison with other
materials (Table S1) shows that the extraordinary CO, uptakes of the RH carbons of this study at low
CO- partial pressures represent the one of the highest capacities ever reported for any carbon materials
which are usually prepared from cost-prohibitive precursors and sophisticated methodologies, and
exceed the performance of most MOF materials for post-combustion CO, capture. Compared to KOH
activation, however, the carbons obtained from the integrated carbonisation and K>COs activation
process appear to be generally less effective in adsorbing CO- (Fig. 8), with the sample prepared at 800
°C (KC-800-1) showing the highest CO- uptakes of 2.3 and 4.8 mmol/g at 0 °C and CO- partial pressures
of 0.15 and 1 bar COy, respectively.

For both KOH and K>COs activations, the adsorption isotherms also show that samples prepared in
relatively mild conditions often showed higher CO. uptake capacities at low CO; partial pressures up to
0.2 bar but exhibited lower capacities in the higher pressure region, compared to the samples prepared in
less mild activation conditions (e.g. HC-600-1 vs HC-600-3; HC-600-1 vs HC-700-2 and HC-800-1; and
KC-700-1 vs KC-800-1), highlighting the differential effect of the surface textural and chemical

properties on CO> uptake and related adsorption mechanisms at different partial pressures.
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Fig. 8 COzadsorption profiles at 0 °C for the RH carbons from the carbonization-activation scheme
with K2COs as the activating agent under different conditions

3.4.2 Dynamic adsorption and cyclic adsorption/desorption measurement
Fig. 9 shows the adsorption characteristics and the cyclic adsorption/desorption performance for selected

samples, obtained from TGA at 25 °C and 0.15 bar CO2 (N2 balance). As shown in Fig. 9a, all the RH
carbon samples demonstrate fast CO, uptake in the simulated flue gas stream under the dynamic TGA
conditions, with their achieved equilibrium adsorption capacities being essentially identical to those
obtained under the static BET measurement conditions (Fig. 7b). A remarkable equilibrium uptake

capacity of 2.0 mmol/g was obtained with the best-performing HC-600-2 sample and 90% of the
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equilibrium capacity was achieved in less than 2 minutes (Fig.9a), while its stable and excellent reversible

adsorption performance was demonstrated by the cyclic life-time performance test results (Fig.9b). It is

also worth mentioning that the least activated HC-600-0.1 sample, which has a surface area of only 89

m?/g and a micropore volume of 0.029 cm®/g, still achieved an impressive adsorption capacity of 1.3

mmol/g, and this may indicate the extraordinary role of the potentially unique surface chemistry of the

RH carbons that has rarely been seen for any other carbon materials. The above results highlight the high

adsorption capacity and desirable fast adsorption kinetics of the rice husk derived carbons of this study.
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Figure 9 (a) the isothermal adsorption curve of selected RH carbons; (b) the cyclic

adsorption/desorption performance of the best-performing HC-600-2 sample: both under

°C for

simulated flue gas conditions of 15% CO2 and 85% N2 at 25 °C for adsorption and 120

desorption in N2

3.5 The role of surface textual and chemical properties on CO2 adsorption

The CO:> uptake performance of the RH carbons prepared in different carbonisation and activation

conditions appears to have no direct links with the general surface textural properties as shown in Table

2 and Fig. 2. For instance, the sample HC-800-1, which had the largest surface area of 1343 m?/g with a

total volume of 0.64 cm®/g (Table 2), had the lowest CO; uptakes of only 1.96mmol/g at 0°C and 0.15

bar CO2, while the sample HC-600-2 with a considerably lower surface area of 1025 m?/g and total pore

volume of 0.43 cm®/g had the remarkably higher capacity of 2.96mmol/g and the sample HC-500-1,

which had the smallest surface area of only 470 m?/g and total pore volume of 0.22 cm®g, had the
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capacity of 2.05mmol/gat 0 °C and 0.15 bar CO2.These results strongly suggest the unique pore size

distributions of the samples can be more relevant to the CO; uptake capacities.

Further examinations as shown in Fig.10 indicate that the CO, capture capacity of the RH carbons at the
different adsorption temperatures and CO> partial pressures investigated is indeed only directly
proportional to the volume of micropores smaller than 1 nm. Therefore, carbonisation and activation
conditions leading to widened porous structures at a cost of fine microporosity (Table 2) will result in a
decrease in CO- uptake despite the induced further increase in surface area or total pore volume. At a
COg. partial pressure of 0.15 bar, the CO- uptake capacity at 0 °C was found to be almost linear with the
volume of micropores smaller than 0.5 nm, with a high correlation coefficient (R?) of 0.90 (Fig. 10a).
Similar linear relationships were also obtained at other adsorption temperatures and pressures, while the
unique pore size giving rise to the best correlation increased to 0.60 nm at 0 °C and 1 bar (Fig. 10b, R?=
0.98) but decreased significantly to 0.44 nm when adsorption took place at 25 °C and 0.15 bar CO; (Fig.
9c, R?=0.92), respectively. It was also found that the coefficient of determination (R?) decreased sharply
even with a slight increase in the pore sizes identified (Fig. 10d). It is well known that smaller micropores
have higher adsorption potentials as a result of the superposition of the stronger van der Waals force
produced by the adjacent walls of smaller micropores. While the above results further confirm the vital
role of ultra-microporosity (< 1nm) on the CO uptake, they are also highly suggestive of the existence
of a critical pore size distribution that essentially determines the overall CO2 uptake performance at
specific adsorption temperatures and pressures, with the critical pore size decreasing with increasing

adsorption temperature and/or decreasing CO> partial pressure.

The relation between the CO> uptake and pore size obtained for the RH carbons agrees well in general
with previous research findings that the CO, adsorption capacity of carbon materials is mainly associated
with the volume of the pores smaller than a specific pore size determined by the adsorption pressure and
temperature'® ®1. However, it is obvious that the surface textural properties alone cannot account for the
extraordinary CO uptakes of the RH carbons, as clearly shown by the exceedingly large y-axis intercepts

of the above linear relations that were never observed before.
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At 0.15 bar CO, the value of intercept derived from linear extrapolation, which characterises the relative
significance of surface chemical properties in CO2 adsorption, was obtained as 1.11mmol/g at 0°C and
1.00mmol/gat 25 °C. For sample HC-600-2, this represents 37% and 50% of its CO> uptake capacity at
0°C and 25 °C and a CO;, pressure of 0.15 bar, respectively. At 0 °C and 1 bar COg, the intercept increased
to 1.89 mmol/g, accounting for 32% of the adsorption capacity of HC-600-2. Clearly, the relative role of
surface chemistry in CO. adsorption is even more significant for all other samples where the CO» uptake
is lower due to smaller ultra-microporosity. The use of surface modification via various methodologies
as a means to boost the adsorption capacity of carbon materials has been the focus of many investigations
over recent years, but with limited improvements being achieved as shown in Table S1. The remarkable
relative contribution of surface chemistry as characterised by the large intercept obtained for the RH

carbons has never been observed in previous investigations where the intercept of similar relationships
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was found to be near zero while the conclusions on the role of surface chemistry were often ambiguous

or contradictory!® 466162,

As the RH carbon is virtually nitrogen-free, it is believed that the excess adsorption capacity of the RH
carbons was linked with the presence of extra framework metal (K*) cations that were formed as a result
of potassium intercalation achieved during the KOH activation or KoCOj3 activation®®. It has been well
known that extra-framework cations usually present in zeolitic materials can form strong local electric
fields that can polarise adsorbate molecules and hence provide either additional active adsorption sites
and/or enhance the interaction of the adsorbate with the adsorption surface, with the magnitude of the
effect determined by both the charge density of the extra-framework ions and the electric quadrupole of
adsorbate'® ¢35 CO, has a very large electrical quadrupole moment, which is over three times higher
than that of N2 (-1.43+0.06 x107° Cm?vs —4.65+0.08x10~4°Cm?) ¢, implying that CO, molecules can be
preferentially polarised in an electrostatic field. Therefore, the large excess CO2 adsorption capacity of
the RH carbons, which could not possibly be accounted for by their surface textural properties, could be
presumably owing to the strong preferential CO> polarisation by the extra-frame work K* ions present in
the framework of the RH carbons. It has been well established that CO> polarisation in zeolitic materials
gives rise to the formation of various adsorption complexes, which range from bridged and unbridged
complexes with single and dual exposed ions to bent carbonate-like species, the latter also involving the
participation of both the exposed ions and a lattice oxygen ®* 7. The great excess adsorption capacity or
the large y-axis intercepts observed for the RH carbons (Fig. 10) are clearly attributable to the similar
adsorption complexes formed via the similar adsorption mechanisms. It appears that the presence of
extra-framework K* ions particularly benefit the CO; adsorption at high adsorption temperatures or low
partial pressures, with its contribution to the overall CO, uptake increased from ca. 37% to 50% when
adsorption temperature increased from 0 °C to 25°C at 0.15 bar and from 32% to 37% when CO> pressure

decreased from 1 to 0.15 bar at 0 °C.

Presumably, the formation of extra framework cations (K*) is particularly associated with the potassium
intercalated into the carbon network structures during activation, with the degree of potassium
intercalation and hence the density of the extra-framework ions determined by the activation conditions

and resultant textural properties of the carbons®®. The above results suggest that the formation of extra-
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framework ions was considerably enhanced in the RH carbons, potentially due to their exceedingly high
ultra-microporosity that may expectedly either increase potassium intercalation or stabilise the derived

extra-framework ions.

The SEM-EDX element mapping obtained for the sample HC-600-2 (Fig. 11a) reveals the extensive
uniform spatial distribution of the intercalated potassium species at microscopic scales, which is
indicative of its high surface polarity, while the characterisations by XPS (Fig. 11b) demonstrates the
presence of potassium, silicon, aluminium and calcium at varying quantities in different forms of zeolitic
structures. The K2p spectrum for the potassium in the sample HC-600-2 exhibited two peaks at 293.2
and 296.0eVwith an intensity ratio of 2:1 and a difference in binding energy of 2.8 ev, which are
characteristic of the spin-orbit-split doublet (K2ps/2 and K2p12) of surface potassium cations and oxides
68, 69 rather than carbonate species, which usually have their K2ps. peak at 292.2 eV °.Given the
significantly enhanced and fully reversible CO; adsorption, this suggests the formation of strongly bound
potassium surface complexes presumably in the form of O®—K*3and/or extra-framework K* cations. The
residual silicon compounds, which survived the excessive post-activation washing, have a Si2p spectrum
comprising two peaks at the binding energies of 102.6ev and 103.8ev, which is indicative of the existence
of X-type zeolitic structures "* and SiO "2, respectively. The XPS characterization also indicates the
presence of trace quantities of alumina, which had an Al2p peak at 74.6 eV that indicates the presence
of X and/or Y-type zeolites ', and calcium species showing two Ca2p peaks at 351.2 and 347.7eV, which
are suggestive of the existence of CaCO3"® and A-type zeolitic structures 8474, respectively. XRF analysis
conducted for sample HC-600-2 shows that sample contained 0.15 wt% Al, 0.57 wt% Ca in addition to
K and Si, confirming the existence of trace quantities of Al and Ca bearing species. Given the unique
distribution of silicon compounds in rice husk at molecular levels, the above results may reveal that part
of the rice husk-contained silicon was transformed to different forms of zeolitic structures incorporated
into the carbon networks, which essentially transformed the RH carbons to a type of zeolite-carbon
nanocomposite materials, whereas the alkali-metal zeolite structures are well known for the abundance

of extra-framework cations responsible for their usually strong surface affinity to CO, %,

22



Cls

280 285 290

Binding Energy (eV)
(b)

K2p Ca2p

K oxides
262 264 2;}6 2‘38 300 344 346 348 350 352 354 356 358
Binding Energy (eV) Binding Energy (eV)
(c) (d)
Al2p Si2p

Zeolite

zeolite

60 65 70 75 80 85 90 100 102 104 106 108 110
Binding Energy (eV)

Binding Energy (eV)

(e) ()
Figure 11 (a) SEM-EDX element mapping showing the spatial distribution of potassium in HC-

600-2; (b)-(f) XPS spectra of the major heteroatoms identified in HC-600-2
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3.6 Heat of COzadsorption of RH carbons

The heat or enthalpy of adsorption is an important parameter to indicate the surface affinity of an
adsorbent toward CO- and hence reflect the strength of their interaction. Ideally, a suitable adsorbent for
CO; capture should have a moderate heat of adsorption to facilitate high CO2 uptakes at low CO; partial
pressures and/or reasonable flue gas temperatures without energy-intensive flue gas deep cooling. This
is because too high a heat of adsorption can lead to increased energy requirement for CO2 desorption or
sorbent regeneration whilst if the heat of adsorption of a sorbent is too low (e.g. those of typical
commercial carbons 1949 75) 'the sorbent will give rise to unacceptably low CO; uptakes at typical flue
gas temperatures and COg partial pressures. Fig. 12 shows the heat of CO; adsorption measured by TG-
DSC at 25 °C and a CO; partial pressure of 0.15 bar in N2 for a selection of RH carbon samples. The heat
of adsorption for the RH carbons ranged from 32 to 38.4 kJ/mol and showed a decrease with increasing
activation temperature and the ratio of KOH or K>COs to RH (Fig. 12a), which corresponds well to the
increased porosity development and hence the increased role of surface textural properties in adsorption.
Though the measured adsorption heat by TG-DSC for the RH carbon represents the average heat of
adsorption rather than the isosteric heat of adsorption used in prior studies, which is a function of surface
coverage and usually calculated from using adsorption isotherms, they are still considerably higher than
those reported for zeolite "® and most MOFs -"® and virtually any other carbon materials'’ ¥ 49 (e.g.
Maxsorb and Norit R1 Extra (red bar), 17-25kJ/mol*’), being indicative of the strong interaction of the
adsorbed CO2 phase with the surface. The observed strong linear increase of adsorption heat with increase
in the content of intercalated potassium (Fig. 12b) confirms the significance of potassium intercalation
in modifying the carbon surface chemistry via the formation of highly polarising extra-framework K*?
ions or zwitterion-like structures. As shown in Fig. 12a and Table 2, the fact that the least activated
samples prepared under the mildest activation conditions (e.g. HC-600-0.1, HC-600-0.5 and KC-600-1)
was found to have the highest heat of adsorption further reflects the strong surface inhomogeneity of the
potassium-intercalated RH carbons with incorporated zeolitic structures as revealed in Fig. 11. Further,
compared to previous findings 1" 4%, the large y-intercept of ca. 28kJ/mol derived from the linear

relationship (Fig. 12b), presumably attributable to the non-electrostatic interactions, also suggests that
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the micropore filling/capillary condensation in the RH carbons could be significantly enhanced or the

micropores filled to a higher degree due to the extended effect of strong surface electrostatic forcing.
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Figure 12 (a) Specific heat of CO2adsorption measured by TG-DSC (flue gases: 15% CO2 + 85%
N2; adsorption temperature: 25 °C); (b) the relationship between K content and adsorption heat.

4 Conclusions

Novel activated carbons with exceedingly high ultra-microporosity and strongly modified surface
chemistry in favour of CO, adsorption were prepared from the abundant agricultural waste of rich husk,
using a facile approach that essentially integrated the carbonisation and simultaneous activation into a
single one-step process. The synthesized bio-carbons have showed exceedingly high levels of ultra-
microporosity, owing to the unique templating role of the natural silicon species contained within the RH
molecular framework structures. A combination of high ultra-microporosity and unique surface
chemistries led to remarkable CO> uptake capacities of up to 5.91mmol/g at 0 °C and 1.0 bar and 2.0
mmol/g at 25 °C and a CO- partial pressure of 0.15 bar, which represent one of the highest CO2 uptakes
ever reported for designer carbon and MOF materials. Taken with the exceptionally high heat of
adsorption, the unusually prominent role of surface chemistry in CO2 adsorption, which was responsible
for up to 50% of total CO> uptake, were highly indicative of the significantly enhanced formation of
extra-framework potassium ions leading to the extraordinary surface affinity to CO> observed for the RH

carbons.

25



Characterisations by XPS and EDX elemental have demonstrated the extensive uniform spatial
distribution of the intercalated potassium at microscopic scales and the existence of various types of
zeolitic aluminosilicate structures incorporated into the RH carbon frameworks, which essentially

transformed the carbons into potassium-intercalated zeolite-carbon composite materials.
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