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Abstract

Discarded cigarette filters, in the form of cigarette butts, are a major waste disposal and

environmental pollution hazard due to mainly containing cellulose acetate which is non-

biodegradable; 5.8 trillion cigarettes are smoked worldwide per annum generating > 800 000

metric tons of cigarette butts. Apart from causing litter, cigarette butts contain contaminants

such as toxic heavy metals, which can leach into waterways, potentially causing harm to both

humans and wildlife. In an effort to turn dangerous waste into value products, this study

explores the valorisation of discarded smoked cigarette filters/butts. We show that porous

carbons derived from cigarette butts, via sequential benign hydrothermal carbonisation and

activation, are super porous and have ultra-high surface area (4300 m2 g-1) and pore volume

(2.09 cm3 g-1) arising almost entirely (> 90%) from micropores. The carbons also have

uncharacteristically high oxygen content associated with O-containing functional groups

(COOH, C-OH and C=O), and show anomalous behaviour with respect to the effect of

activation temperature on porosity, the latter being ascribable to the chemical mix present in

cigarette butts and their hydrochar products. Due to the combined effects of high surface area,

high microporosity and an oxygen-rich nature, the carbons exhibit unprecedentedly high

hydrogen storage capacity of 8.1 wt% excess uptake, and 9.4 wt% total uptake at -196 ºC and

20 bar, rising to total uptake of 10.4 wt% and 11.2 wt% at 30 and 40 bar, respectively. The

hydrogen storage capacity is the highest reported to date for any porous carbons and attains

new levels for porous materials in general. This work also raises the question on whether

valorisation can solve the intractable cigarette butt problem.
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1. Introduction

Hydrogen is an attractive energy source especially for motor vehicles due to its high

gravimetric energy capacity as well as the fact that it does not produce any CO2 emissions.1-7

Hydrogen may be used to produce energy via a hydrogen fuel cell, which is a redox cell

wherein the chemical energy of hydrogen is converted to electrical energy through use of an

oxidising agent (usually oxygen).7,8 An alternative to using a hydrogen fuel cell in a car is to

burn the hydrogen in a manner similar to that of a combustion engine.9,10 Targets, for the year

2020, set by the United States Department of Energy (DOE) for hydrogen-powered cars

include gravimetric energy of 1.8 kWh kg-1 (5.5 wt% H2), and energy density of 1.3 kWh L-1

(0.040 kg L-1).11 Solid state materials are considered to be a viable route to achieving the

required level of hydrogen storage.12-14 Storage materials currently under investigation can be

divided into two main groups, the first of which store hydrogen via chemisorption, including,

for example, metal hydrides,15 while the second group use physisorption and are typically

highly porous materials with a high surface area such as carbons,16-30 metal organic

frameworks (MOFs)31-37 and covalent organic frameworks (COFs).38-40 It is now well

established that the hydrogen storage capacity of porous solid state materials is dependent on

surface area (with high area favouring good uptake) and the presence of micropores.16-59 In

terms of porosity, optimised hydrogen storage materials should possess high surface area that

arises from micropores.

The ongoing search for new materials is a key factor in attempts to achieve the

hydrogen storage targets required to make the mooted Hydrogen Economy a reality.12-40 The

search for new hydrogen stores targets materials that have new or improved properties, are

easier or cheaper to prepare, and that are sustainable. Improved properties can be engendered

by tailored design based on knowledge of what is required for hydrogen storage, while

sustainability may be achieved via valorisation routes with respect to the starting materials.



4

As part of our on-going search for carbon materials with optimised properties for hydrogen

storage, we have recently shown that cellulose-based precursors are good starting materials

for such porous carbons.20,22 This is of particular interest, with respect to valorisation of waste

materials, because a cellulose derivate (i.e., cellulose acetate) is the principal component of

cigarette filters.60,61 The import of this connection is that discarded cigarette filters, in the

form of cigarette butts, are currently a major waste disposal and environmental pollution

hazard because cellulose acetate, though photodegradable (in the presence of TiO2) is not

biodegradable.62-67 The number of cigarettes smoked worldwide per annum tops 5.8 trillion

and generates in the order of 800 000 metric tons of cigarette butts.63,68 For example, disposed

cigarette filters (butts) make up the majority, by mass, of litter found on beaches.69 A further

hazard are the contaminants, especially toxic heavy metals, present in cigarette filters, which

leach into waterways, potentially causing harm to both humans and wildlife.70-72 It is therefore

clear that cigarette butts need to be taken out of the environment. It would be highly desirable

if the cigarette butts, rather than being disposed of, are converted to a high value product via a

valorisation process. Given that they are mainly composed of cellulose acetate, the

aforementioned factors make cigarette butts waste a particularly attractive starting material for

valorisation to porous (e.g., activated carbons). This would be in line with the current trend to

move away from coal-based carbonaceous precursors to biomass-derived or waste-based

starting materials for activated carbon synthesis.16

There has previously been some interest in the use of cigarette filters as starting

material for the formation of porous carbons. Polarz et al carbonised cellulose acetate from

cigarette filters to generate lowly porous (surface area of 262 m2 g-1 and pore volume of 0.21

cm3 g-1) non-graphitic carbons.73 Chen et al prepared p6mm mesostructured carbonaceous

materials with surface area of 526 m2 g-1, pore volume of 0.59 g cm3 g-1 and pore width of 5.1

nm via an evaporation-induced self-assembly method using cigarette filters as matrix
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scaffold.74 Lee et al prepared micro-mesoporous carbon with surface area of 573 m2 g-1 from

carbonisation of cigarette filters, while samples carbonised under ammonia had higher surface

area of 1634 m2 g-1.75 However, as far as we are aware, there has so far been no report on

preparation of activated carbons from cigarette filters or waste cigarette butts. In this study we

explore the preparation of activated carbons from cigarette filters and discarded cigarette butts

and assess the hydrogen uptake capability of the resulting carbons. This study unravels some

unexpected and anomalous trends between activating conditions and the properties, especially

porosity, of the resulting activated carbons and how this affects hydrogen uptake capacity. We

discuss the findings in terms of how the chemical mix present in cigarette butts affects the

activation process.

2. Experimental Section

2.1 Materials synthesis

Used cigarette filters/butts were collected to form the precursor for the S (smoked) group of

carbons. Unused (or ‘fresh’) filters that were used to generate the F group of carbons were

obtained from purchased cigarettes (of similar brand as S group) following separation of the

filter from the cigarette. In both cases, the wrapping paper was removed from the filter, care

being taken to avoid contamination with tobacco or ash. The cigarette filters were then ground

in a spice grinder to produce a fluffy white or yellow-brown mass, for F and S filters,

respectively. The ground cigarette filters were then hydrothermally carbonised by heating a

mixture of the filters and water (at a ratio of 1 g filter to 10 mL water) in a stainless steel

autoclave to 250 oC at a ramp rate of 5 oC min-1, holding at 250 oC for 2 h and then cooling to

room temperature at a ramp rate of 5 oC min-1. The resulting carbonaceous matter (hydrochar)

was recovered and dried at 112 oC. The hydrochars were denoted as FF-hydrochar (fresh

filters) or SF-hydrochar (smoked filters).
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For the activation a KOH/hydrochar ratio of 4 was used. A ground and homogenous

KOH/hydrochar mixture, in alumina boats, was placed in a horizontal furnace and heated

under nitrogen to 600, 700 or 800 oC at a ramp rate of 3 oC min-1. Samples were held at the

target temperature for 1 h and then allowed to cool under nitrogen. The generated activated

carbons were recovered by filtration and washed in 2M HCl with stirring at room temperature

and then with deionised water until washings had neutral pH. The samples were dried in an

oven at 112 oC. The activated carbons were designated as FF-4T (group F, fresh filters) or SF-

4T (group S, smoked filters) where 4 is the KOH/hydrochar ratio and T is the activation

temperature (600, 700 or 800 oC).

2.2 Materials Characterisation

Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600

analyser under flowing air conditions (100 mL/min). Powder XRD analysis was performed

using a PANalytical X’Pert PRO diffractometer with Cu-K light source (40 kV, 40 mA)

with step size of 0.02o and 50 s time step. CHN elemental analysis was performed using an

Exeter Analytical CE-440 Elemental Analyser. Inorganic (metal) content was determined via

ICP-OES analysis using a Perkin Elmer Optima 2000 DV ICP-OES analyser. Temperature

programmed desorption (TPD) was performed using a Hiden CATLAB system with He as

carrier gas. Infra-red spectroscopy (FTIR) spectra was obtained using a Bruker Alpha FTIR

spectrometer. Porosity analysis and determination of textural properties was performed via

nitrogen sorption using a Micromeritics 3FLEX sorptometer. Prior to analysis (at -196 oC),

the carbons were degassed under vacuum at 200 oC for 12 h. The apparent surface area

(hereinafter referred to simply as surface area) was calculated using the Brunauer-Emmett-

Teller (BET) method applied to adsorption data in the relative pressure (P/Po) range 0.04 –

0.22. The total pore volume was determined from the nitrogen uptake at close to saturation

pressure (P/Po ≈ 0.99). The micropore surface area and micropore volume were determined 



7

via t-plot analysis. Non-local density functional theory (NL-DFT) was applied to nitrogen

adsorption isotherms to determine pore size distribution.

2.3 Hydrogen uptake measurements

Hydrogen uptake capacity of the carbons was measured by gravimetric analysis with a Hiden

XEMIS Intelligent Gravimetric Analyser using 99.9999% purity hydrogen additionally

purified by a molecular sieve filter. Prior to analysis, the carbon samples were dried for 24 h

at 80 ºC and then placed in the analysis chamber and degassed at 200 oC and 10-10 bar for 4 –

6 h. The hydrogen uptake measurements were performed at -196 oC (in a liquid nitrogen bath)

over the pressure range of 0 to 40 bar.

3. Results and Discussion

3.1 Elemental Composition and Nature of Carbon

The starting materials in this study, fresh (FF) or smoked (SF) cigarette filters were first

converted to hydrochar (FF-hydrochar and SF-hydrochar, respectively) via hydrothermal

carbonisation. Given the nature of cigarette filters (or butts for smoked cigarettes) with

respect to their chemical composition, wherein the main component is cellulose acetate along

with a host of other additives including metals, we analysed the cigarette butt derived

hydrochars and compared them to cellulose acetate-derived hydrochar.22 Firstly, we

determined the carbon content of the FF and SF hydrochars as shown in Table 1 and Table

S1. The C and H content of the fresh FF-hydrochar, at 63.6 and 4.2 wt%, respectively, is

slightly lower than that of the smoked SF-hydrochar (68.5 and 5.7 wt%, respectively),

meaning that the former has a higher oxygen content (32.2 wt%) compared to 24.8 wt% for

the latter. It is also noteworthy that the SF-hydrochar contains some N while the FF-

hydrochar appears to be N-free. The presence of N in the SF-hydrochar may be explained by

nicotine that is trapped in the filters during smoking, while for the fresh un-smoked
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cigarettes such trapping is absent. Comparison with CA-hydrochar derived from cellulose

acetate (Table S1) shows, in general, a similar C, H, O content to that of the cigarette filter or

butt derived hydrochars, which is consistent with the fact that cellulose acetate is the main

component of cigarette filters. As shown in Table 1, activation of both the FF and SF

hydrochars results in an increase in the C content, with the increase being generally greater at

higher activation temperature. On the other hand, the H content decreases significantly, while

the oxygen content shows a less drastic reduction. This means that the cigarette filter or butt

derived activated carbons possess higher oxygen content (16 – 31 wt%) than is normally

observed for activated carbons, including those derived from cellulose (4.4 - 11.5 wt%) but

similar to those derived from cellulose acetate.16,20,22 The SF series of activated carbons also

retain some N content of between 0.4 and 1 wt%.

Table 1. Elemental analysis of hydrochar derived from fresh (FF-hydrochar) and smoked

(SF-hydrochar) cigarette filters, and activated carbons derived from the hydrochars.

Sample C [%] H [%] N [%] O [%] (O/C)a (H/C)a

FF-hydrochar 63.6 4.2 0 32.2 0.380 0.793

SF-hydrochar 68.5 5.7 1.0 24.8 0.272 1.000

FF-4600 66.9 1.9 0 31.2 0.350 0.340

FF-4700 78.3 0.5 0 21.2 0.203 0.077

FF-4800 82.5 0.4 0 17.1 0.156 0.058

SF-4600 70.5 0.6 1.1 27.8 0.296 0.102

SF-4700 77.6 0.7 0.4 21.3 0.206 0.108

SF-4800 82.8 0.3 0.5 16.4 0.149 0.044

aAtomic ratio

The presence and amount of O in the activated carbons was probed using

temperature programmed desorption (TPD). The TPD was performed after thermal
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evacuation of the carbons at 150 oC, and thus probed the nature of O-functional groups

that are stable under such conditions. The TPD profiles for the evolution of CO2 and CO

for the two sets of activated samples are shown in Figure 1. Desorption of CO2 occurs in

the temperature range 150 – 600 oC, and it is noticeable that the temperature of maximum

desorption slightly shifts to higher values as activation temperature rises. Desorption of

CO is observed within the temperature range of 300 and 900 oC with desorption maxima

in the range 600 – 750 oC. The TPD profiles are consistent with the expectation that the

CO2 arises from O-containing functional groups that are thermally less stable, including

carboxylic acids, lactones and anhydrides, while the CO is from thermally more stable

moieties such as carbonyls, quinonic or phenolic groups.22,76-78 In general the TPD

profiles are similar to those that have previously been reported for activated carbons.22,76-

78 The high oxygen content of the present carbons (16 – 31 wt%) may be evidenced by a

comparison of their CO2 and CO TPD profiles to those of an activated carbon derived

from cellulose (designated as C-4700) that has oxygen content of 7.1 wt%.20 Such a

comparison (Figure S1) shows that much higher CO2 and CO is evolved from the SF-4T

carbons compared to sample C-4700, which is consistent with the greater oxygen content

of the former. The O-functional groups on the activated carbons were also probed with

FTIR. The IR spectra (Figure S2) of the SF-hydrochar and representative activated

carbon (sample SF-4600) show several bands arising from O-functional groups, including

the following; C–OH stretch band at ca. 3430 cm-1, C–OH bend band at ca. 1625 cm-1,

C–O vibration at 1380 cm-1, and C=O peak at 1710 cm-1
.
22,79-82 The spectra of sample SF-

4600 does not, however, exhibit C–H peaks at ca. 2850 and 1450 cm-1 that are observed

for the SF-hydrochar, which is in agreement with the much lower H content of the

activated carbon (Table 1). The IR spectra offers further evidence for a high content of

oxygen functional groups, which is consistent with the O content of the present carbons.
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Figure 1. Evolution of CO2 (A, C) and CO (B, D) under TPD conditions for activated

carbons derived from fresh cigarette filters (A, B) and smoked cigarette butts (C, D).

Given that cigarettes are known to contain a mix on non-carbonaceous additives,

including metals, we performed thermogravimetric analysis of the FF and SF hydrochars in

an attempt to gauge the amount of inorganic residue they contain. Figure 2 shows the TGA

curves for the FF and SF hydrochars, and CA-hydrochar obtained from pure cellulose

acetate. All three hydrochars are stable below 200 oC, after which carbon combustion occurs

in a single mass-loss event that is completed at ca. 550 oC. It is interesting to note that the

CA-hydrochar was completely burnt off and no residue was left at 600 oC, while the FF-
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hydrochar and SF hydrochar had residual mass of ca. 1 and 2 – 2.5 wt%, respectively. We

attribute the residual mass to inorganic matter (likely in the form of metal oxides) arising

from metal additives that are known to be present in smoked cigarettes filters/butts.70-72 The

smoked SF-hydrochar has higher residual mass as more of the additives are transferred to

and trapped in the filters (or butts) when the cigarette is smoked.70-72 We performed powder

XRD analysis of the hydrochars in an effort to establish the presence of crystalline inorganic

matter as would be indicated by sharp peaks that are uncharacteristic of porous carbon

frameworks. The XRD patterns in Figure 3 show no sharp peaks for the CA-hydrochar,

while some peaks are observed in the patterns of the FF and SF hydrochar, with the peaks

being more prominent for the SF-hydrochar. Thus the XRD patterns are consistent with the

presence of non-carbonaceous matter in the FF and SF hydrochars with the later having

greater amounts, which is in agreement with the TGA data in Figure 2. Elemental analysis to

determine the metal content of the SF-hydrochar, via ICP-OES, detected (i.e., close to or

above 10 ppm) the presence of several metals, including Al, Ba, Cu, Fe, Ca, Na, K, Mg, Mn,

and Zn. The most prevalent metals (i.e., close to or greater than 0.1 wt%) were Ca, K, Mg

Na, and Al. This findings are consistent with previous reports on the additives present in

cigarette butts.70-72 Inter alia, the presence of metals (especially K, Na and Ca) in the

hydrochars can be expected to influence their activation. This premise is based on the fact

that the activating process, for example with KOH, arises from the action of K as activating

agent. Indeed, the interesting mix of metal additives present in cigarette filters or butts was

part of the motivation for using them as starting materials for activated carbons. We however

note that the activated carbons were themselves free of metals or crystalline inorganic

residues as indicated by the absence of sharp peaks in their XRD patterns (Figure S3). The

extensive post activation washing process appears to remove all inorganic matter.
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smoked (SF-hydrochar) cigarette filters, and from cellulose acetate (CA-hydrochar).
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3.2 Porosity

The porosity of the FF and SF series of activated carbons was probed by nitrogen

sorption analysis. The nitrogen sorption isotherms of the FF series of activated carbons

are given in Figure 4A. All three FF-4T samples exhibit type I isotherms that are

characteristic of microporous materials.83 The extent of porosity generated, as measured

by the amount of nitrogen adsorbed, increases as activation temperature rises from 600 to

800 oC, which is the normal trend usually observed.16,20,26,84-94 The shape of the isotherms

indicates that the pore size increases as activation temperature rises, which is the

expected trend in line with the fact that increase in overall porosity in activated carbons is

usually accompanied with isotherm changes arising from increase in the amount of

nitrogen adsorbed, widening of the adsorption knee and increase in pore size.16,20,26,84-94

Figure 4B shows the pore size distribution (PSD) curves of the FF-4T carbons, and as

expected the pore size distribution broadens as activation temperature rises. The pore size

maxima obtained from the PSD curves is summarised in Table 2. Although the small

micropores of size < 1.2 nm are retained for all the FF-4T carbons, there is a gradual

broadening of PSD to larger micropores of size up to 2 nm as activation temperature

rises.
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Figure 4. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of FF

series of activated carbons derived from fresh cigarette filters. See experimental section

for sample designation.
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Figure 5. (A) Nitrogen sorption isotherms and (B) pore size distribution curves of SF

series of activated carbons derived from smoked cigarette filters/butts. See experimental

section for sample designation.
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The nitrogen sorption isotherms of the SF-4T series of samples prepared from

cigarette butts are shown in Figure 5A. All the isotherms are type I and typical for

microporous materials. However, the isotherms show an unusual, even anomalous, trend

with respect to the effect of activation temperature. The extent of porosity generated, as

measured by the amount of nitrogen adsorbed, decreases as activation temperature rises

from 600 to 800 oC, which is the reverse of what is observed for FF-4T samples as

described above (Figure 4), and is the opposite of what is known to occur for activated

carbons.16,20,26,84-94 For the SF-4T carbons, sample SF-4600 has the highest amount of

adsorbed nitrogen. However, the shape of the isotherms suggests that the pore size

increases as activation temperature rises. Thus for SF-4T samples, the increase in overall

porosity is not in tandem with widening of the adsorption knee and increase in pore

size.16,20,26,84-94 The PSD curves shown in Figure 5B indicate that the pore size

distribution broadens as activation temperature rises, but according to the isotherms, this

change is accompanied by a decrease rather than increase in overall porosity. The

increase in pore size of SF-4T carbons at higher activation temperature is clear from the

pore size maxima obtained from the PSD curves as summarised in Table 2. Small

micropores of size < 1.2 nm are retained for all the SF-4T carbons in a manner similar to

the FF-4T carbons, along with a gradual increase in the proportion of larger micropores

of size up to 2 nm as activation temperature rises. The observed anomalous behaviour

(i.e., highest porosity at 600 oC, which then decreases for samples activated at higher

temperature), may be explained by the presence of significant amounts of metal additives

in the SF-hydrochar as evidenced above by TGA, XRD and elemental analysis data. It is

likely that the metal additives (namely, K, Ca, Na, Mg, etc) retained in the hydrochar act

as ‘extra’ activating agents in addition to the KOH thus resulting in what may be

considered as ‘overactivation’ of the carbons prepared at temperatures higher than 600
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oC. The main factors that determine the extent of activation of any carbon precursor under

our activation regime are KOH/carbon ratio (i.e., amount of activating agent) and

activation temperature. Increase in the KOH/carbon ratio and/or temperature causes

greater activation. The two factors need to be judiciously combined to optimise the

porosity generated. If the amount of activating agent, temperature or a combination of

both is too high, then the activation conditions can be too severe and beyond the optimum

conditions, which, in a sense, leads to ‘overactivation’ and a decrease in the porosity

generated. Thus, there is a point beyond which the carbon becomes over activated leading

to a decrease rather than increase in overall porosity (as indicated by apparent surface

area and pore volume) – although the pore size can still rise. We postulate that for SF-4T

carbons, activation temperature of 700 and 800 oC leads to over activation due to the

‘added’ activating effect of the metal additives already present in the SF-hydrochar. On

the other hand, at 600 oC, the mix of activating agents (KOH and metal additives) is just

right to generate what may be described as optimal porosity. The lower amount of metal

additives in the FF-hydrochar means that the anomalous behaviour is not observed. The

effect of metal additives was evidenced by the fact that simple heating of the non-porous

SF-hydrochar at 600 – 800 oC for 1 h in the absence of KOH generated porous carbon

(Figure S4) with apparent surface area and pore volume, at 800 oC, of up to 983 m2 g-1

and 0.49 cm3 g-1, respectively. Similar heating of the CA-hydrochar (which contains no

metal additives) resulted in hardly any increase in porosity.
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Table 2. Textural properties and H2 uptake of cigarette butt-derived activated carbons.

Sample Surface areaa

(m2 g-1)
Pore volumeb

(cm3 g-1)
Pore sizec

(Å)
H2 uptaked,e

(wt%) .

1 bar 20 bar 30 bar 40 bar

FF-4600 1970 (1512) 0.86 (0.59) 6/8/12/18 2.0 5.2 (4.6) 5.6 (4.8) 5.9 (4.9)

FF-4700 2803 (1901) 1.23 (0.73) 6/8/12/20 3.2 7.2 (6.4) 7.8 (6.6) 8.3 (6.7)

FF-4800 4113 (2075) 1.87 (0.79) 6/8/12/21 3.0 8.2 (7.0) 9.1 (7.2) 9.7 (7.3)

SF-4600 4310 (3867) 2.09 (1.71) 6.4/8/12/19 4.0 9.4 (8.1) 10.4 (8.3) 11.2 (8.4)

SF-4700 2512 (2019) 1.20 (0.91) 6/8/12.5/20 2.7 6.8 (6.0) 7.4 (6.2) 7.8 (6.3)

SF-4800 2393 (1810) 1.09 (0.70) 6.4/8/12/21 3.0 6.6 (5.9) 7.2 (6.1) 7.6 (6.2)

The values in the parenthesis refer to: amicropore surface area and bmicropore volume.
cPore size distribution maxima obtained from NLDFT analysis. dGravimetric (wt%) H2

uptake at -196 oC and various pressures (i.e., 1, 20, 30 and 40 bar). eThe values in
parenthesis are excess H2 uptake.

The textural properties of both FF-4T and SF-4T series of carbons are given in

Table 2. For The FF-4T carbons, the apparent surface area rises from 1970 m2 g-1 for

sample FF-4600 to 2803 m2 g-1 for FF-4700 and to a high of 4113 m2 g-1 for FF-4800. We

note that sample FF-4800 has one of the highest surface areas ever reported for activated

carbons.16,88-96 The pore volume follows a similar trend, rising from 0.86 cm3 g-1 for

sample FF-4600 to 1.23 cm3 g-1 for FF-4700 and 1.87 cm3 g-1 for CA-4800. Regarding the

proportion of microporosity, the usual trend (decrease in microporosity at high activation

temperature) is observed; the proportion of micropore surface area is 77% for FF-4600,

and decreases to 68% for FF-4700 and 51% for FF-4800. For micropore volume, the

proportions are 69%, 60%, and 42% for FF-4600, FF-4700 and FF-4800, respectively.

For the SF-4T carbons, the apparent surface area is highest at 4310 m2 g-1 for

sample SF-4600, and then decreases to 2512 m2 g-1 for SF-4700 and 2393 m2 g-1 for SF-

4800, which is consistent with our ‘‘overactivation’’ proposal. Sample SF-4600 has the
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highest apparent surface area ever reported for activated carbons.16,88-96 We are unaware

of any reports of higher surface area (above 4300 m2 g-1 ) for activated carbons. We

attribute this high apparent surface area to an optimal mix of KOH, the metal additives in

the SF-hydrochar and an ideal activation temperature. The pore volume of the SF-4T

carbons follows the same trend as surface area, being 2.09 cm3 g-1 for sample SF-4600,

and decreasing to 1.20 cm3 g-1 for SF-4700 and 1.09 cm3 g-1 for SF-4800. It is noteworthy

that despite the very high apparent surface area of sample SF-4600, it still exhibits an

extremely high micropore surface area of 3867 m2 g-1, which is 90% of the total surface

area. This is the highest micropore surface area ever reported for an activated carbon.16,88-

96 Furthermore, the micropore volume that arises from micropores is also very high at

82% of total pore volume for sample SF-4600. The proportion of microporosity decreases

at higher activation temperature in line with our over activation proposal.

3.3 Hydrogen storage

As described above, all the carbons derived from fresh cigarette filters or used cigarette

butts have high oxygen content, and some of the carbons also exhibit surface area that is

amongst the highest ever reported for activated carbons. In addition, the highest surface

area carbons also have very high microporosity with a significant proportion of porosity

arising from small micropores of size < 1 nm. Given that hydrogen storage in porous

materials, and in particular porous carbons, is favoured by the presence of high surface

area arising from micropores, we assessed the hydrogen uptake properties of the FF-4T

and SF-4T samples. Our assessment conditions (i.e., storage capacity at -196 ºC and

pressure of 0 – 40 bar) were chosen due to the fact that cryo-storage under such

conditions is currently considered as viable for low pressure vehicular hydrogen

storage.7,97-99 For context, we note that, currently, apart from activated carbons,16-24,41,43,88-
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92,100 the best carbon-based hydrogen storage materials also include carbide-derived

carbons (CDCs),28,47,57 and zeolite templated carbons.21,25,52

The hydrogen uptake measured by a Hiden XEMIS analyser determined the

excess hydrogen storage capacity from which we calculated the total storage capacity

using established procedures (see Supporting Information, Appendix 1, for details on how

excess and total hydrogen uptake were obtained). In our discussion, we refer to both the

excess and total uptake as wt%, which are based on a dry material (carbon) basis. Figure

6 shows the excess and total hydrogen uptake isotherms at -196 oC, and the uptake at 1,

20, 30 and 40 bar is summarised in Table 2. We first note that the hydrogen uptake

isotherms in all cases showed no hysteresis (Figure S5), which indicates that the

hydrogen sorption process into the present activated carbons is reversible, which is

similar to previous reports. 16-24,41,43,88-92,100 The hydrogen storage capacity at 1 bar ranges

between 2 and up to 4 wt% (for sample SF-4600). An uptake of 4 wt% at 1 bar is

impressive and at the top end of what has previously been reported for carbons.16-

24,41,43,88-92,100 A combination of the high apparent surface area, high microporosity in

sample SF-4600 contributes to the high hydrogen uptake.
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Figure 6. Excess and total hydrogen uptake at -196 oC of activated carbons derived from

(A) fresh cigarette filters and (B) smoked cigarette filters/butts. See experimental section

for sample designation.

At 20 bar, the excess hydrogen uptake of FF-4T samples varies between 4.6 and

7.0 wt%, and increases with activation temperature in line with the rise in surface area.

Excess hydrogen uptake (at 20 bar) of 6.4 wt% (FF-4700) and 7.0 wt% (FF-4800) is

higher than most previously reported porous carbons.16-24,41,43,88-92,100 The corresponding

total uptake at 20 bar for FF-4T samples is 5.2 wt% (FF-4600), 7.2 wt% (FF-4700) and

8.2 wt% for FF-4800. For context, we note that amongst the best reported hydrogen

uptake values under such conditions (-196 oC and 20 bar) are; 7.03 wt%,46 and 7.3 wt%,88

for polypyrrrole-derived activated and compactivated carbons, respectively, 7.08 wt% for

a carbon that was both physically and chemically activated,41 8.1 wt%, for cellulose

acetate derived activated carbons,22 7.1 wt%, for a sawdust-derived compactivated

carbon,88 and 7.3 wt% for a zeolite templated carbon.25 Amongst the SF-4T carbons, the

hydrogen uptake at 20 bar is similar to that of the FF-4T series except for sample SF-
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4600 which has significantly higher excess and total uptake of 8.1 wt% and 9.4 wt%,

respectively. Such uptake is unprecedented for porous carbons and far exceeds values

reported to date.22,25,41,46,88 The very high hydrogen uptake is attributable to the equally

unprecedentedly high total and micropore surface area of sample SF-4600. As shown in

Figure 6 and Table 2, the superior hydrogen uptake performance of SF-4600 is

maintained at higher pressure, and the sample achieves total uptake of 10.4 wt% and 11.2

wt% at 30 and 40 bar, respectively.

It is well acknowledged that the weak interaction between adsorbed hydrogen and

carbon surfaces can be improved via functionalization or doping with various

heteroatoms.46,52,54,58,59,101 Although the presence of O-functional groups (and thus an

oxygen-rich surface) is not considered as doping, some studies suggest that they may

afford an enhancing effect on atomic hydrogen adsorption.101-104 In this regard, it was

claimed that the hydrogen storage capacity of metal-doped carbons is enhanced due to the

presence of oxygen functional groups,101 and that oxygen-rich pillared graphene boron

nitride have improved hydrogen storage capacity.104 Regarding the adsorption of

molecular hydrogen, which is more relevant to the present study, some previous studies

have arrived at contradictory conclusions. Agarwal et al.105 and Bleda-Martınez and co-

workers,106 claimed that high oxygen content causes an increase in hydrogen storage

capacity while Huang et al.,107 Schimmel et al.,108 and Llorens and Pera-Titus109 observed

no positive effects. The conflicting claims may be explained by the fact that these

previous studies105-109 involved carbons for which both the oxygen content and textural

properties varied to the extent that changes in one (oxygen content) caused variations in

porosity (surface area, pore size and pore volume), for example via O-functional groups

blocking micropores or limiting the space available for storage of hydrogen.110,111 Such

variation in both oxygen content and textural properties limits the ability to independently
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determine the effect of either variable. The ambiguity may be eliminated by considering

how large,22 rather than small,112 variations in oxygen content influence hydrogen uptake

in carbons with similar pore size or porosity. We have recently shown that whilst porosity

is the main determinant of hydrogen storage capacity, it is also the case that at any given

level of porosity, oxygen-rich carbons exhibit enhanced gravimetric hydrogen storage

uptake compared to relatively oxygen-poor samples of similar porosity.22 In the present

study, for completeness, we compared the hydrogen uptake of sample SF-4800 to that of

a cellulose-derived activated carbon (designated as C-4700),20 which has similar porosity

(Figure S5 and Table S2) but much lower oxygen content (Supporting Figure S1). Such a

comparison eliminates any ambiquities and can clarify on the effect of oxygen content.

The total surface area and pore volume of the two samples is identical and their pore size

is very similar (Table S2 and Supporting Figure S5). The main difference is that sample

SF-4800 has a much higher oxygen content of 16.4 wt% compared to 7.1 wt% for C-

4700. Despite the similarity in porosity, the O-rich sample (SF-4800) has much higher

hydrogen uptake (Figure S6); at 1 bar the uptake of SF-4800 (3.0 wt%) is higher than for

C-4700 (2.5 wt%). At 20 bar the excess uptake of SF-4800 is 5.9 wt%, which is 20%

higher than 4.9 wt% for C-4700. We tentatively ascribe the higher hydrogen storage

capacity of the SF-4800 sample to a higher oxygen content, which is consistent with

previous finding on the interaction between H and O-rich carbon surfaces.104,113,114

The gravimetric hydrogen uptake of the best performing carbons (FF-4800 and

SF-4600), at pressures of up to 30 bar, is better than that of MOF materials that are

currently the best hydrogen stores.34,36,37 This is depicted in Figure 7, and the relevant

data is summarised in Table S3. This is despite the fact that the MOFs possess much

higher surface area (Table S3). At 20 bar, the excess hydrogen storage capacity of sample

SF-4600 (8.1 wt%) is higher than that of high surface area MOFs such as NOTT-112 (6.9
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wt%),34 NU-100 (6.8 wt%)36 and MOF-210 (6.4 wt%),37 which are the current record

holders for gravimetric hydrogen storage in porous materials under cryogenic conditions.

The total hydrogen uptake of SF-4600 (9.4 wt%), at 20 bar, is also higher than that of

NOTT-112 (7.8 wt%),34 NU-100 (8.5 wt%)36 and MOF-210 (8.4 wt%).37 We postulate

that the superior hydrogen storage capacity of sample SF-4600, despite having lower

apparent surface area, may be explained in part by the high oxygen content and that an

oxygen-rich surface is attractive for adsorption of molecular hydrogen, and thus

compensates for the lower surface area compared to the MOFs. At 30 bar, the hydrogen

uptake capacity of SF-4600 still outperforms that of the MOFs (Figure 7 and Table S3).

In addition to their impressive storage capacity, the present carbons also offer all the

advantages of carbons such as easy processing, high mechanical and chemical stability

along with ease of preparation and low cost, in addition to the valorisation and

environmental protection aspects associated with using cigarette butts as starting

materials.
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Figure 7. Excess and total gravimetric hydrogen uptake of activated carbon (SF-4600)

derived from smoked cigarette butts compared to the best benchmark high surface area

metal organic frameworks (MOFs), namely, NOTT-112,34 NU-100,36 and MOF-210.37

4. Conclusions

Hydrothermal carbonisation of cigarette filters and discarded (i.e., smoked) cigarette butts

yields hydrochar, which when activated generates oxygen-rich (with oxygen functional

groups such as COOH, C-OH and O-C=O) porous carbons that have extremely high apparent

surface area (up to 4300 m2 g-1) with most of the surface area (up to 3867 m2 g-1), i.e. 90%,

arising from micropores. The carbons derived from smoked cigarette butts show anomalous

behaviour with respect to the effect of activation temperature on their porosity, i.e., highest

surface area and pore volume at 600 oC, which then decreases for samples activated at higher

temperature. The anomalous trend is explained by the presence of significant amounts of
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metal additives in the cigarette butt-derived hydrochar used as starting material; the metal

additives (K, Ca, Na, Mg, etc) themselves act as activating agent in addition to the added

KOH. Due to the combined effects of high surface area, high microporosity and an oxygen-

rich nature, the carbons exhibit unprecedentedly high hydrogen storage capacity of 8.1 wt%

excess uptake, and 9.4 wt% total uptake at -196 ºC and 20 bar, rising to total uptake of 10.4

wt% and 11.2 wt% at 30 and 40 bar, respectively. Our findings offer new insights on the

valorisation of a major waste disposal and environmental pollution hazard (discarded cigarette

butts) to attractive energy materials with, in the present case, the highest hydrogen uptake

capacity reported to date for any carbons or porous materials in general. The findings

therefore have direct relevance to an environmental pollution issue and offer a new research

direction in the search for carbon-based sustainable energy storage materials, and not least

raise the interesting question of whether valorisation can solve the intractable cigarette butt

problem.

Supporting Information

Supporting information accompanying this paper, including details of calculation of total

hydrogen uptake, and three tables and six figures is available.
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Graphical Abstract

Cigarette butt derived carbons are highly porous (4310 m2 g-1 and 2.09 cm3 g-1) with

record levels of hydrogen storage.
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Broader Context

This manuscript not only addresses an intractable environmental pollution problem – cigarette

butts – and also offers new insights on a valorisation route to the best performing hydrogen

storage materials to date as part of the drive towards the anticipated Hydrogen Economy

wherein efficient storage and transportation of hydrogen are key to exploitation of hydrogen

as an energy source. Discarded cigarette filters, in the form of cigarette butts, are a major

waste disposal and environmental pollution hazard due to the fact that they are mainly

composed of cellulose acetate which is non-biodegradable. The problem is huge; 5.8 trillion

cigarettes are smoked worldwide per annum generating > 800 000 metric tons of cigarette

butts. Apart from causing unsightly litter, cigarette butts contain contaminants such as toxic

heavy metals, which can leach into waterways, potentially causing harm to both humans and

wildlife. In an effort to turn such undesirable and dangerous waste into value products, this

study explores the valorisation of discarded smoked cigarette filters/butts. We show that

porous carbons derived from cigarette butts, via sequential benign hydrothermal carbonisation

and activation, are super porous with ultra-high surface area (4300 m2 g-1) and pore volume

(2.09 cm3 g-1), and exhibit unprecedentedly high hydrogen storage capacity. This work,

therefore, not only raises the interesting question of whether valorisation can solve the

intractable cigarette butt problem but also offers hydrogen storage materials that attain new

levels for porous materials in general.


