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Biomass Derived, Hierarchically Porous, Activated
Starbons® as Adsorbents for Volatile Organic Compounds

Victoria Baird,[a] Ryan E. Barker,[a] Benjamin Longhurst,[a] C. Rob McElroy,[a, b] Siyu Meng,[a]

Michael North,*[a] and Junzhong Wang[a]

The use of potassium hydroxide activated Starbons® derived

from starch and alginic acid as adsorbents for 29 volatile

organic compounds (VOCs) was investigated. In every case, the

alginic acid derived Starbon (A800K2) was found to be the

optimal adsorbent, significantly outperforming both commer-

cial activated carbon and starch derived, activated Starbon

(S800K2). The saturated adsorption capacity of A800K2 depends

on both the size of the VOC and the functional groups it

contains. The highest saturated adsorption capacities were

obtained with small VOCs. For VOC’s of similar size, the

presence of polarizable electrons in lone pairs or π-bonds
within non-polar VOCs was beneficial. Analysis of porosimetry

data suggests that the VOC’s are being adsorbed within the

pore structure of A800K2 rather than just on its surface. The

adsorption was completely reversible by thermal treatment of

the saturated Starbon under vacuum.

Introduction

Volatile organic compounds (VOCs) are defined as being

organic compounds with a boiling point of up to 250 °C at

101.3 kPa.[1] VOC’s are produced both biogenically and anthro-

pogenically with their low boiling points allowing them to

readily vaporize and enter the atmosphere resulting in atmos-

pheric pollution such as photochemical smog.[2] Large scale

biogenic sources of VOCs include the emission of isoprene and

terpenes from forests[3] and halogenated compounds from the

oceans.[4] Anthropogenic sources of VOCs include vehicle

emissions[5] and application of paints and other coatings.[6]

Adsorption of VOCs onto solid adsorbents is an important and

economically viable[7] method to prevent human exposure and

to facilitate the environmental sensing, monitoring and control

of VOCs. The effectiveness of VOC adsorption is known to

depend on the properties of both the VOC and the adsorbent

as well as the adsorption conditions.[8] Materials including

metal–organic frameworks (MOFs), clays, silicas and organic

polymers have been studied as adsorbents for VOCs,[9] though

most work has investigated the use of carbon-based

adsorbents.[7,8,10] However, only a small number of VOCs

(typically 1–3) are usually investigated with any particular

adsorbent and the adsorbents often require modification such

as nitrogen doping which reduces their sustainability and

economic viability.

Starbons® are sustainably sourced, mesoporous carbons

prepared from polysaccharides (starch,[11] alginic acid[12] or

pectin[13]) present in waste biomass without the use of a

template.[14] They are now commercially available and prepared

by a three-step process involving gelatinisation and retrograda-

tion in water;[11] freeze-drying to form a mesoporous aerogel[15]

and carbonisation at 300–1200 °C.[16] The polysaccharide pre-

cursor determines the morphology[17] of the Starbon and also

the pore size and shape.[18] Alginic acid and pectin derived

Starbons® have larger mesopore volumes compared to starch

derived Starbon.[12,14] The chemical groups present in Starbons®

are mainly determined by the carbonation temperature.[16] At

300 °C, carbonisation retains oxygen containing functionalities.

By 600 °C, monocyclic aromatic rings predominate and at higher

temperatures fused polycyclic aromatics are formed. Starbons®

have found applications including in catalysis,[19]

electrochemistry[20] and as adsorbents.[12,17,18,21] Whilst the pre-

dominantly mesoporous nature of Starbons® results in favour-

able mass-transfer rates, a higher surface area associated with a

more microporous structure would be beneficial to their use as

adsorbents. Therefore, it was recently shown that Starbons®

could be activated by treatment with potassium hydroxide,

oxygen, or carbon dioxide to produce hierarchically porous

activated Starbons® with greatly increased surface areas and

micropore volumes.[22] The morphology of the activated Starbon

could be controlled by choice of activating agent, activation

temperature and activation time. Activated Starbons® with

optimal pore structures and surface areas were shown to be

excellent adsorbents for both carbon dioxide[22] (from a mixture

with nitrogen) and dyes (from aqueous solution).[23]
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In view of the successful application of activated Starbons®

as adsorbents for both small gases and large dyes, we decided

to investigate their application as adsorbents for a range of 29

VOCs and in this paper, we show that the optimal, activated

Starbon (A800K2) can significantly outperform both conven-

tional activated carbon and unactivated Starbons® in this

application. The inclusion of 29 VOCs in the study shows the

generality of this adsorption process and allows the influence of

the VOC structure on the adsorption capacity to be inves-

tigated, something that is not possible when only a small

number of VOCs are studied.

Results and Discussion

The two most effective activated Starbons® for carbon dioxide

adsorption were S800K2 and A800K2 where S and A represent

materials prepared from starch and alginic acid respectively,

800 is the activation temperature (in °C) and K2 indicates that

activation was achieved using two mass equivalents of

potassium hydroxide.[22] Since the smallest VOCs are compara-

ble in size to carbon dioxide, these two materials were initially

selected as the basis for this project, with the corresponding

unactivated Starbons® (S800 and A800) and commercial, Norit

activated carbon (AC) being used as control samples.

X-ray photoelectron spectroscopy (XPS) analysis of S800,

A800, S800K2 and A800K2 showed that they were all composed

of 85–95% carbon, with the remainder (5–14%) being almost

entirely oxygen. Combustion analysis showed that the hydro-

gen content of the materials was 0–0.2%. Deconvolution of the

C1s and O1s peaks indicated that the carbon was predom-

inantly sp2 hybridised consistent with a graphitic type structure

and the oxygen was present as ethers, ketones, and esters/

lactones.[22] SEM imaging of the materials showed that the

rough, nodular surface of S800 and A800 was transformed into

a much smoother surface in S800K2 and A800K2 as a result of

the activation process.[22]

Surface area and pore volume data for these materials are

given in Table 1. The activation process results in a two–three

fold increase in both the surface area and micropore volumes of

S800K2 and A800K2 compared to S800 and A800. In contrast,

the mesopore volumes increased only slightly so that the total

pore volumes also approximately double compared to the

unactivated analogues and the activated materials become

hierarchically porous. TEM imaging confirmed the presence of

mesopores and micropores in the materials.[22]

29 VOCs varying in size, molecular weight, boiling point and

functionality were selected for study (Table 2). These are all

commonly used solvents, with some being substances of

concern (e.g., pyridine, chloroform, hexane) whilst others are

considered greener solvents (e.g., ethanol, dimethyl carbonate,

2-methyl-THF). The VOCs included in Table 2 include those

present in household products (e.g., acetone, esters), foodstuffs

(e.g., ethanol, 2-propanol, acetic acid), painting products

(dichloromethane), vehicle exhausts (toluene) as well as those

with medical applications (e.g., diethyl ether, chloroform) and

those used as solvents in the industrial synthesis of fine

chemicals and pharmaceuticals.

To measure the saturated adsorption capacities, a beaker

containing a large excess of the solvent and sample tubes

containing weighed amounts of adsorbent were placed in a

sealed container and left to equilibrate at 21 °C. Control

experiments using toluene showed that equilibrium was

reached in under 20 h, so an exposure time of 21 h was used

for all solvents except where indicated in Figure 1. The contain-

er was then opened, the tubes quickly sealed and then weighed

to determine the amount of solvent adsorbed. All adsorption

measurements were carried out in triplicate and the resulting

Table 1. Porosimetry data for the materials used in this work.

Material BET surface area

[m2g�1]

Micropore

volume

[cm3g�1][a]

Mesopore

volume

[cm3g�1][b]

Total pore

volume

[cm3g�1][c]

S800 632 0.22 0.14 0.31

A800 485 0.16 0.15 0.25

AC 812 0.34 0.40 0.74

S800K2 1347 0.40 0.18 0.55

A800K1 975 0.32 0.27 0.45

A800K2 1202 0.49 0.07 0.43

A800K3 1477 0.49 0.08 0.49

A800K4 1706 0.47 0.1 0.56

A800K5 1271 0.20 0.15 0.46

[a] Determined using the t-plot method. [b] Determined using the BJH=

Barrett Joyner Halenda method. [c] Determined using the HK=Horvath

Kawazoe method at P/P0=0.99.

Table 2. VOCs used in this work and their properties.

VOC Boiling

point

[°C]

Number of

non-H atoms

Molecular

weight

Functionality

Diethyl ether 35 5 74 ether

Pentane 36 5 72 hydrocarbon

Dichloromethane 40 3 85 haloalkane

Petroleum ether 40–60 hydrocarbon

Acetone 56 4 58 ketone

Chloroform 61 4 119 haloalkane

Methanol 65 2 32 alcohol

THF 66 5 72 ether

Diisopropyl ether 69 7 102 ether

Hexane 69 6 86 hydrocarbon

Ethyl acetate 77 6 88 ester

Ethanol 78 3 46 alcohol

Butanone 80 5 72 ketone

2-Methyl-THF 80 6 86 ether

Cyclohexane 81 6 84 hydrocarbon

Acetonitrile 82 3 41 nitrile

Tert-butanol 82 5 74 alcohol

2-Propanol 83 4 60 alcohol

Isopropyl acetate 89 7 102 ester

Dimethyl

carbonate

90 6 90 carbonate

Heptane 98 7 100 hydrocarbon

Cyclopentyl

methyl ether

106 7 100 ether

Toluene 111 7 92 aromatic

Pyridine 115 6 79 aromatic

Acetic acid 118 4 60 acid

1-Butanol 118 5 74 alcohol

Butyl acetate 126 8 116 ester

Butyl isobutyrate 156 10 144 ester

Butyl butyrate 166 10 144 Ester
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adsorption data is shown in Figure 1. This data is tabulated and

shown as separate plots for each adsorbent in the Supporting

Information.

The data shown in Figure 1 show that the five adsorbents

fall into three categories. The unactivated Starbons® (S800 and

A800) generally have similar saturated adsorption capacities for

all 29 solvents and, except for diethyl ether adsorbed onto

S800, these are the least effective adsorbents. Activated carbon

(AC) and activated starch derived Starbon (S800K2) always have

similar saturated adsorption capacities and activated alginic

acid derived Starbon (A800K2) has the highest saturated

adsorption capacity for all 29 VOCs. These results correlate well

with the micropore volumes of the materials given in Table 1

for which A800K2>S800K2>AC>S800>A800. The results for

the most effective adsorbents (the activated Starbons) do not

correlate with the BET surface areas for which S800K2>A800K2

and there is no correlation with the mesopore or total pore

volumes of the materials. This suggests that (at least for the

most effective adsorbents), adsorption of VOC’s occurs primarily

within the micropores of the adsorbent.

To investigate the factors that influence the adsorption of

these VOCs onto the five adsorbents, the variation of saturated

adsorption capacities amongst VOCs which contain the same

functional group was studied. Figures 2–4 show the saturated

adsorption capacities for five hydrocarbons (Figure 2), five

alcohols (Figure 3) and five esters (Figure 4). In each case, for

adsorption onto A800K2, S800K2 and AC the saturated

adsorption capacity was found to decrease as the size of the

VOC increased, with this being particularly apparent for

adsorption onto A800K2. For adsorption onto unactivated

Starbons® (S800 and A800), this effect is less apparent. These

results again directly correlate to the micropore volumes of the

adsorbents (Table 1) and suggest that for A800K2, S800K2 and

AC, the adsorption is largely occurring in micropores (diameters

<2 nm[24]) where the size of the VOC will affect its ability to

Figure 1. Saturated adsorption capacities for 29 VOC’s. All data after an equilibration time of 21 h except for 1-butanol, butyl acetate, butyl butyrate and butyl

isobutyrate which were equilibrated for 67 h. Data points are the average of three measurements with error bars showing + /- one standard deviation.

Figure 2. Influence of adsorbate size on the adsorption of hydrocarbons.

Figure 3. Influence of adsorbate size on the adsorption of alcohols.
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enter the pore. In contrast, for S800 and A800, the adsorption

will largely be occurring into mesopores (diameters 2–50 nm[24])

or onto the surface of the adsorbent where the size of the VOC

will be less important. A plot of saturated adsorption capacity

on A800K2 versus molar volume of the VOC was also

constructed (data in Supporting Information) and showed that

the saturated adsorption capacity decreased as the molar

volume of the VOC increased. This indicates that size is more

important than functionality in determining the saturated

adsorption capacity.

Adsorbates of similar size were then used to investigate the

effect of functional groups within the VOC on its saturated

adsorption capacity onto A800K2. As a measure of molecular

size, the sum of the number of carbon, nitrogen, and oxygen

atoms (SCNO) was used. The chlorinated solvents and petroleum

ether were omitted from this analysis so that all of the VOCs

included were single molecular species composed of only

carbon, nitrogen, oxygen, and hydrogen. Figure 5 shows the

resulting plot of saturated adsorption capacity onto A800K2

versus SCNO of the VOC where SCNO=4 to 7. This range was

chosen as all the examples in Table 2 with SCNO >7 are esters,

only one VOC in Table 2 (methanol) has SCNO=2 and only two

VOCs in Table 2 (ethanol and acetonitrile) have SCNO=3 so these

did not give useful information. Each of the four columns in

Figure 5, then ranks VOCs of similar size according to their

saturated adsorption capacities and allows the effect of func-

tional groups to be elucidated as: dimethyl carbonate>

aromatic�ester>ether�alkane>ketone�acetic acid>alco-

hol. It is notable that alcohols are the least preferred adsorbates,

yet methanol has the highest saturated adsorption capacity of

any of the VOCs in Figure 1. This is entirely due to the small size

of methanol (SCNO=2) which outweighs its unfavourable func-

tional group. The most favourable functional groups are those

with delocalisable π-electrons which can interact with the π-
electrons present in the polycyclic aromatic rings present in

Starbons® produced at 800 °C.[12] Non-polar functional groups

are the next most favoured, followed by polar and protic

functionalities. This reflects the non-polar and hydrophobic

nature of the Starbon materials used. Only one VOC has a

saturated adsorption capacity which does not fit the expected

value based on its functionality. This is cyclopentyl methyl ether

shown by the unfilled green square in Figure 5. The high

saturated adsorption capacity of this ether is more consistent

with it having SCNO=5.5 rather than 7. This suggests that the

interaction between cyclopentyl methyl ether and A800K2

primarily involves the cyclopentyl ring of cyclopentyl methyl

ether.

S800K2 and A800K2 were selected for this study on the

basis of their carbon dioxide adsorption[22] which is comparable

in size to the smallest VOCs used in this work (C+N+O=3).

Therefore, use of two mass equivalents of potassium hydroxide

to activate A300 might not be optimal for the larger VOC’s. To

investigate this, A300 was activated with 1–5 mass equivalents

of potassium hydroxide to give A800K1-5. The surface areas and

porosities of these materials are given in Table 1. Diisopropyl

ether was selected as one of the larger VOC’s (C+N+O=7)

and Figure 6 shows its saturated adsorption capacity on each of

A800K1-5. There was relatively little difference between the five

adsorbents with all saturated adsorption capacities being in the

range of 6.3–7.1 mmolg�1, but the highest value was for

Figure 4. Influence of adsorbate size on the adsorption of esters.

Figure 5. Influence of functional group on the adsorption of VOCs of similar

size onto A800K2.

Figure 6. Influence of KOH mass equivalents used to activate A300 on

diisopropyl ether adsorption. Data points are the average of three measure-

ments with error bars showing + /� one standard deviation.
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A800K2. This suggests that activation of A300 with two mass

equivalents of potassium hydroxide will give the optimal

material for the physisorption of all the VOCs studied.

The adsorption of VOCs by the nine adsorbents correlates

well with their micropore volumes (Table 1). In addition, the

dependence of the saturated adsorption capacities on the size

of the adsorbate (Figures 2–4) indicates that the VOC is being

adsorbed within the micropore structure and not just on the

surface of the adsorbent.

Since the adsorption of adsorbates by Starbons® is a

physisorption process, the adsorbate is only weakly bound to

the Starbon. This allowed the Starbon to be regenerated and

reused by heating the VOC saturated Starbon at 80 °C in a

vacuum oven for 18 h. Regenerated adsorbent displayed the

same saturated adsorption capacity for toluene as freshly

prepared adsorbent and could also be used to adsorb a

different VOC.

Conclusion

Starbons® and especially activated Starbons® are shown to be

effective adsorbents for a range of 29 volatile organic

compounds (VOCs). In contrast to adsorption of carbon dioxide

where starch derived, activated Starbon (S800K2) was the most

effective adsorbent, alginic acid derived Starbon (A800K2) is

shown to be the most effective adsorbent for all 29 VOCs and

this correlates with the higher micropore volume present in

A800K2. The saturated adsorption capacities of VOCs containing

the same functional group decrease as the size of the VOC

increases, as would be expected for physisorption predom-

inantly within micropores. The influence of the functional group

within the VOC on its physisorption onto A800K2 was

elucidated and the most favourable functional groups were

those with delocalisable π-electrons which can interact with the
π-electrons present in the polycyclic aromatic rings present in
the activated Starbon.

The nine carbonaceous materials used in this study are

representative of carbon based adsorbents as a whole as they

possess a wide range of structural characteristics (Table 1). Their

BET surface areas vary between 485 and 1706 m2g�1, their

micropore volumes vary from 0.16 to 0.49 cm3g�1; their

mesopore volumes vary from 0.07 to 0.40 cm3g�1 and their total

pore volumes vary from 0.25 to 0.56 cm3g�1. The most effective

adsorbent for all of the VOCs studied (A800K2) had the equal

highest micropore volume and the lowest mesopore volume,

indicating that these parameters rather than surface area are

important in designing adsorbents for VOCs.

Experimental Section

S800 and A800 are commercially available. Activated Starbon

materials were prepared as previously reported.[22]

Determination of saturated adsorption capacities

A carbon-based adsorbent (100 mg) was added to each of nine

sample tubes with the same adsorbent being added to each of

three tubes. The filled tubes were fitted with a cap and weighed. A

beaker containing a VOC (300 mL) was placed in the centre of a

desiccator and the nine sample tubes (with lids removed) were

positioned around the beaker. The desiccator was sealed and left at

21 °C for 21 h (unless the VOC was one of those specified in

Figure 1, in which case the sealed desiccator was left for 67 h). After

the specified time, the desiccator was opened, and each tube was

quickly fitted with its cap. The tubes were then weighed to

determine the mass of VOC adsorbed by the carbon-based

adsorbent, from which the saturated adsorption capacity was

calculated.

Regeneration of adsorbent

Used adsorbent was placed in a vacuum oven and heated at 80 °C

for 18 h to remove all adsorbed solvent. After cooling to room

temperature, the regenerated adsorbent could be used to adsorb

another VOC. This process could be repeated at least 30 times.

Conflict of Interests

The authors declare no conflict of interest.<

Data Availability Statement

The data that support the findings of this study are available in

the supplementary material of this article.

Keywords: volatile organic compound · biomass derived ·

Starbon · hierarchically porous · adsorbent

[1] J. J. McAughey, J. N. Pritchard, A. Black, Environ. Technol. 1990, 11, 295–

302.

[2] R. M. Harrison, An introduction to pollution science, RSC Publishing, 1st

edn., 2006.

[3] A. Behr, L. Johnen, ChemSusChem 2009, 2, 1072–1095.

[4] A. Fiehn, B. Quack, H. Hepach, S. Fuhlbrügge, S. Tegtmeier, M. Toohey,

E. Atlas, K. Krüger, Atmos. Chem. Phys. 2017, 17, 6723–6741.

[5] A. L. Bolden, C. F. Kwiatkowski, T. Colborn, Environ. Sci. Technol. 2015,

49, 5261–5276.

[6] N. Suzuki, H. Nakaoka, M. Hanazato, Y. Nakayama, K. Takaya, C. Mori, Int.

J. Environ. Sci. Technol. 2019, 16, 4543–4550.

[7] X. Zhang, B. Gao, A. E. Creamer, C. Cao, Y. Li, J. Hazard. Mater. 2017, 338,

102–123.

[8] X. Ma, Y. Hou, L. Yang, H. Lv, Colloids Surf. A 2021, 627, 127158.

[9] L. Zhu, D. Shen, K. H. Luo, J. Hazard. Mater. 2020, 389, 122102.

[10] a) G. Chen, H. Yu, F. Lin, Z. Zhang, B. Yan, Y. Song, Sci. Total Environ.

2020, 727, 138475; b) K. Xiao, H. Liu, Y. Li, G. Yang, Y. Wang, H. Yao,

Chem. Eng. J. 2020, 382, 122997; c) Y. Yang, C. Sun, B. Lin, Q. Huang,

Chemosphere 2020, 256, 127054; d) H. Yu, F. Lin, K. Li, W. Wang, B. Yan,

Y. Song, G. Chen, Environ. Res. 2021, 202, 111687; e) Y. Yang, B. Lin, C.

Sun, M. Tang, S. Lu, Q. Huang, J. Yan, Sci. Total Environ. 2021, 773,

145453; f) F. Meng, M. Song, Y. Wei, Y. Wang, Environ. Sci. Pollution Res.

2021, 26, 7195–7204; g) S. Lu, X. Huang, M. Tang, Y. Peng, S. Wang, C. P.

Makwarimba, Environ. Pollut. 2021, 284, 117113; h) X. Huang, H. Li, L.

Wang, M. Tang, S. Lu, Environ. Sci. and Pollution Res. 2022, 29, 29117–

29129; i) Y. Yang, C. Sun, Q. Huang, J. Yan, Chemosphere 2022, 291,

132702; j) X. Huang, M. Tang, H. Li, L. Wang, S. Lu, Chemosphere 2023,

313, 137513.

ChemSusChem

Research Article

doi.org/10.1002/cssc.202300370

ChemSusChem 2023, e202300370 (5 of 6) © 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

 1
8
6
4
5
6
4
x
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ch
em

istry
-eu

ro
p
e.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/cssc.2

0
2
3
0
0
3
7
0
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

6
/0

6
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se

https://doi.org/10.1080/09593339009384866
https://doi.org/10.1080/09593339009384866
https://doi.org/10.5194/acp-17-6723-2017
https://doi.org/10.1021/es505316f
https://doi.org/10.1021/es505316f
https://doi.org/10.1007/s13762-018-2093-0
https://doi.org/10.1007/s13762-018-2093-0
https://doi.org/10.1016/j.jhazmat.2017.05.013
https://doi.org/10.1016/j.jhazmat.2017.05.013
https://doi.org/10.1016/j.colsurfa.2021.127158
https://doi.org/10.1016/j.jhazmat.2020.122102
https://doi.org/10.1016/j.scitotenv.2020.138475
https://doi.org/10.1016/j.scitotenv.2020.138475
https://doi.org/10.1016/j.cej.2019.122997
https://doi.org/10.1016/j.chemosphere.2020.127054
https://doi.org/10.1016/j.envres.2021.111687
https://doi.org/10.1016/j.scitotenv.2021.145453
https://doi.org/10.1016/j.scitotenv.2021.145453
https://doi.org/10.1016/j.envpol.2021.117113
https://doi.org/10.1007/s11356-021-18380-8
https://doi.org/10.1007/s11356-021-18380-8
https://doi.org/10.1016/j.chemosphere.2021.132702
https://doi.org/10.1016/j.chemosphere.2021.132702
https://doi.org/10.1016/j.chemosphere.2022.137513
https://doi.org/10.1016/j.chemosphere.2022.137513


[11] a) S. Rondeau-Gagne, J. F. Morin, Chem. Soc. Rev. 2014, 43, 85–98;

b) J. V. Maciel, A. M. M. Durigon, M. M. Souza, R. F. N. Quadrado, A. R.

Fajardo, D. Dias, Trends Environ. Anal. Chem. 2019, 22, e00062.

[12] a) R. J. White, C. Antonio, V. L. Budarin, E. Bergstrom, J. Thomas-Oates,

J. H. Clark, Adv. Funct. Mater. 2010, 20, 1834–1841; b) A. S. Marriott, A. J.

Hunt, E. Bergstrom, J. Thomas-Oates, J. H. Clark, J. Anal. Appl. Pyrolysis

2016, 121, 62–66.

[13] R. J. White, V. L. Budarin, J. H. Clark, Chem. Eur. J. 2010, 16, 1326–1335.

[14] M.-M. Titirici, R. J. White, N. Brun, V. L. Budarin, D. S. Su, F. del Monte,

J. H. Clark, M. J. MacLachlan, Chem. Soc. Rev. 2015, 44, 250–290.

[15] A. Borisova, M. De Bruyn, V. L. Budarin, P. S. Shuttleworth, J. R. Dodson,

M. L. Segatto, J. H. Clark, Macromol. Rapid Commun. 2015, 36, 774–779.

[16] V. Budarin, J. H. Clark, J. J. E. Hardy, R. Luque, K. Milkowski, S. J. Tavener,

A. J. Wilson, Angew. Chem. Int. Ed. 2006, 45, 3782–3786.

[17] V. G. Zuin, V. L. Budarin, P. S. Shuttleworth, A. J. Hunt, C. Pluciennik, A.

Borisova, J. Dodson, H. L. Parker, J. H. Clark, Faraday Discuss. 2017, 202,

451–464.

[18] H. L. Parker, A. J. Hunt, V. L. Budarin, P. S. Shuttleworth, K. L. Miller, J. H.

Clark, RSC Adv. 2012, 2, 8992–8997.

[19] a) V. L. Budarin, J. H. Clark, R. Luque, D. J. Macquarrie, Chem. Commun.

2007, 634–636; b) R. Luque, V. Budarin, J. H. Clark, D. J. Macquarrie,

Appl. Catal. B 2008, 82, 157–162; c) J. H. Clark, V. Budarin, T. Dugmore, R.

Luque, D. J. Macquarrie, V. Strelko, Catal. Commun. 2008, 9, 1709–1714;

d) V. L. Budarin, J. H. Clark, R. Luque, D. J. Macquarrie, R. J. White, Green

Chem. 2008, 10, 382–387; e) R. Luque, C. S. K. Lin, C. Du, D. J.

Macquarrie, A. Koutinas, R. Wang, C. Webb, J. H. Clark, Green Chem.

2009, 11, 193–200; f) R. Luque, J. H. Clark, K. Yoshida, P. L. Gai, Chem.

Commun. 2009, 5305–5307; g) R. Luque, J. H. Clark, Catal. Commun.

2010, 11, 928–931; h) R. Luque, J. H. Clark, ChemCatChem 2011, 3, 594–

597; i) J. C. Colmenares, P. Lisowski, D. Łomot, RSC Adv. 2013, 3, 20186–

20192; j) M. Ojeda, A. M. Balu, A. A. Romero, P. Esquinazi, J. Ruokolainen,

H. Sixta, R. Luque, ChemCatChem 2014, 6, 2847–2853; k) H. L. Parker,

J. R. Dodson, V. L. Budarin, J. H. Clark, A. J. Hunt, Green Chem. 2015, 17,

2200–2207.

[20] a) A. M. Garcia, V. L. Budarin, Y. X. Zhou, M. De Bruyn, A. J. Hunt, L. Lari,

V. K. Lazarov, H. J. Salavagione, E. Morales, G. J. Ellis, J. H. Clark, P. S.

Shuttleworth, J. Mater. Chem. A 2018, 6, 1119–1127; b) S. Kim, A. M.

Escamilla-Perez, M. De Bruyn, J. G. Alauzun, N. Louvain, N. Brun, D.

Macquarrie, L. Stievano, B. Boury, L. Monconduit, P. H. Mutin, J. Mater.

Chem. A 2017, 5, 24380–24387; c) S. Kim, M. De Bruyn, J. G. Alauzun, N.

Louvain, N. Brun, D. J. Macquarrie, L. Stievano, B. Boury, P. H. Mutin, L.

Monconduit, J. Power Sources 2018, 406, 18–25.

[21] a) H. L. Parker, V. L. Budarin, J. H. Clark, A. J. Hunt, ACS Sustainable Chem.

Eng. 2013, 1, 1311–1318; b) A. S. Marriott, E. Bergstrom, A. J. Hunt, J.

Thomas-Oates, J. H. Clark, RSC Adv. 2014, 4, 222–228; c) A. M. Garcia,

A. J. Hunt, V. L. Budarin, H. L. Parker, P. S. Shuttleworth, G. J. Ellis, J. H.

Clark, Green Chem. 2015, 17, 2146–2149; d) M. A. Tony, H. L. Parker, J. H.

Clark, J. Environ. Sci. Health Part A 2016, 51, 974–979; e) G. Dura, V. L.

Budarin, J. A. Castro-Osma, P. S. Shuttleworth, S. C. Z. Quek, J. H. Clark,

M. North, Angew. Chem. Int. Ed. 2016, 55, 9173–9177; f) J. M. Shannon,

J. H. Clark, M. I. de Heer, T. Ekblad, A. S. Matharu, ACS Omega 2018, 3,

18361–18369; g) R. A. Milescu, M. R. Dennis, C. R. McElroy, D. J. Macquar-

rie, A. S. Matharu, M. W. Smith, J. H. Clark, V. L. Budarin, Sustain. Chem.

Pharm. 2020, 15, 100230; h) T. M. Attard, C. Goodwin, P. Nalivaika, J.

Attard, V. L. Budarin, A. Lanot, D. Bove, J. H. Clark, C. R. McElroy, Mater.

Chem. Front. 2022, 6, 1324–1330.

[22] H. Li, C. Li, V. L. Budarin, J. H. Clark, M. North, J. Wang, X. Wu, Green

Chem. 2022, 24, 1545–1560.

[23] H. Li, V. L. Budarin, J. H. Clark, M. North, X. Wu, J. Hazard. Mater. 2022,

436, 129174.

[24] K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, J.

Rouquerol, T. Siemieniewska, Pure Appl. Chem. 1985, 57, 603–619.

Manuscript received: March 13, 2023

Revised manuscript received: April 3, 2023

Accepted manuscript online: April 4, 2023

Version of record online: ■■■, ■■■■

ChemSusChem

Research Article

doi.org/10.1002/cssc.202300370

ChemSusChem 2023, e202300370 (6 of 6) © 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

 1
8
6
4
5
6
4
x
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ch
em

istry
-eu

ro
p
e.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/cssc.2

0
2
3
0
0
3
7
0
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [2

6
/0

6
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se

https://doi.org/10.1016/j.teac.2019.e00062
https://doi.org/10.1002/adfm.201000169
https://doi.org/10.1016/j.jaap.2016.07.002
https://doi.org/10.1016/j.jaap.2016.07.002
https://doi.org/10.1002/chem.200901879
https://doi.org/10.1039/C4CS00232F
https://doi.org/10.1002/marc.201400680
https://doi.org/10.1002/anie.200600460
https://doi.org/10.1039/C7FD00056A
https://doi.org/10.1039/C7FD00056A
https://doi.org/10.1039/c2ra21367b
https://doi.org/10.1039/B614537J
https://doi.org/10.1039/B614537J
https://doi.org/10.1016/j.apcatb.2008.01.015
https://doi.org/10.1016/j.catcom.2008.01.037
https://doi.org/10.1039/B715508E
https://doi.org/10.1039/B715508E
https://doi.org/10.1039/B813409J
https://doi.org/10.1039/B813409J
https://doi.org/10.1039/b911877b
https://doi.org/10.1039/b911877b
https://doi.org/10.1016/j.catcom.2010.03.015
https://doi.org/10.1016/j.catcom.2010.03.015
https://doi.org/10.1002/cctc.201000280
https://doi.org/10.1002/cctc.201000280
https://doi.org/10.1039/C3RA43673J
https://doi.org/10.1039/C3RA43673J
https://doi.org/10.1002/cctc.201402280
https://doi.org/10.1039/C4GC02375G
https://doi.org/10.1039/C4GC02375G
https://doi.org/10.1039/C7TA08165K
https://doi.org/10.1039/C7TA08165K
https://doi.org/10.1016/j.jpowsour.2018.10.026
https://doi.org/10.1021/sc4001675
https://doi.org/10.1021/sc4001675
https://doi.org/10.1039/C3RA44428G
https://doi.org/10.1080/10934529.2016.1191817
https://doi.org/10.1021/acsomega.8b02602
https://doi.org/10.1021/acsomega.8b02602
https://doi.org/10.1016/j.scp.2020.100230
https://doi.org/10.1016/j.scp.2020.100230
https://doi.org/10.1039/D2QM00028H
https://doi.org/10.1039/D2QM00028H
https://doi.org/10.1039/D1GC03715C
https://doi.org/10.1039/D1GC03715C
https://doi.org/10.1016/j.jhazmat.2022.129174
https://doi.org/10.1016/j.jhazmat.2022.129174
https://doi.org/10.1351/pac198557040603


RESEARCH ARTICLE

Adsorb it: The adsorption of volatile

organic compounds onto activated

Starbons® is investigated and the

effect of Starbon structure, adsorbate

size and adsorbate functionality are

elucidated. Methanol has the highest

saturated adsorption capacity, and

this is shown to be due to its small

size rather than its alcohol function-

ality.
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