7 ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online

View Journal | View Issue

Synthesis, characterisation and carbon dioxide
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The synthesis of hierarchically porous Starbon® based materials from initially highly mesoporous
Starbons® is reported. Mesoporous starbons® are prepared from three different biopolymers: starch,
alginic acid and pectin and each is then activated using three different activating agents: potassium
hydroxide, carbon dioxide and oxygen to give a set of hierarchically porous Starbons® which retain the
mesopores of the precursor whilst becoming predominantly microporous. The hierarchically porous
materials are characterised using nitrogen porosimetry, CHN analysis, ICP-OES, XPS, SEM and TEM
imaging. It is shown that the hierarchically porous Starbons® have higher carbon dioxide adsorption
capacities than either the mesoporous Starbon® precursors or conventional microporous activated
carbon. The materials show selectivities of up to 64 for adsorption of carbon dioxide versus nitrogen and
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only lose only 3-7% of their carbon dioxide adsorption capacities when the carbon dioxide is saturated
with water. The carbon dioxide capture capacity of all 50 Starbon® materials showed a strong and positive
linear correlation with the product of the materials ultramicropore surface area and ratio of ultramicropore
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Introduction

Starbons® are commercially available, sustainably sourced,
highly mesoporous carbonaceous materials' prepared from
waste biomass derived polysaccharides without the use of a
template. Thus, Clark and co-workers initially demonstrated
that starch (extractable from potato peel) could be converted
into Starbons® by a three-step process: gelatinisation and retro-
gradation in water;> drying to form a mesoporous aerogel and
carbonisation at 300-1200 °C.* Other helix-forming polysac-
charides with flexible glycosidic bond linkages® such as alginic
acid® (from seaweed) and pectin® (from orange peel), were sub-
sequently transformed into Starbons®. The preparation of
Starbons® has since been optimised to provide a green and
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(0.4-0.7 nm) volume to total pore volume.

inexpensive synthesis of these versatile and sustainable
materials. In particular, the drying step which is critical to
maintain the pore structure has evolved from: solvent
exchange followed by oven drying®” to solvent exchange fol-
lowed by supercritical carbon dioxide drying>® to a freeze-
drying based method.’

The chemical groups present in Starbons® are largely deter-
mined by the carbonation temperature.’> Carbonisation at
300 °C retains oxygen containing functionalities such as alco-
hols and ketones. By 600 °C, monocyclic aromatic rings predo-
minate and at higher temperatures fused polycyclic aromatics
are formed. The polysaccharide precursor influences the mor-
phology'® of the Starbon® and also the pore size and shape."*
Alginic acid and pectin derived Starbons® have larger meso-
pore volumes compared to starch derived Starbon®.™®

Starbons® have already found numerous applications. They
can act as supports for catalytically active metal
nanoparticles'>™* and can be sulphonated to provide solid,
strong acid catalysts."*'>"'® Magnetically separable magnetite-
Starbon® nanohybrid catalysts have also been prepared.'”
Titanium dioxide supported on Starbon® was found to have
higher photocatalytic activity for the degradation of phenol in
water than use of either activated carbon or graphene oxide as
support.'® A Starbon®-graphite composite showed enhanced
stability, conductivity and capacitance retention when used as
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a supercapacitor electrode." Starbon® has been used both as a
carbon additive in lithium-ion battery electrodes*® and as the
electrode in its own right.>* Starbons® make excellent adsor-
bents for various solids and liquids, giving them applications
in the separation of sugar analytes,>>* recovery of phenolic
compounds,'®?® removal of dyes'' and detergent residues™
from wastewater, adsorption and release of plant growth pro-
moters®® and separation of critical metal ions from mixtures of
metals.® Established wisdom is that adsorption of gases occurs
best on microporous solids with pore diameters less than
0.8 nm>**” Nevertheless, Starbons® were found to physisorb
up to 50% more carbon dioxide and to show 3-4 times better
selectivity for carbon dioxide over nitrogen than microporous
activated carbon.>® They were subsequently shown to also
adsorb ammonia, hydrogen sulphide and sulphur dioxide
more effectively than microporous carbon.>”

The above applications all benefit from the favourable
mass-transfer rates associated with highly mesoporous struc-
tures. However, for some of these applications, the higher
surface area associated with a more microporous structure
could be beneficial. Therefore, in this paper, the activation of
Starbons® to give hierarchically porous materials possessing
both micropores and mesopores is reported. The hierarchically
porous materials are also shown to have better carbon dioxide
adsorption capacities than either microporous activated
carbon or mesoporous unactivated Starbons®, giving them the
potential to be utilised on a large scale for post-combustion
carbon capture and utilisation or storage®® which involves the
separation of carbon dioxide from (mostly) nitrogen in the
flue-gas of fossil fuelled power stations.

Results and discussion
Synthesis of hierarchically porous Starbons®

In this work, three different methods have been investigated
for the activation of Starbons® derived from three different
polysacharaides: starch, alginic acid and pectin. Potassium
hydroxide is the most widely used activating agent for carbon
based materials®" and can produce activated carbons with very
large surface areas (up to 4000 m* g~ '), high pore volumes (up
to 2.7 cm® ¢7') and tuneable and narrow pore size distri-
butions. However, use of excess potassium hydroxide is less
than desirable from a green chemistry perspective (though in
principle it could be recycled).”* Therefore, the use of carbon
dioxide®® and oxygen®* as activating agents were also investi-
gated. Thus, a mesoporous aerogel obtained from one of the
three biopolymers® was converted first into a mesoporous
Starbon® and then into an activated Starbon® as illustrated in
Fig. 1. Unactivated Starbons® are referred to as Xn where X is
S, A, or P representing the precursor (starch, alginic acid or
pectin respectively) and n is the temperature (in °C) at which
the material was carbonised (300 or 800 °C). Potassium
hydroxide activated materials were prepared from X300’s and
are referred to as XnKm where X is S, A or P; n is the activation
temperature (600-1000 °C) and m is the mass of potassium
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KOH activated Starbons
S800K1, S800K2, S800K3, S800K4, S800K5, S600K4, S1000K4,
AB00K1, AB00K2, AB00K3, AB00K4, AB00OKS5, A600K2, A1000K2,
P800K2, P800K3, P800K5

activate at 600, 800 or 1,000 °C under N,
for 1 hour then wash with HCl(5q) and H,O
unitil the washings are at neutral pH.

Dry under vacuum

(Mixture of KOH with $300, A300 or P300)

KOH 4 (1-56 mass equivalents)
then evaporate and dry
S$300, A300 or P300

Tcarbonise at 300 °C

Mesoporous aerogel obtained from
starch, alginic acid or pectin

lcarbonise at 800 °C

$800, A800 or P800

RT-(750-1000 °C) at 10 °C RT-(400-800 °C) at 10 °C min~! under
min" under CO, flow (50 mL 2% O, in N, (220 mL min™" total flow
rate). Hold for 0-60 min then cool
to RT under N,
0, activated Starbons

min). Hold for 0-120 min
then cool to RT under N,
$§70000, S75000, S80000
§750040, S750056,
A500030, A500060, A75000,
P400050, P500030, P75000

CO, activated Starbons
S$800C15, S850C15, S900C15, S950C15,
$1000C15, S900C30, S900C60, S900C90,
$900C120, S950C30, S950C60, S950C90,
S950C120, A750C45, A750C60, A750C90,
A900C0, A900C10, P700C50, P900CO

Fig. 1 Routes used to prepare activated Starbons®.

hydroxide used relative to the mass of X300 (1-5). X300’s were
selected as substrates for potassium hydroxide activation as
they retain oxygen-containing functional groups which facili-
tate potassium hydroxide activation.?>

Carbon dioxide and oxygen activated materials were pre-
pared from X800’s since Starbons® which have been carbo-
nised at 800 °C retain far fewer oxygen containing functional
groups than Starbons® prepared at 300 °C. Hence, use of
X800’s as the activation precursor allowed the activation to be
better controlled and monitored by TGA-IR. Activation was
carried out under a flow of carbon dioxide or diluted oxygen
gas, increasing the sample temperature from ambient to the
desired activation temperature at 10 °C per minute and then
holding at that temperature for a period of time. Carbon
dioxide activated Starbons® are then classified as XnCm where
X is S, A or P; n is the maximum activation temperature
(700-1000 °C) and m is the length of time (0-120 minutes) that
the sample was held at the maximum activation temperature.
Carbon dioxide activation was found to occur only at tempera-
tures above 600 °C. For the synthesis of S900C15, the carbon
dioxide flow rate (25-100 mL min~") had no effect on the rate
of activation, though the BET surface area and microporosity
of the resulting activated Starbon® increased slightly as the
flow rate increased (data in ESIf). The difference between flow
rates of 50 and 100 mL min~" was negligible however, so the
flow rate was fixed at 50 mL min~". The nature of the polysac-
charide precursor did affect the rate of reaction of the X800
with carbon dioxide. P800 was the most reactive, followed by

This journal is © The Royal Society of Chemistry 2022
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A800 and S800 was the least reactive precursor. This is shown
in the results for samples activated by carbon dioxide at
900 °C where S800 shows only a 20% weight loss on being con-
verted into S900C15; A800 shows a 68% weight loss on being
converted into A900C10 and P800 shows a 72% weight loss on
being converted into P900CO (data in ESIT).

Oxygen is a much more reactive activating agent than
carbon dioxide and reacts exothermically with carbon.*®
Therefore, the activation of X800’s with oxygen was carried out
using a flow of just 2% oxygen in nitrogen and could be
achieved at lower temperatures (270 °C for A800 and P800 and
400 °C for S800) than the carbon dioxide activations. Oxygen
activated Starbons® are classified as XnOm where X is S, A or
P; n is the maximum activation temperature (400-800 °C) and
m is the length of time (0-60 minutes) that the sample was
held at the maximum temperature. TGA-IR analysis showed
that both carbon dioxide and carbon monoxide were formed
as gaseous products (C + O, — CO,; 2C + O, — 2CO). When
S800 was heated to 750 °C under a flow of nitrogen, only 5%
mass loss occurred compared to the 25% mass loss seen
during the formation of S75000. The order of reactivity of the
Starbon® precursors was again S800 least reactive and
P800 most reactive (data in ESIY).

Characterisation of hierarchically porous Starbons®

All of the Starbon® materials were characterised by nitrogen
porosimetry at —196 °C to determine their pore structures and
BET surface areas. Adsorption isotherms and pore width distri-
bution plots are given in the ESIt and key data are presented
in Table 1. Entries 1-6 show that the unactivated Starbon® pre-
cursors are all predominantly mesoporous materials since
their micropore volumes account for at most 40.7% of the total
pore volume. On increasing the carbonisation temperature
from 300 to 800 °C the BET surface areas increase from
65-305 m*> g~' to 262-619 m®> g~' and the microporosity
increases from 1.3-37.1% to 16.0-40.7% of the total pore
volume. The carbonisation was carried out in a vacuum
furnace,®'® at a pressure of less than 20 mbar. This increase
in surface area and microporosity can be attributed to partial
activation caused by residual oxygen®® present during the car-
bonisation at 800 °C and to steam activation®” due to water
formed by dehydration of alcohols within the Starbon®
material. Entries 7-23 show that the potassium hydroxide acti-
vated Starbons® all have higher BET surface areas
(687-2452 m?> g7') than the unactivated Starbons®. The
adsorption isotherms of these materials indicated that they
had become predominantly microporous. To quantify this
change a model to use to extract pore distribution information
from the isotherms of these structurally complex materials
had to be validated. Therefore, the use of t-plot,® HK,** DFT*°
and NLDFT"' models to analyse the micropore volumes;
BJH,”” DFT and NLDFT models to analyse the mesopore
volumes and the amount of nitrogen adsorbed at P/P, = 0.99;
and HK(P/P, = 0.99), DFT and NLDFT models to analyse the
total pore volumes was investigated. The various models were
found to give consistent results and to show the same trend

This journal is © The Royal Society of Chemistry 2022
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from sample to sample (data in ESI{), so the well-established
BJH model was adopted to calculate the mesopore volumes
and the HK model (developed to characterise activated
carbons®®) was used to calculate the micropore and total pore
volumes. Entries 7-11 and 14-18 show the effect of using
increasing mass equivalents of potassium hydroxide for the
activation of S300 and A300 at 800 °C. The BET surface area
and micropore volume both increase from S800K1 to S800K5
and from A800K1 to A800K5. Notably, even for S800K1, the
BET surface area and micropore volume are about double the
values measured for S800 (entry 4) and for AS00K1, the corres-
ponding values are more than three times those measured for
A800 (entry 5). Over 40% of the micropore volume introduced
into these materials by treatment with potassium hydroxide is
associated with ultramicropores (diameters less than
0.7 nm).** The mesopore volumes show less variation. The
materials activated with one equivalent of potassium hydrox-
ide possess higher mesopore volumes than the corresponding
unactivated materials (compare entries 4 and 7 and entries 5
and 14), but the mesopore volume then drops rapidly to below
0.2 cm® g7 for materials activated with 2-5 equivalents of pot-
assium hydroxide (entries 8-11 and 15-18). The total pore
volumes for the potassium hydroxide activated materials are
mostly around 1 ecm® g™, As a result, the microporosity of the
starch derived materials increases from 41% for S800 to 45%
for S800K1, then to 80-83% for S800K2 and S800K3 and
finally to over 92% for S800K4 and S800KS5. Ultramicroporosity
contributes 30-66% of the total porosity of S800K1-K5.
Correspondingly, for the alginic acid derived materials the
microporosity increases from 16% for A800 to 35% for S800K1,
then to 79-88% for A800K2-K4 and finally to over 92% for
A800K5. Ultramicroporosity contributes 22-67% of the total
porosity of AB00K1-KS5.

The above results suggested that one mass equivalent of
potassium hydroxide was not enough to transform meso-
porous Starbons® into mostly microporous materials and that
use of four or five mass equivalents of potassium hydroxide
would introduce similar micropore volumes. Therefore, for
pectin derived Starbons®, only P800K2, P800K3 and P800K5
were prepared (entries 21-23). In contrast to the starch and
alginic acid derived materials, there was very little variation
between these three activated Starbons®. They all had BET
surface areas of 1747-1954 m” g ', micropore volumes of
0.7-0.8 cm® g~ of which the volume due to ultramicropores
was 0.4-0.5 ecm® g~ ', mesopore volumes of 0.1-0.2 cm® ¢~ and
total pore volumes of 0.9-1.0 cm® g '. As a result, these
materials were all 79-85% microporous with ultramicropores
contributing 42-55% of the microporosity.

Four additional potassium hydroxide activated samples
were prepared to investigate the effect of activation tempera-
ture in the range of 600-1000 °C. For starch derived materials,
this was carried out using four mass equivalents of potassium
hydroxide and the results (entries 10, 12 and 13) showed that
activation temperatures of 600 or 1000 °C gave materials
(S600K4 and S1000K4) with lower BET surface areas and lower
microporosities than material activated at 800 °C (S800K4).

Green Chem., 2022, 24,1545-1560 | 1547
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Table 1 BET-surface areas and pore volumes for Starbon® materials
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SBET Viicro @ Vultramicroa Vineso ¢ Viotal ¢ Micropore ¢ Ultramicropore

Entry Material (m*g™) (em® g™ (em® g™ (em® g™ (em® g™ (%) (%)
1 S300 305 0.13 — 0.22 0.35 37.1 —

2 A300 168 0.01/ — 0.76 0.77 1.3 —

3 P300 65 0.01/ — 0.37 0.38 2.6 —

4 S800 619 0.24 0.19 0.35 0.59 40.7 32.2
5 A800 322 0.13 0.08 0.71 0.81 16.0 9.9

6 P800 262 0.11 0.07 0.43 0.54 20.4 13.0
7 S800K1 1214 0.48 0.32 0.58 1.06 45.3 30.2
8 S800K2 1294 0.49 0.39 0.10 0.59 83.1 66.1
9 S800K3 1633 0.62 0.45 0.14 0.77 80.5 58.4
10 S800K4 2299 0.91 0.46 0.07 0.98 92.9 46.9
11 S800K5 2452 1.00 0.57 0.09 1.09 92.7 52.3
12 S600K4 1890 0.73 0.50 0.13 0.84 86.9 59.5
13 S1000K4 1503 0.62 0.28 0.23 0.84 73.8 33.3
14 A800K1 1117 0.46 0.29 0.82 1.31 35.1 22.1
15 A800K2 1392 0.53 0.43 0.16 0.67 79.1 64.2
16 A800K3 1952 0.75 0.57 0.09 0.85 88.2 67.1
17 A800K4 2419 0.95 0.39 0.18 1.15 82.6 33.9
18 A800K5 2414 1.01 0.55 0.10 1.09 92.7 50.5
19 A600K2 687 0.27 0.22 0.08 0.36 75.0 61.1
20 A1000K2 1233 0.49 0.33 0.30 0.80 61.3 41.3
21 P80O0K2 1895 0.77 0.52 0.18 0.97 79.4 53.6
22 P80O0OK3 1747 0.73 0.47 0.13 0.86 84.9 54.7
23 P800K5 1954 0.82 0.43 0.20 1.02 80.4 42.2
24 S800C15 529 0.21 0.17 0.37 0.58 36.2 29.3
25 S850C15 637 0.26 0.20 0.31 0.60 43.3 33.3
26 S900C15 983 0.39 0.31 0.38 0.77 50.6 40.3
27 S950C15 930 0.38 0.28 0.35 0.73 52.1 38.4
28 S1000C15 1535 0.62 0.42 0.52 1.16 53.4 36.2
29 S900C30 1119 0.45 0.34 0.50 0.98 45.9 34.7
30 S900C60 1097 0.44 0.33 0.40 0.89 49.4 37.1
31 S900C90 1475 0.59 0.43 0.45 1.05 56.2 41.0
32 S900C120 1914 0.77 0.52 0.71 1.49 51.7 34.9
33 S950C30 1618 0.64 0.46 0.27 0.94 68.1 48.9
34 S950C60 2180 0.89 0.53 0.41 1.32 67.4 40.2
35 S950C90 2457 1.04 0.56 0.59 1.64 63.4 34.1
36 S950C120 2733 1.16 0.56 0.96 2.09 55.5 26.8
37 A750C45 738 0.31 0.21 0.68 0.99 31.3 21.2
38 A750C60 756 0.32 0.21 0.76 1.09 29.4 19.3
39 A750C90 762 0.32 0.21 0.74 1.05 30.5 20.0
40 A900CO0 822 0.35 0.22 0.86 1.18 29.7 18.6
41 A900C10 868 0.38 0.21 0.98 1.33 28.6 15.8
42 P700C50 734 0.31 0.21 0.47 0.78 39.7 26.9
43 P900CO 946 0.40 0.22 0.54 0.93 43.0 23.7
44 S70000 897 0.35 0.27 0.14 0.50 70.0 54.0
45 S75000 1100 0.43 0.33 0.14 0.58 74.1 56.9
46 S80000 935 0.37 0.28 0.20 0.57 64.9 49.1
47 S750040 889 0.35 0.27 0.09 0.45 77.8 60.0
48 S750056 777 0.31 0.23 0.15 0.46 67.4 50.0
49 A500030 640 0.27 0.18 0.70 0.97 27.8 18.6
50 A500060 647 0.27 0.19 0.66 0.96 28.1 19.8
51 A75000 629 0.26 0.17 0.67 0.94 27.7 18.1
52 P400050 385 0.16 0.11 0.44 0.60 26.7 18.3
53 P500030 361 0.15 0.10 0.32 0.49 30.6 20.4
54 P75000 550 0.23 0.16 0.47 0.71 32.4 22.5

“ Calculated based on the HK model. ? Includes the ultramicropore volume. ° Calculated based on the BJH model. ¢ Calculated based on the HK
model at P/P, = 0.99.  Includes the ultramicropore %.” These are ¢-plot values as the microporosity was too low to analyse by the HK method.

Exactly the same trend was observed for alginic acid derived
activated Starbons® using two mass equivalents of potassium
hydroxide to give A600K2, A800K2 and A1000K2 (entries 15, 19
and 20). This trend can be understood on the basis that at
600 °C, less activation occurs than at 800 °C, whilst at 1000 °C,
the potassium hydroxide is so reactive that some of the
induced micropores are further expanded to become meso-

1548 | Green Chem., 2022, 24,1545-1560

pores.  Consistent with  this, the S1000K4 and
A1000K2 materials have lower ultramicropore volumes than
S800K4 and A800K2, again suggesting that at the highest
temperature, the ultramicropores initially introduced have
been further enlarged out of the ultramicropore region.

Entries 24-43 of Table 1 show the results obtained for

carbon dioxide activation of Starbons®. Entries 24-28 indicate

This journal is © The Royal Society of Chemistry 2022
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the effect of activation temperature on S800. At 800 °C (entry
24), no significant activation occurs and S800C15 had compar-
able BET surface area and porosity to S800. As the activation
temperature increases from 850 to 1000 °C (entries 25-28) the
BET surface area and micropore volume steadily increase to
values 2.5 times those of S800 (entry 4). Unlike the potassium
hydroxide activated samples (entries 7-23) where a substantial
decrease in the mesopore volume was observed, the carbon
dioxide activated samples retain the mesoporosity present in
S800 to give materials in which the micropore volume accounts
for just 43-54% of the total porosity. Entries 26, 29-32 and
entries 27, 33-36 show the effect of increasing the activation time
with the temperature fixed at 900 or 950 °C respectively. In both
cases, the BET surface area, micropore volume and mesopore
volume all increase as the activation time increases from 15 to
120 minutes. $950C120 has a BET surface area of 2733 m> g~ "
and a micropore volume of 1.16 cm® g%, values which exceed
those of any of the other samples in Table 1. For these samples,
the micropore volume accounts for 46-68% of the total pore
volume. The ultramicropore volumes of these materials are up to
0.56 cm® g* (entries 35 and 36), values which are comparable to
the highest ultramicropore volumes seen for the potassium
hydroxide activated materials (entries 11, 16 and 18). A800
(entries 37-41) and P800 (entries 42 and 43) were activated with
carbon dioxide at lower temperatures (700-900 °C) than S800,
but gave activated materials with much lower BET surface areas
(up to 946 m> g¢™'). These materials also had lower micropore
volumes (0.31-0.40 cm® g™') than the S800 activated samples
(entries 24-36), though this still represents a 2.4-3.6 fold increase
on the micropore volumes of the A800 and P800 precursors
(entries 5 and 6). The mesopore volumes also show a small
increase compared to the unactivated precursors so that for A800
derived, carbon dioxide activated materials, the micropore
volume is 29-31% of the total pore volume and for P800 derived
materials it is 40-43% of the total pore volume.

Oxygen activation results are shown in entries 44-54 of
Table 1. For activation of S800, temperatures of 700-800 °C
were investigated (entries 44-46) and the BET surface area,
micropore volume, ultramicropore volume and total pore
volume were all maximised at 750 °C to give a material in
which the micropore volume was 74% of the total pore
volume. Extending the activation time at 750 °C (entries 45, 47
and 48) was detrimental to all of these parameters, presumably
because oxygen is such a powerful activating agent that with
extended reaction times it starts to expand micropores into
mesopores. A800 could be activated with oxygen at either 500
or 750 °C (entries 49-51) and these activated materials had
almost identical properties with BET surface areas of
629-647 m”> g~' and micropore contents of 27-28%. Finally,
P800 could be activated at 400-750 °C (entries 52-54), though
the activated materials had comparatively low BET surface
areas of 360-550 m”> g~ and the micropore volume increased
from 0.11 ecm® g7 to just 0.15-023 cm® ¢! to give materials
with micropore contents of 26-33%.

To complement the porosimetry data, three unactivated
Starbons® (X800s) and 38 activated Starbons® (covering all

This journal is © The Royal Society of Chemistry 2022
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three biopolymers and all three activation methods) were
imaged by SEM (data in ESIf). Five samples (S800, A800,
S800K2, A800K2 and S950C90) were also imaged by TEM (data
in ESIt). SEM images were obtained at both low magnification
(x100-500) and high resolution (x5000-30 000). Fig. 2 shows a
representative selection of the high resolution SEM images. At
this magnification, unactivated X800’s derived from all three
biopolymers have an uneven surface covered in roughly spheri-
cal nodules. In contrast, the corresponding X800K2’s have a
very smooth, glassy surface which is devoid of the nodules
seen in the unactivated materials. The same smooth surface
was seen for all other potassium hydroxide activated materials
(data in ESI}). In contrast, carbon dioxide activation of S800
and A800 retains the rough nodular surface, but converts P800
into a material with a smooth glassy surface. The additional
images in the ESIT indicate that this is true at all temperatures
and times used for carbon dioxide activation. Oxygen acti-
vation appears to burn away most or all of the nodules, but
leaves a rough surface for all three biopolymer derived
materials. Thus, the three activation methods produce
materials with different surface textures. The low magnifi-
cation SEM images show that S800 and A800 consist of granu-
lar particles whilst P800 consists of flat plate like particles.
This overall appearance of the individual particles does not
change during any of the activation methods (data in ESIT).
These low magnification images also allowed a particle size
analysis to be carried out and the results are given in Table 2.
The results indicate that for starch derived materials, acti-
vation of S300 with potassium hydroxide (to give S800K1-5)
results in a larger average particle size than seen in S800 due
to selective destruction of the smallest particles during the
activation process. Particle size distribution plots (data in
ESIf) are consistent with this interpretation. In contrast,
carbon dioxide or oxygen activation of S800 results in no
change in the average particle size. Activation of A300 with one
mass equivalent of potassium hydroxide at 800 °C to form
A800K1 gives material with a larger average particle size than
A800, again due to selective destruction of the smallest par-
ticles during the activation as indicated by the particle size dis-
tribution plots (data in ESIf). Use of more potassium hydrox-
ide at 800 °C to form A800K2-5 gives material with a much
smaller average particle size than A800, indicating that under
these conditions even the larger particles of A300 are suscep-
tible to fragmentation and degradation. The effect of tempera-
ture on the average particle size of AnK2 (n = 600-1000) is also
shown in Table 2. At the lowest temperature (600 °C), only the
smallest particles are degraded during the activation, resulting
in the average particle size of A600K2 being almost double that
of A800. At 800 °C, the larger particles also undergo significant
fragmentation and degradation to give A800K2 with a small
average particle size as discussed above. Finally, at 1000 °C,
small particles are completely eaten away almost as soon as
they form, resulting in the formation of A1000K2 with a larger
average particle size than A800. The particle size distribution
plots (see ESIt) again support this interpretation. Just like
S800, activation of A800 by carbon dioxide or oxygen results in
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S900C15 $75000

Fig. 2 SEM images of activated and unactivated Starbons®. All images are at x10 000 magnification and the white scale bar represents 1 pm.

no change in the average particle size. Materials derived by
potassium hydroxide activation of P300 or by activation of
P800 with carbon dioxide or oxygen displayed different
changes in average particle sizes to those seen for starch and
alginic acid derived materials. Thus, activation of P300 with
potassium hydroxide (to form P800K2, PS00K3 and P800KS5)
results in the formation of materials with the same average
particle size as P800. This indicates that the thin, flat plate-like
particles present in pectin derived Starbons® (data in ESIt) are
all attacked by potassium hydroxide at the same rate. In con-
trast, carbon dioxide or oxygen activation of P800 results in a
significant increase in the average particle size suggesting that
these activating agents do selectively destroy the smaller par-
ticles of P800. The changes in particle width between the
samples are however relatively small - less than one order of
magnitude. Thus, all of the starch derived samples analysed
had average particle widths of 10.0-39.5 pm; the alginic acid
derived materials analysed had average particle widths of
11.5-99.2 pm; and the pectin derived samples had average par-
ticle widths of 15.3-78.3 pm. In contrast to the SEM images,
higher resolution TEM images showed little difference
between the samples analysed, but did allow the micropores
present to be imaged (data in ESIY).

To investigate the chemical composition, a representative
selection of the samples was analysed by a combination of
combustion analysis, ICP-OES and XPS and key results are
shown in Table 3. Entries 1-3 show the carbon and hydrogen
content of the biopolymers from which the Starbons® were

1550 | Green Chem., 2022, 24, 1545-1560

prepared. Entries 4-7 then give the chemical composition of
unactivated Starbon® materials and entries 4 and 5 show that
the carbon content increases from 39% in starch to 70% in
$300 and to over 91% in S800. At the same time, the hydrogen
and other contents decrease as the material undergoes dehy-
drations. S800 has significantly higher carbon content than
either A800 or P800 (Table 3, entries 5-7), partly due to the
presence of significant amounts of calcium (5.4%) in A800 and
sodium (5.0%) in P800 as determined by ICP-OES (data in
ESI}). A800 and P800 also contain more oxygen than S800 due
to the presence of carboxylic acid and/or methyl ester groups
in alginic acid and pectin. Entries 8-12 show that converting
$300 into activated Starbons® S800K1-K5 gives materials
which contain about 10% less carbon than unactivated S800
(entry 5) and conversely about 10% more other content. This is
partly due to removal of carbon atoms (as carbon monoxide
and carbon dioxide) during the activation process with potass-
ium hydroxide and partly due to the introduction of additional
oxygen atoms during the activation.** S600K4 (entry 13) still
contained 2.5% hydrogen indicating that the dehydration pro-
cesses were not complete for this material. This and the intro-
duction of oxygen during the activation process then explains
its low carbon content (58%). S1000K4 (entry 14) also had a
lower carbon content (71%) than S800K4 (78%, entry 11)
which will be entirely due to the introduction of additional
oxygen at the very high activation temperature. All of the
materials listed in entries 8-14 of Table 3 were also analysed
by ICP-OES to determine the amount of residual potassium

This journal is © The Royal Society of Chemistry 2022
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Table 2 Particle sizes? for Starbon® materials Table 3 Chemical composition of Starbon® materials
Starch derived Alginic acid derived CHN analysis % ICP-OES”
— XP$* K (%)

Material Particle width (pum) Material Particle width (0nm) Entry Material C H Other C (%), 0 (%) (total %)
S800 14.1+64 A800 50.6 + 20.8 1 starch 39.1 6.4 54.5
S800K1 23.1 +14.0 A800K1 72.4 +30.3 2 aa“ 35.2 4.7 60.1
S800K2 30.2 +18.9 A800K2 13.2+£9.8 3 pectin 389 5.9 55.2
S800K3 39.5 +26.6 A800K3 11.5+ 8.4 4 S300 70.6 3.3 26.1
S800K4 26.4 +15.1 A800K4 15.8+10.7 5 $800 91.6 0.2 8.2 C (94.8),0(5.2)  0.007 (0.7)
S800K5 30.3 +20.0 A800K5 34.0+254 6 A800 809 0 19.1 C (87.4),0(9.3) 0.09 (8.1)
S800C15 10.0 £ 4.9 A600K2 99.2 + 54.1 7 P800 721 1.1 26.8 C (76.2), O (14.4) 0.04 (6.7)
S900C15 13.4£6.0 A1000K2 78.8 +43.3 8 S800K1 80.3 0.6 19.1 0.02 (0.2)
$950C15 12.3+7.1 A750C45  44.1+26.9 9 S800K2 83.8 0.1 16.1  C(86.3),0(13.5) 0.02(0.3)
S$1000C15 13.0 £ 6.2 A750C60 39.7+27.1 10 S800K3 74.2 0.5 25.3 0.02 (0.3)
S900C30 13.1+6.3 A750C90 43.3 +24.4 11 S800K4 783 0 21.7 0.04 (0.6)
S$900C60 17.8 £12.2 A900CO 41.7 + 26.8 12 S800K5 83.5 0.3 16.2 0.04 (0.5)
S900C90 13.2+5.8 A900C10 46.5 + 30.3 13 S600K4 57.9 2.5 39.6 0.01 (0.9)
$900C120 14.2 £ 8.2 A500030 44.3 +29.1 14 S1000K4 70.9 0.6 28.5 0.03 (1.7)
S70000 14.9+7.0 A500060 51.5 +26.1 15 A800K2 70.0 0 30.0 C (84.8),0(14.4) 0.04(1.7)
S75000 164 7.7 A75000 51.5 +26.1 16 P800K2 68.6 0.5 30.9 C (91.0), O (8.8) 0.04 (1.8)
S80000 14.9 + 8.8 17 S950C15 92.6 0 7.4
S$750040 14.2+7.0 18 S$950C30 901 0 9.9
S750056 14.6 £ 8.4 19 S950C60 881 0 11.9

20 S950C90 88.7 0  11.3  C(98.5),0(1.3)  0.12 (4.1)
Pectin derived 21 $950C120 78.0 0  22.0

22 A750C60 747 0 253  C(90.9),0(6.8)  0.19 (4.4)
Material Particle width (um) 23 P700C50 62.7 0.8 36.5 C(77.2),0(13.8) 1.59 (12.0)

24 S70000 804 0 19.6
P800 16.0 + 12.0 25 $75000  84.6 0 154  C(98.2),0(1.5) 0.05(9.2)
P800K2 20.3 +12.3 26 S750056 819 0 18.1
P800K3 15.3£9.2 27 S80000 849 0 15.1
P800K5 19.9 +12.4 28 A75000 783 0.9 20.8 C(90.4),0(7.1) 0.08 (4.2)
P900CO 51.4+32.4 29 P400050 66.8 0.2 33.0 C(72.1),0(17.2) 0.81(4.9)
P400050 78.3 £ 69.7

“The largest visible width of 100-200 particles was measured. The value
reported is the average of these measured widths + one standard deviation.

and other trace elements present in the materials. Data for all
the elements detected is given in the ESL T but the potassium
levels detected (0.01-0.04%) were at most six times those in
unactivated S800 (0.007%), showing that the potassium
hydroxide used for the activation process had been effectively
removed from the activated Starbons®. A800K2 and P800K2
(entries 15 and 16) also showed a reduction in their carbon
content compared to A800 and P800 respectively, though in
the case of P800K2 this reduction was only 3.5%. However,
A800K2 had a lower potassium content than A800 and
P800K2 had the same potassium content as P800. For both of
these materials, the total trace element composition was much
lower than that of the unactivated X800 material, showing that
the aqueous washes were effective in removing not only potass-
ium residues, but also other trace elements present.

Table 3, entries 17-21 show the chemical composition of
carbon dioxide activated Starbons® prepared from S800 at 950 °C
for 15-120 minutes. As the activation time increases, the carbon
content decreases consistent with the material becoming more
oxygenated due to loss of carbon as carbon monoxide.
$950C120 had a chemical composition that was virtually identical
to that of S800K4 (entries 11 and 21). A750C60 and P700C50
(entries 22 and 23) also show a decrease in carbon content com-
pared to their X800 precursors. The chemical compositions of
oxygen activated materials obtained from X800’s are shown in

This journal is © The Royal Society of Chemistry 2022

“For details of other elements detected by XPS see ESLt ? 41 elements
were analysed (data in ESIt). The figure in brackets is the sum of all
elements quantitatively analysed. “aa = alginic acid.

entries 24-29. Again the materials all show a reduction in carbon
content relative to their unactivated precursors, consistent with
conversion of carbon into carbon monoxide and carbon dioxide.
Six carbon dioxide and oxygen activated samples were also ana-
lysed by ICP-OES. In all cases, both the potassium and total trace
elemental contents of these samples were higher than those of
the potassium hydroxide activated samples (Table 3 and ESI}).
The metal content of P700C50 (entry 23) was particularly high
with values for sodium and potassium of 9.2 and 1.6% respect-
ively. This is consistent with the presence of carboxylic acid
groups in this pectin derived material.

XPS analysis was used to probe the surface functionality of
nine activated Starbons® (one from each biomass source acti-
vated by each activation method) and the three X800's. Spectra
and elemental compositions for each sample are given in the
ESIt and representative spectra and deconvolutions for C 1s
and O 1s of S800 and S800K2 are given in Fig. 3. For all the
samples, the carbon content of the surface as determined by
XPS was higher than the bulk carbon content determined by
combustion analysis. The differences range from 2.5% for
S800K2 (Table 3, entry 9) to 22.4% for PSOOK2 (entry 16) and
indicate that the interior of the materials is more oxygenated
than the surface which is consistent with the composition of
elements other than carbon and hydrogen determined by com-
bustion analysis always being higher than the surface oxygen
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Fig. 3 Cls and O1s XPS spectra of S800 and S800K2.

composition determined by XPS. Deconvolution of the carbon
1s XPS signal showed that for all the materials, the surface
carbon was predominantly sp®> hybridised and constituted
31.4-71.4% of the surface atoms. For S800K2 and A800K2, the
XPS data shows an increase in the total amount of surface
oxygen present compared to the corresponding unactivated
X800 material (5.2 to 13.5% for S800 to S800K2 and 9.3 to
14.4% for A800 to A800K2) with a corresponding reduction in
surface carbon composition (94.8 to 86.3% for S800 to S800K2
and 87.4 to 84.8% for A800 to AS00K2), but PSOOK2 contains
less surface oxygen than P800 (8.8% versus 14.4%). The lower
surface oxygen content of P800K2 can be attributed to de-
carboxylation of acid and ester groups under the strongly
basic, high temperature conditions as shown by the O-C=0
component of the carbon 1s peak (3.3% in P800 versus 2.6% in
P800K2). For all three X800's, carbon dioxide activation (at
700-950 °C) resulted in an increase in surface carbon content
and decrease in surface oxygen content. The same trend was
observed for oxygen activation of S800 and A800 at 750 °C, but
P400050 had increased surface oxygen content (17.2%,
Table 3, entry 29) compared to P800 (14.4%, entry 7). This can
be explained by the lower activation temperature (400 °C) used
for P400050 since oxygen activation at 400 °C is known to
result in predominant oxygenation of the surface whereas at
higher temperatures, removal of carbon (as carbon monoxide
and carbon dioxide) is the dominant process.*®

Carbon dioxide capture capacities of hierarchically porous
Starbons®

Carbon dioxide is a by-product of many large-scale industries
and is usually vented to atmosphere.*® As a result, atmospheric
carbon dioxide levels have increased to over 415 ppm leading
to climate changes.”” Hence a major challenge is the develop-
ment of methods for the capture of waste carbon dioxide to
permit its subsequent storage*® or reuse.*” Adsorption of
carbon dioxide onto solids is one of the most promising pro-
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cesses for carbon dioxide capture from waste gas streams even
at low carbon dioxide partial pressures.’® Adsorbents includ-
ing zeolites,” mesoporous silicas,’> MOFs,”® COFs,”! metal
oxides®® and carbon-based materials®® have been developed
for carbon dioxide capture. For efficient carbon dioxide separ-
ation, materials should have high surface areas, high total and
micropore volumes, and a well-defined pore size distribution.
Other important attributes are the adsorption/desorption kine-
tics; tolerance towards moisture and impurities; low energy
consumption for regeneration; and long-term stability in
multi-cycle processes.”” Since microporous activated carbons
are effective materials for carbon dioxide capture®® and we
have previously shown that mesoporous Starbons® have even
higher carbon dioxide adsorption capacities and selectivities,*®
we anticipated that the hierarchical pore structure within acti-
vated Starbons® could confer them with the ideal morphology
to adsorb carbon dioxide. Therefore, these materials were
screened for their carbon dioxide adsorption capacities.

The ability of activated Starbons® to reversibly adsorb
carbon dioxide was studied using thermogravimetric analysis
during gas composition swing (from nitrogen to carbon
dioxide) capture and release at 35 °C and 1 bar pressure using
identical methodology and conditions to those used in pre-
vious work.”® Each sample was subjected to 2-6 cycles of
carbon dioxide capture and release (data in ESIf) and the
results are shown in Fig. 4 and tabulated in the ESI.f The top
four entries in Fig. 4 show the results obtained with unacti-
vated Starbons®. These materials show the same trend as pre-
vious work,?® with carbonisation at 800 °C giving material with
higher carbon dioxide adsorption capacity than carbonisation
at 300 °C and the carbon dioxide adsorption capacities
decreasing from starch to alginic acid and to pectin derived
materials. Comparison of the results for the X800 samples
with those previously reported for materials made by the older
solvent exchange method*® shows that the freeze drying
method gives Starbons® with 59-77% higher carbon dioxide
adsorption capacities. The next seventeen entries in Fig. 4 give
the results obtained for potassium hydroxide activated
Starbons®. The pectin derived materials again had lower
carbon dioxide adsorption capacities than the corresponding
alginic acid and starch derived materials. The best results were
obtained using 2-3 weight equivalents of potassium hydroxide
to activate A300 or S300, giving materials (A800K3, S800K3,
A800K2 and S800K2) with carbon dioxide adsorption
capacities of 2.8-3.1 mmol g~ These values are approximately
double those of the corresponding, predominantly meso-
porous, unactivated A800 and S800 (1.4 and 1.6 mmol g *
respectively) and are substantially higher than the value of
0.4 mmol g ' reported for microporous Norit activated
carbon.”® This can be attributed to the presence of large
numbers of ultramicropores (58-67% of the total pore volume,
see Table 1) in A800K3, S800K3, A800K2 and S800K2 as well as
to the retention of mesopores within their hierarchically
porous structure to facilitate mass transfer. Ultramicropores
possess stronger carbon dioxide adsorption potentials than
larger pores due to favourable van der Waals interactions

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 CO, adsorption capacities and heats of CO, adsorption for
Starbon® materials obtained at 35 °C and 1 bar pressure under an alter-
nating flow of N, and CO,. Colour and shading coding: blue, starch
derived; green, alginic acid derived; purple, pectin derived; vertical
stripes, unactivated; solid fill, KOH activated; diagonal stripes, CO, acti-
vated; checkerboard, O, activated.

between the walls of ultramicropores and carbon dioxide
molecules.’>® Therefore, at low pressure, it is the ultramicro-
pore volume and surface area that determine the carbon
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dioxide adsorption capacity of a material. The remaining
entries in Fig. 4 correspond to carbon dioxide or oxygen acti-
vated samples. Of these materials, only those derived from
starch were able to adsorb significantly more carbon dioxide
than the unactivated X800 precursor. The best results were
obtained with S900C15, S900C60, S70000 and S75000, all of
which had carbon dioxide adsorption capacities of 2.0 mmol
¢~'. This is 25% higher than the adsorption capacity of S800,
but 35% lower than the adsorption capacity of S800K2. The
lower carbon dioxide adsorption capacities of carbon dioxide
activated Starbons® than of potassium hydroxide activated
Starbons® correlates directly with their lower ultramicropore
content which never exceeds 50% of the total pore volume
(Table 1). Oxygen activated, starch derived Starbons® do have
ultramicropore volumes which are 49-60% of their total pore
volume (Table 1, entries 44-48), but the total pore volumes of
these materials (0.5-0.6 cm® g™ are lower than those of pot-
assium hydroxide activated, starch derived Starbons®
(0.6-1.1 cm® g™"). In view of the above results and analysis,
potassium hydroxide activated Starbons® derived from starch
(S800K2, S800K3 and S800K5) along with S800 as a control
were selected for a more detailed analysis of their ability to
adsorb carbon dioxide at various temperatures and pressures.

Fig. 4 also shows the enthalpy of carbon dioxide adsorption
onto each material. Most of the values lie between —30 and
—50 kJ mol™, consistent with physisorption of carbon
dioxide.®® However, materials which have low carbon dioxide
adsorption capacities tend to also have high magnitude
carbon dioxide adsorption enthalpies. This is indicative of
multilayer binding of carbon dioxide occurring within the
pores of these materials so that materials which physisorb the
least carbon dioxide hold it, on average, closest to the pore
walls and hence adsorb it most strongly.

The thermogravimetric data also allowed the rate of carbon
dioxide adsorption to be studied. For all the materials, physi-
sorption of carbon dioxide was found to be a very rapid
process (at 35 °C and 1 bar carbon dioxide pressure) with sat-
uration occurring in 30-60 seconds for all of the samples (data
in ESIf). The adsorption data was modelled against both
pseudo-first order and pseudo-second order models®® and in
all cases} showed a better fit to the pseudo-first order model
which indicates that the adsorption is controlled by the
diffusion step, which is proportional to the concentration of
carbon dioxide. The first order rate constants for carbon
dioxide adsorption by unactivated Starbons® were in the range
5.2-8.9 min~". The potassium hydroxide and oxygen activated
materials had slightly lower first order rate constants for
carbon dioxide adsorption (2.5-5.7 and 4.3-6.0 min™" respect-
ively) whilst the carbon dioxide activated materials had first
order rate constants of 3.6-9.1 min~" which in the best cases
exceeded those of the unactivated Starbons®. The highest rate

1 Both the pseudo-first order and pseudo-second order models failed to fit to the
carbon dioxide adsorption by P400050 due to its low carbon dioxide adsorption

capacity.
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of carbon dioxide adsorption occurred onto S950C120 which
also had the highest mesopore volume of all the materials
(Table 1, entry 36). The results are consistent with highly
mesoporous materials facilitating the transportation of carbon
dioxide to the adsorption sites.*

To investigate how the carbon dioxide adsorption capacities
varied with pressure and so facilitate the use of these materials
in pressure swing and vacuum swing adsorption systems®! and
with gas streams containing carbon dioxide partial pressures
below 1 bar,*® the carbon dioxide adsorption isotherms at
0.1-10 bar and 0 °C of S800K2, S800K3 and S800K5 along with
unactivated S800 were measured volumetrically (Fig. 5). The
carbon dioxide adsorption of all the materials increased as the
pressure increased. Fig. 4 shows that S800K2 and S800K3 have
very similar carbon dioxide adsorption capacities at 1 bar and
35 °C and the isotherm studies showed that this was also the
case at 0 °C over all the pressures studied. Both of these
materials outperformed unactivated S800 under all conditions
investigated. The most striking result in Fig. 5 is the increase
in carbon dioxide adsorption of S800K5 as the carbon dioxide
pressure increases. At pressures below 0.2 bar, this is a very
poorly performing material which is outperformed even by
unactivated S800 (Fig. 5b). Between carbon dioxide pressures
of 0.2 and 1.0 bar, S800K5 outperforms S800 but is inferior to
S800K2 and S800K3. At pressures above 1 bar, S800K5 outper-
forms even S800K2 and S800K3 and its carbon dioxide adsorp-
tion capacity reaches 20.3 mmol g~ at 10 bar and 0 °C
(Fig. 5a). S800K5 has the highest BET surface area, largest total
pore volume and highest microporosity of these four materials
and whilst ultramicropores are known to be important for
carbon dioxide adsorption at low pressures,”®*® at higher
pressures larger pores® and total surface area®® become more
important as they provide additional space for carbon dioxide
storage and promote efficient diffusion of carbon dioxide
within the material. The carbon dioxide adsorption capacities
around 1 bar pressure are fully consistent with those measured
at 35 °C by thermogravimetric analysis and shown in Fig. 4.
The carbon dioxide adsorption isotherms of S800 and S800K2
were also measured at 25 and 50 °C (data in ESI}) and their
carbon dioxide adsorptions decreased as the temperature
increased, consistent with the exothermic nature of carbon
dioxide adsorption onto the materials as shown in Fig. 4.**%”

To further analyse the carbon dioxide adsorption isotherms
for S800, S800K2, S800K3 and S800K5, the data was fitted to

——S800 —=—S800K2
—+—S8800K3 —e—S800K5

10 0 02 04 06 08 1
Pressure (bar)

2 4 6 8
Pressure (bar)

Fig. 5 CO; adsorption isotherms at 0 °C. (a) 0—10 bar; (b) expansion of
0-1 bar.
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the Langmuir, Freundlich and Temkin isotherm models®®
(data in ESI}). At all three temperatures, the best fit to the
$800 data was the Freundlich model (R* > 0.995) indicating
that multilayer adsorption occurs on S800. For the potassium
hydroxide activated materials, both the Langmuir and
Freundlich isotherm models gave similar fits to the experi-
mental data (R*> > 0.985), though the Langmuir model always
gave the marginally better fit. This suggests that both mono-
layer and multilayer adsorptions occurs on these materials,
predominantly by filling of their micropores. Van’t Hoff plots
(see ESIT) based on the equilibrium constants obtained from
the Freundlich isotherm models for S800 and S800K2 were
linear and allowed the thermodynamic parameters associated
with carbon dioxide adsorption onto these materials to be
determined (Table 4). The negative values of AG® show that
the adsorption process proceeds spontaneously and the nega-
tive AH° values, with magnitudes less than 20 k] mol™, indi-
cate the physisorption nature of the adsorption on both
samples.®® Both AS° values are negative which indicates an
increase in order after adsorption of carbon dioxide onto the
surface of the materials.”’ The temperatures at which carbon
dioxide adsorption ceases to be favourable (AG® = 0) are 373 K
for S800 and 404 K for S800K2, indicating that S800K2 can
adsorb carbon dioxide at higher temperatures than S800.

To verify that the results obtained from single component
isotherms were applicable to the dynamic processes occurring
during adsorption from multicomponent gas mixtures, S800
and S800K2 were analysed by thermogravimetric analysis
switching between nitrogen and mixtures of carbon dioxide in
nitrogen with carbon dioxide partial pressures of 0.15 to 0.83
bar (data in ESI{).”" The resulting carbon dioxide adsorptions
were fitted to a Freundlich isotherm and used to calculate
Gibbs free energies of adsorption which were entirely consist-
ent with those reported in Table 4 obtained from single com-
ponent isotherms. Thus these experiments indicate that
S800K2 is capable of selectively adsorbing carbon dioxide from
real waste gas streams even at low partial pressures. Additional
dynamic breakthrough experiments would mimic these real-
word separation processes, reflecting the kinetics and competi-
tiveness of the adsorption once the composition of a particular
waste gas stream of interest was defined.

The Freundlich isotherms also allow the enthalpy of
adsorption (AH°) to be calculated as a function of amount of
carbon dioxide adsorbed by use of the Clausius-Clapeyron
equation’? and Fig. 6 shows the results obtained for $800 and
S800K2. The enthalpies of adsorption of S800 and S800K2

Table 4 Thermodynamic parameters for CO, adsorption

Material T (K) AG° (KJ mol™") AH° (K] mol™) AS°(Jmol 'K
$800 273 -2.74 -10.21 -27.37

298 —2.05

323 -1.37
S800K2 273  —3.95 —-12.17 -30.09

298 -3.20

323 —2.45

This journal is © The Royal Society of Chemistry 2022
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were found to be in the range of —20 to —25 and —19 to —42 KJ
mol ™" respectively; values which indicate that, in both cases,
carbon dioxide adsorption occurs by physisorption and that
regeneration of the adsorbent would only require low energy
input. For S800, the enthalpy of adsorption was almost inde-
pendent of the amount of carbon dioxide adsorbed; whilst for
S800K2, the enthalpy of adsorption increased significantly as
the amount of carbon dioxide adsorbed increased. The very
negative enthalpy of carbon dioxide adsorption at low carbon
dioxide loadings of S800K2 (—42 k] mol™") indicates that the
carbon dioxide is being physisorbed within its micropores and
especially in its ultramicropores. As the amount of carbon
dioxide being adsorbed increases, these sites become full, so
additional carbon dioxide is physisorbed in larger micropores
and in mesopores which have lower van der Waals forces and
short-range interactions between the adsorbent surface and
carbon dioxide molecules.”® At the highest carbon dioxide load-
ings, S800K2 has an enthalpy of carbon dioxide adsorption of
just —19 kJ mol~" which is almost identical to the —20 k] mol™
calculated for the enthalpy of carbon dioxide adsorption by
highly mesoporous S800 at its highest carbon dioxide loadings.
This indicates that in both materials, carbon dioxide is being
physisorbed within mesopores at high carbon dioxide loadings.
Once the carbon dioxide adsorption capacity of a material
reaches 3 mmol g, then the selectivity of carbon dioxide
capture becomes more important than further increase in the
adsorption capacity in determining the overall cost of carbon
dioxide capture.”” Since the carbon dioxide adsorption iso-
therms of S800K2 and S800K5 showed that they had carbon
dioxide adsorption capacities greater than 3 mmol g* at 1 bar
pressure (Fig. 5 and ESIT), the selectivity of carbon dioxide
versus nitrogen adsorption by these two activated Starbons® and
by unactivated S800 for comparison was investigated. Therefore
nitrogen adsorption isotherms at 0-25 °C and 0.1-10 bar
pressure were recorded for these three materials (see ESIT). The
nitrogen adsorption data was again found to be well described
by both the Langmuir and Freundlich models (R*>0.995). The
selectivity of carbon dioxide versus nitrogen adsorption was
then calculated using the Ideal Adsorbed Solutions Theory
(IAST) method” to give plots showing how the selectivity of
carbon dioxide adsorption varies with pressure in the range of
0.1-10 bar. In addition, the adsorption isotherms (0-1 bar) pre-
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Fig. 7 Variation of selectivities of CO, versus N, adsorption with
pressure. Black Norit activated carbon at 25 °C; brown S800SE at 25 °C;
red S800 at 25 °C; blue S800K2 at 25 °C; green S800K2 at 0 °C; purple
S800KS5 at 0 °C.

viously recorded*® for Norit activated carbon (AC) and S800 pre-
pared by the solvent exchange method (S800SE) were reanalysed
using the IAST method to allow the selectivities to be compared
with previous work. Fig. 7 shows the IAST calculated selectivities
over the 0.1-10 bar pressure range and the selectivities at 1 bar
and 10 bar are tabulated in Table 5. It is apparent from the data
shown in Fig. 7 and Table 5 that S800SE, S800 and S800K2 have
higher carbon dioxide to nitrogen selectivities than Norit acti-
vated carbon. S800, prepared by the freeze drying method, has a
lower carbon dioxide adsorption selectivity than S800SE pre-
pared by the older solvent exchange method. However, acti-
vation of S800 with potassium hydroxide gives S800K2 which, at
25 °C and 1 bar pressure has a carbon dioxide to nitrogen
adsorption selectivity of 60, which is 2.4 times the selectivity of
Norit activated carbon, 2.1 times the selectivity of S800 and 1.5
times the selectivity of S800SE. Even at 10 bar pressure, the
carbon dioxide adsorption selectivity of S800K2 at 25 °C (37) is
more than double that of S800 (16). Reducing the adsorption
temperature to 0 °C slightly increases the carbon dioxide
adsorption selectivity of S800K2 (to 65 and 41 at 1 and 10 bar
respectively). S800K5 shows a much lower variation of carbon
dioxide adsorption selectivity with pressure than any of the
other Starbon® based materials. Thus its selectivity only
decreases from 66 at 0.1 bar to 46 at 1 bar and 43 at 10 bar. As a
result, S800K5 exhibits a lower selectivity than S800K2 at press-
ures below 6.2 bar, but a higher selectivity than S800K2 at press-

Table 5 Selectivities of CO, versus N, adsorption

Sample  Temperature (°C) Selectivity at 1 bar  Selectivity at 10 bar
AC” 25 24.5

S800SE* 25 38.7

S800 25 29.1 15.7

S800K2 25 59.9 36.6

S800K2 O 64.5 40.5

S800K5 0 45.6 43.1

“AC = Norit activated carbon and S800SE is S800 prepared by solvent
exchange. CO, and N, adsorption isotherms (0-1 bar) for both these
samples were reported in ref. 28 and the data has been reanalysed by
the IAST method.
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ures of 6.2 bar or higher. This trend matches the trend in
carbon dioxide adsorption capacities of S800K2 and S800K5
(Fig. 5), though in that case the performance of S800K5 exceeds
that of S800K?2 at pressures above 1.2 bar.

Other than nitrogen, the contaminant most often associ-
ated with waste carbon dioxide gas streams is water. Therefore,
the influence of water on the carbon dioxide adsorption
capacities of S800, S800K2 and S800K5 was investigated by
thermogravimetric analysis during gas composition swing (from
dry nitrogen to either dry or water saturated carbon dioxide)
capture and release at 1 bar pressure. It was found (data in ESIT)
that the carbon dioxide adsorption capacities of S800, S800K2
and S800K5 decreased by just 8, 7 and 3% respectively when the
carbon dioxide was water saturated. These results compare very
favourably with those previously reported*® for Norit activated
carbon and S800 made by the solvent exchange method, both of
which were found to lose 20% of their carbon dioxide adsorption
capacities in the presence of water.

Correlation of carbon dioxide adsorption capacity with
Starbon® textural properties

The 48 materials listed in Fig. 4 combined with S600 and S1000
(see ESIT) gave a set of 50 carbon based materials with varying
structural parameters. This set of related materials was used to
investigate any relationships between the carbon dioxide
adsorption capacity, enthalpy of carbon dioxide adsorption and
first order rate constant for carbon dioxide adsorption (all at
35 °C and 1 bar carbon dioxide pressure) with 16 structural pro-
perties or ratios of properties of the materials (see ESIT).”*§ No
correlation was found between the enthalpy of carbon dioxide
adsorption or the first order rate constant for carbon dioxide
adsorption and any of these parameters. Five trends were found
for the carbon dioxide adsorption capacity which increased as
the micropore surface area increased; increased as the ratio of
ultramicropores, ultramicropores with diameters of 0.4-0.7 nm,
or micropores, to total pore volume increased;>%”> and
decreased as the ratio of mesopores to total pore volume
increased. Since no single parameter gave a strong correlation
with the carbon dioxide adsorption capacity, correlations invol-
ving combinations of two parameters were investigated. The
product of the ultramicropore surface area and the ratio of
volume of pores with 0.4-0.7 nm diameter to total pore volume
did give a linear correlation with the carbon dioxide adsorption
capacity for all 50 materials (Fig. 8). This correlation suggests
that at close to ambient temperature and pressure, adsorption
of carbon dioxide by the Starbon® materials only partially fills
their ultamicropores, giving a dependence on ultramicropore

§ The structural properties investigated were: ultramicropore surface area, micro-
pore surface area, external surface area, BET surface area, ultramicropore
volume, ultramicropore (0.4-0.7 nm) volume, supramicropore volume, micro-
pore volume, mesopore volume, total pore volume, ratio of ultramicropore
volume to total pore volume, ratio of ultramicropore (0.4-0.7 nm) volume to
total pore volume, ratio of supramicropore volume to total pore volume, ratio of
micropore volume to total pore volume, ratio of mesopore volume to total pore
volume and ratio of micropore volume to mesopore volume.
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Fig. 8 Correlation between CO, adsorption capacity and the product
of ultramicropore surface area and ratio of volume of pores with
0.4-0.7 nm diameter to total pore volume.

volume (corresponding to filled pores) and ultramicropore
surface area (corresponding to partially filled pores). This leaves
space available in the ultramicropores and larger micropores to
accommodate more carbon dioxide at higher pressures as
shown in Fig. 5. The lower diameter limit (0.4 nm) used in the
ultramicropore volume ratio is consistent with the kinetic dia-
meter of carbon dioxide molecules which is reported to be
0.33 nm.”® It is also known that as the pore width increases
above 0.7 nm, the carbon dioxide adsorption capacity decreases
due to reduced overlapping of the adsorption potential of carbon
dioxide with wall atoms in neighbouring pore walls as well as
with wall atoms in the pore holding the carbon dioxide mole-
cule.®* Thus, as a result of favorable van der Waals force and
short-range interactions, the initial interaction is between carbon
dioxide and the ultramicropores present in the materials. Once
these are filled, additional carbon dioxide is captured by larger
micropores. The advantageous role of mesopores in the
Starbons® then appears to be due to the increase in total surface
area that they provide, which provides more surface onto which
to burn micropores when the materials are activated. These
additional micropores would only be accessible via the meso-
pores as previously determined.*®

Experimental

Synthetic procedures for the synthesis of activated Starbons®
using potassium hydroxide, carbon dioxide and oxygen are
given in the ESI} along with details of instrumentation and
methods used to analyse the materials and their ability to
adsorb carbon dioxide and nitrogen.

Conclusions

A new class of hierarchically porous carbons (activated
Starbons®) derived from three sustainable sources of waste
biomass: starch, alginic acid and pectin has been developed.
Activation could be achieved using potassium hydroxide,
carbon dioxide or oxygen to give a set of activated Starbons®
with widely varying pore structures and morphologies.

This journal is © The Royal Society of Chemistry 2022
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The activated Starbons® were found to be excellent adsor-
bents for the physisorption of carbon dioxide. The optimal
materials (S800K2 at 1 bar and S800K5 at 10 bar pressure)
show high carbon dioxide adsorption capacities (4 mmol g~*
at 25 °C and 1 bar and 20 mmol g~' at 0 °C and 10 bar
pressure). These high carbon dioxide adsorption capacities are
combined with high selectivities for carbon dioxide over nitro-
gen (59.9 at 25 °C and 1 bar and 43.1 at 0 °C and 10 bar
pressure), low enthalpies of carbon dioxide adsorption
(=26.7 k] mol™* for S800K5 and —33.6 k] mol™* for S800K2),
very rapid carbon dioxide adsorption and desorption kinetics
(K; = 2.5-5.7 min~") and excellent tolerance to the presence of
water (just 3-7% reduction in carbon dioxide adsorption capacity
when the carbon dioxide was water saturated). The availability of
a large set of related materials allowed the correlation of their
carbon dioxide adsorption capacities with a range of structural
properties to be investigated and the product of ultramicropore
surface area and the ratio of volume of pores with 0.4-0.7 nm dia-
meter to total pore volume gave a linear correlation with the 1
bar carbon dioxide adsorption capacities. This, along with the
thermodynamic data obtained for carbon dioxide physisorption
highlights, that at 1 bar pressure, carbon dioxide is predomi-
nantly adsorbed within pores with diameters of 0.4-0.7 nm. At
higher pressures, these pores become filled and carbon dioxide
adsorption also occurs in larger pores. The highly mesoporous
nature of the unactivated Starbon® precursor provides an
enhanced surface area into which the activation process can
introduce additional ultramicropores.

The most established methodology for carbon capture is
chemisorption using aqueous solutions of amines in a
thermal swing process. However, this technology has severe
disadvantages including a low carbon dioxide loading capacity
and a high rate of equipment corrosion.”” The reliance on che-
misorption also makes the process energy intensive and hence
expensive to operate.””> The amines used are not sustainably
sourced; are manufactured from ammonia,”® the production
of which consumes 2% of global energy and generates
400 megatonnes of carbon dioxide each year;”® and undergo
decomposition to toxic by-products including carcinogenic
nitrosamines.®® These problems can all be avoided by use of
solid carbonaceous adsorbents to physisorb carbon dioxide in
a pressure swing process, technology which is currently at
pilot plant scale.*" A commercially viable, carbon based adsor-
bent should be reliably producible on a large scale, have a
high selectivity for carbon dioxide over nitrogen and tolerate
the presence of water.®” It should also have a low enthalpy of
carbon dioxide adsorption to minimise the energetic cost of
carbon dioxide release, rapid kinetics for both adsorption and
desorption and the carbon dioxide capture capacity should be
reproducible over multiple cycles.®*8!

The activated Starbons® reported in this work have been
shown to meet the above requirements with the additional advan-
tage of being sustainably sourced from waste biomass. The non-
activated Starbon® precursors are commercially available and are
being produced on a 10s-100s Kg scale.®* Table 6 compares the
carbon dioxide adsorption capacity and carbon dioxide versus

This journal is © The Royal Society of Chemistry 2022
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Table 6 Comparison of CO, adsorption using S800K2 and other
biomass derived activated carbonaceous materials

1 bar CO,

capacity CO,/N,

(mmol g™)  selectivity

Activation ~—— (25 °C,
Biomass precursor method 0°C 25°C 1 bar)
Celtuce leaves®® KOH 6 4.4 nr
Sawdust™ KOH 6.1 4.8 5.4%
Starch based packaging KOH 53 4.2 16”
waste®”
Glucose/acrylic acid®® KOH 59 3.8 nr
Starch®® CO, 43 3.2 nr
Pomegranate peel®® KOH 6.0 4.1 15.1¢
Glucose®® KOH 5.9 4.3 nr
Elephant grass®* KOH 6.3 3.6 nr
Pine nutshell®® KOH 7.7 5.0 8.4%
Wheat flour® KOH 5.7 3.5 15°
Casein™* KOH 41 23 nr
Bamboo™* air 4.1 2.3 nr
Starch?® H,0,/ 58 3.9 18°
steam

Cellulose®® Steam 44 3 39.24
Cross-linked cellulose®” CO, 5.0 nr 32.9¢
Almond shells®® air 3.1 2.1 35°¢
Palm empty fruit bunch®® KOH 52 3.7 11.2°
Dates' KOH 6.4 44 41.5°
S800K2 KOH 6.2 4.0 59.9¢

nr = not reported. “ Determined from the ratio of the amount of CO,
and N, adsorbed. ”Determined by the initial slope method.
°Determined by the IAST method. ? Determined by the Henry’s law
method.

nitrogen selectivity of S800K2 with those of 18 other biomass
derived activated carbons reported in the literature. S800K2 has
one of the highest carbon dioxide adsorption capacities at both
0 °C and 25 °C and by far the highest selectivity for carbon
dioxide versus nitrogen adsorption of any of the materials. Since it
has previously been shown that once the carbon dioxide adsorp-
tion capacity reaches 3 mmol g™, selectivity is more important
than capacity from a cost of capture perspective,*” this along with
their rapid kinetics and excellent water tolerance makes the acti-
vated Starbons® reported in this paper the most promising
carbon-based materials for commercial use in carbon dioxide sep-
aration applications. Based on the carbon dioxide capture
capacity, rate of capture and release, selectivity for carbon dioxide
versus nitrogen, and effect of water; capture of 1 Tonne per day of
carbon dioxide would require just 11.1 kg of S800K2. Capture of
the carbon dioxide from a biomass fuelled power station, biorefin-
ery or other sustainable source in this way would then provide the
sustainable carbon dioxide feedstock needed for the multitude of
methods being developed to convert carbon dioxide into sustain-
able chemicals and fuels® and is essential for the development of
a circular economy based on a carbon dioxide refinery.*
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