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Abstract

As of 2021, the atmospheric concentration of CO2 is 412 ppm and contin-

ues to rise. It is well established that these concentrations are resulting in

rising temperatures, an increased incidence of extreme weather, and thus

unspeakably disastrous consequences for all life. It follows then that CO2

capture and removal technologies must be rapidly developed to ensure the

longevity of human society. One area of research is CO2 capture via ph-

ysisorption onto porous materials and in particular on the easily synthesised

turbostratic carbons. This application requires fine control over porosity

(surface area, pore volume, pore size) according to conditions of sorption,

and it therefore follows that both the ability to precisely measure pore sizes,

as well as a definitive knowledge of the relationship between CO2 uptake

capacity and pore size is needed. This thesis attempts to address all three

of these issues.

In terms of routes to activated carbons, this work investigates two principal

synthetic methods. Firstly in chapter 4 - developing on the author’s previ-

ous work - a simplification of the production of turbostratic carbons from

unwrapped Used Cigarette Filters (UCFs) was attempted by activation of

whole Used Cigarette Butts (UCBs) with KOH. The simplified method

resulted in much less porosity as compared to the previous work (maximal

ABET of 4300 compared with 1960 m2 g−1) and the samples derived by this
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method possess a hierarchical - as opposed to narrow, microporous - Pore

Size Distribution (PSD). Nevertheless, these new materials may perform

well for CO2 capture in Pressure Swing Adsorption (PSA) applications.

Pyrolysis of UCBs in the absence of a porogen created minimal porosity,

perhaps as a result of contaminants present from the UCB wrapping paper.

The other approach to activation used (chapter 5) is a set of methods

which have been collectively coined as impregnation routes, i.e. methods

which attempt to achieve close contact between precursor and the acti-

vating species whilst maintaining a homogeneous distribution of the latter

throughout the former. Impregnation was achieved through (i) the hy-

drothermal carbonisation of sawdust (SD) with KOH prior to pyrolysis,

as well as (ii) direct activation of a polymeric sodium salt, sodium car-

boxymethyl cellulose (NC). In both cases, PSDs achieved were generally

narrow and situated principally in the small micropore region, making the

products potential candidates for low pressure CO2 capture. Both sets of

materials also showed unexpected features, SD-derived samples having ex-

tremely low bulk density, and those obtained from NC exhibiting reduction

in porosity at surprisingly low porogen:precursor ratios. The latter of these

suggests pore formation effects outside of the caustic nature of porogenesis

with Na compounds, and is a potential route for further investigation of

activation mechanisms.

For materials derived through the synthetic routes mentioned above, re-

liable, accurate, and efficient isothermal porosimetry proved difficult due

to poor diffusion of N2 into the materials’ pores. As such, alternative

porosimetric techniques were investigated in chapter 6. It was found that

dual isotherm porosimetry using O2 and H2 isotherms measured at -196

◦C results not only in more expedient equilibration of the sorptive-sorbent

system, but allows the measurement of sub-angstrom level developments
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in porosity associated with changes in quantity of porogen used. These

subtle developments in porosity are not measurable through traditional

porosimetry using N2.

As for improving the understanding of the relationship between CO2 up-

take as a function of pressure and pore size, chapter 7 details the develop-

ment and deployment of the python Porosity Uptake Correlator (pyPUC)

which, using experimental PSDs and gravimetric gas uptake isotherms ap-

plies a brute force approach to determine the correlation between porosity

within some pore width range and CO2 uptake at a given pressure. This

is performed for all user-defined pore width ranges and pressures, and cor-

relation coefficients are compared to give optimum pore size ranges, Ω at

each pressure. When applied to CO2 uptake on turbostratic carbons, it

was confirmed that Ω broadens with increasing pressure. In addition, the

relationship between Ω and pressure-dependent CO2 uptake was calculated

to a more granular level of detail than has been previously reported. Fur-

thermore, following on from findings in chapter 6 it was found that these

relationships at low pressures are best described using dual isotherm O2/H2

porosimetry.
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Glossary

activated carbon Turbostratic carbon that has porosity produced dur-

ing pyrolysis, aided by some external porogen. This contrasts with

biochar.

activating agent Reagent used to develop porosity in a material. Also

known as a porogen.

activation The process of producing porosity in a material, typically via

pyrolysis and frequently using an activating agent.

adsorbate The substance being adsorbed onto a surface.

adsorbent The material onto which a substance is adsorbed.

adsorption The process by which molecules adhere onto a solid surface

through chemical or physical bonds.

ash content Amount of ash, i.e. non-combustible oxides left following

thermal decomposition of a sample in air. Used to determine to what

degree a sample is carbonaceous, typically performed using Thermo-

gravimetric Analysis (TGA).

biochar The product of pyrolysis, generally produced in the absence of

added porogen.
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hydrochar The solid, carbonaceous product of hydrothermal carbonisa-

tion, composed of microspheres having a hydrophilic shell and hy-

drophobic core.

hydrothermal carbonisation Carbonisation in water in a sealed con-

tainer, typically of biomass.

macropore Pore of width > 500 Å.

mesopore Pore of width 20− 500 Å.

micropore Pore of width < 20 Å.

physisorption Adsorption that occurs due to Van der Waals forces be-

tween adsorbent surface and adsorbate, as opposed to due to chemical

bonding.

porogen See activating agent.

porogenesis See activation.

pyrolysis Thermal decomposition of material in an inert atmosphere.

self-activation Activation that occurs due to some inherent properties of

the precursor. This could be a result of oxidising agents (e.g. alkali

metals) present in the precursor, or volatiles (CO2 etc.) released upon

pyrolysis.

supermicropore A micropore of width 7− 20 Å.

turbostratic carbon Carbons having a partially disordered structure with

some ordered, graphitic domains.

ultramicropore A micropore of width < 7 Å.
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Acronyms

BED backscatter electron detection.

BET Brunauer, Emmet and Teller theory.

BSE backscatter electrons.

CA Cellulose Acetate.

CB Cigarette Butt.

DAC Direct Air Capture.

DFT Density Functional Theory.

DS degree of substitution.

EDX Electron-Dispersive X-ray Analysis.

GAB Guggenheim-Anderson-de Boer.

GCMC Grand Canonical Monte Carlo.

ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry.

IUPAC International Union of Pure and Applied Chemistry.

MOF Metal Organic Framework.
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NC sodium carboxymethyl cellulose.

NLDFT Non-Local Density Functional Theory.

P-XRD Powder X-ray Diffraction.

PSA Pressure Swing Adsorption.

PSD Pore Size Distribution.

pyPUC python Porosity Uptake Correlator.

SD sawdust.

SE secondary electrons.

SEI secondary electron images.

SEM Scanning Electron Microscopy.

TEM Tunneling Electron Microscopy.

TGA Thermogravimetric Analysis.

TSA Temperature Swing Adsorption.

UCB Used Cigarette Butt.

UCF Used Cigarette Filter.

VSA Vaccuum Swing Adsorption.

XPS X-ray Photoelectron Spectroscopy.
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Notes on the text

Terminology: The plethora of porous carbon materials are referred to

by various terms in the literature. The focus of this work are turbostratic

carbons, which are defined as possessing some regions of graphitic order-

ing, but are not ordered on the large scale. Within this group are activated

carbons and biochars which are distinguished only by the former having a

porogen added in their synthesis in order to aid pore formation. Because

many carbons in this work may be considered to lay at the boundary of

these two materials, in general the term turbostratic carbon is used. Oc-

casionally, the terms biochar or activated carbon may appear in the text

to explicitly distinguish two materials or sets thereof derived without and

with a porogen.

Navigation: In the electronic version of this thesis there are various hy-

perlinked words. This includes chapter, section, figure and table numbers,

as well as words and abbreviations defined in the glossary. The presence of

a hyperlink is shown by the word(s) being highlighted when hovered over,

and clicking will take you to the appropriate page or part thereof.
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Chapter 1

Introduction

The current climate crisis necessitates the rapid development of technolo-

gies for CO2 capture. Ideally these technologies should be simple and cheap

to deploy. Exploitation of the phenomenon of physical adsorption of CO2

onto porous materials may comprise a viable solution for both point source

and Direct Air Capture (DAC), and turbostratic carbons provides a cheap,

simple route to a viable material for such purposes. The following sections

provide the essential background of the concepts and applications of the

experimental, analytical, and computational work employed in this thesis

in order to understand how to develop porosity, measure the developed

porosity, and understand the relationship between CO2 capture and poros-

ity. In addition the author provides for convenience his published review

on the modulation of the porosity of carbons for uptake of various gases

(Publication III) as appendix A. This provides much broader information

regarding the synthesis of porous carbons outside of just the turbostratic

carbons which are examined in this work, methods to measure and control

porosity in such materials, as well as the relationship between porosity and

uptake of different sorbents in porous carbons.
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1.1. SYNTHESIS OF TURBOSTRATIC CARBONS

1.1 Synthesis of turbostratic carbons

Turbostratic carbons are semi-ordered carbonaceous materials characterised

as having high surface area due to an extensively porous structure. Gases

such as CO2 can be physisorbed onto the surface of the material making

for facile regeneration.1,2 These characteristics make the material attractive

for CO2 capture. In addition, these materials are chemically and thermally

robust, meaning that they are suitable for industrial applications.1,3,4 As

the only requirement for a material to be suitable for use as a precursor

to turbostratic carbon is that it have a high carbon content, these ma-

terials can be synthesized from a range of cheap, and even renewable or

waste-derived precursors.5–9

The porosity of a carbonaceous material is typically developed via a py-

rolysis process wherein at first, a semi-graphitic structure is established;

the voids between layers forming pores. Pores are then further constructed

via intercalation of species between the graphitic layers for example by

gases,10 or metal ions such as Na or K.5,11–13 Both of these intercalating

agents can come from the raw precursor itself or be added to improve pore

development. Further pore development comes as the result of chemical

reactions, including the oxidation of carbon to form carbonates, or con-

densing processes including dehydration reactions which form cross-links

between graphitic layers.5,12,14 All of these processes tend to yield pores of

a slit-like geometry, whose width is defined by the distance between two

adjacent carbon walls, while the other dimensions are not usually defined

(or assumed to be infinite).15,16

In order to facilitate high levels of porosity development, polymeric carbo-

hydrates and sugars are often hydrothermally carbonised prior to activation

with oxidative chemical porogens such as KOH, by heating in water under

2



1.1. SYNTHESIS OF TURBOSTRATIC CARBONS

high pressure to form hydrochar. Hydrochar is a low-surface area material

(∼30m2 g−1) composed of microspheres with hydrophilic reactive oxygen

moieties at the surface. The overall overall oxygen concentration of the

material is also increased relative to that of the precursor.7,17 Dried hy-

drochar is then more susceptible to KOH-activation due to the improved

reactivity between K and the oxygen-rich outer layer of the material.17,18

In some cases, hydrothermal carbonisation forms a necessary step in the

activation of a precursor, as some carbohydrates will not activate unless

they have been first hydrothermally carbonised.19

The following subsections detail background and rationale for the synthesis

routes towards turbostratic carbons employed in this thesis.

1.1.1 From Cigarette Butts

Used Cigarette Butts (UCBs) pose a large environmental hazard as a result

of (i) being made of non-biodegradable Cellulose Acetate (CA) as well as (ii)

containing a myriad of toxic chemicals.20–22 As they are the most common

waste material worldwide, there have been attempts to reduce their envi-

ronmental presence, initially via anti-littering campaigns.23,24 More promis-

ing however is the prospect of valorising UCBs by various means, including

conversion to activated carbons as reported by the author in Publication

VI as well as many other researchers - a summary of preparation conditions

and properties of resultant turbostratic carbons is given in table 1.1.25–34

The reported porosity of carbons derived from UCBs is highly varied de-

pending on synthetic conditions - see table 1.1. In the absence of an ac-

tivating agent, and without pre-carbonisation steps, ABET typically does

not exceed 700m2 g−1.26,29,30,33,35 Whereas using a porogen, and/or pre-

3
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Table 1.1: Details of preparation, activation conditions, porosity and composition of selected UCB-derived turbostratic carbons reported
in the literature. For simplicity, any materials derived using a non-inert atmosphere29 or via microwave activation30 are excluded. For
the porogen, number in brackets indicates the mass ratio, if reported. The number in brackets following the BET area, ABET is the
micropore surface area, where reported. The average pore width, wavg is taken as reported without any further analysis. O/C ratio is
the atomic ratio.

Preparation Pyrolysis ABET / m2 g−1 wavg / Å O/C Elements Ref.
T / ◦C Porogen

- 900 KOH (1) 224 32 0.34 K, Na, Si, Cl, Ti 25

- 900 - 637 33 0.085 Si, K, Ti 35

Formation of polypyrrole composite 800 KOH (1.5) 3420 46 0.12 36

- 900 - 573 (395) 25 Ti, N 29

Soaked in NH4VO3(aq) then dried.
Heated to 270 °C in a NH3/N2 atmo-
sphere

800 - 164 >100 32

Soaked in NaOH(aq) (48 vol.%), then
carbonised at 400 °C

800 NaOH 1083 22 0.23 Na 33

- 800 - 571 27 0.29 33

- 800 - 262 45 37

Washed in ethanol and water, car-
bonised at 600 °C

800 KOH (5) 2751 <20 6

Hydrothermal carbonisation 600 KOH (4) 4310 (3867) <20 0.53 N 8

Hydrothermal carbonisation 800 KOH (4) 1012 34
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1.1. SYNTHESIS OF TURBOSTRATIC CARBONS

carbonising in air or hydothermally can improve surface areas to around

3000m2 g−1.6,33,34,36 The author’s reports of ultrahigh porosity from KOH-

activated hydrothermally carbonised UCBs in Publication VI (BET sur-

face area (ABET ) >4000m2 g−1, pore volume >2.00 cm3 g−1) and high de-

gree of microporosity (>90%) are partially corroborated by the similar

results using hydrochar derived from pure CA in Publication V, sug-

gesting that CA is an ideal precursor for activation to yield high surface

area carbons. The structure of CA (see figure 1.1) - especially the la-

bile acetyl groups - is likely a large contributor to the high porosities re-

ported in derived activated carbons. Xiong et al. also report a nitrogen-

doped UCB-derived activated carbon with hierarchical porosity and ABET

of 3420m2 g−1, though this result is dubious as (i) the N2 isotherm does

not include ultralow pressure data, (ii) freespace appears to be incorrectly

measured and (iii) isotherm measurement is not described in the text.28

It was suggested in Publication VI that the unusually high porosity of

UCB-derived carbons may be contributed to by the action of so-called

contaminant-porogens, i.e. trace elements found in cigarette butts that can

act as activating agents because carbons from UCBs had greater porosity

than unused, i.e. ‘fresh’ CBs. However, another factor may be the specific

treatment of the UCBs prior to any carbonisation - that is the removal of

any paper, residual ash and tobacco.

The trace element composition of UCBs has been studied by various means,

including neutron activation analysis of the intact butts,38–41 adsorption

and emission spectroscopy of various aqueous extracts,42–47 voltammetry

experiments,48,49 and mixed methods according to environmental contam-

inant quantification standards.50 The reported concentrations of different

elements in UCBs has a great degree of variability depending on collection

site, method, and brand. For example, work by Iskander et al. indicates
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1.1. SYNTHESIS OF TURBOSTRATIC CARBONS

Figure 1.1: Structure of cellulose acetate.

that Al can be present in concentrations as low as 59, and as high as

2200µg g−1, depending on the country of origin of the smoked cigarette

butt. Similarly, UCB samples collected from the environment22,44,45,51 may

have lower quantities of some elements due to leaching, but simultaneously

may absorb some elements from the environment (for example from sea

water). Trace elements have been identified in UCBs from almost every re-

gion of the periodic table, including alkali and alkaline earth metals;38–42,50

transition metals, post transition metals and metalloids;22,39–42,44–47,50–52

lanthanides;38 and halogens.38–41 Cigarette butt derived carbons have been

also been found to contain various metals in trace quantities (see table

1.1,25,26,35 although Ti, K, and Na have also been reported at quantities

above 1wt.%.25–27,29,35 In addition the presence of Ca, K, Mg, Na, and Al

were identified in UCB-derived hydrochar reported in Publication VI.

1.1.2 Impregnation Methods

Most commonly in the synthesis of activated carbons porogens are added to

precursors by physical mixing with the precursor - i.e. some combination
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1.1. SYNTHESIS OF TURBOSTRATIC CARBONS

of grinding and stirring.8,53–55 An alternative technique is to impregnate

the precursor with a (typically aqeuous) solution of porogen.56–60 While

there is scant evidence that solution impregnation has better outcomes

over physical mixing in terms of porosity development, the rationale of the

former technique is that the activating agent will be more evenly distributed

throughout the precursor thus providing more homogenous porosity in the

product however there is as yet no study to support this.

A further method using oxidative chemical activation is so-called organic

salt carbonisation wherein the metal cation of an organic salt activates the

carbonised precursor during pyrolysis. Reports, in particular from Sevilla

et al. show that this method allows for a high degree of tunability in

carbon PSDs by changing the identity of the activating cation.61–68 The

majority of anions used in organic salt carbonisation are small molecules

such as gluconate or citrate,61–65,69–72 however polymers have also been

employed.66,67,73,74

The philosophy of these two emergent techniques (solution impregnation

and organic salt carbonisation) for porogen-precursor mixing is that (i) the

process can be simplified, (ii) porosity can be more readily controlled, and

(iii) porosity is more homogeneous throughout the product. These effects

are supposedly a result of both improved porogen-precursor contact, and

more homogeneous porogen distribution. For the purposes of this work,

mixing techniques with such goals are collectively termed ‘impregnation’

methods. In terms of solution impregnation, thus far syntheses have only

been reported wherein the precursor is mixed with the porogen directly

prior to pyrolysis.56–60,75 That is, it has not been attempted to impregnate

the porogen at the hydrothermal carbonisation step. The observation made

by Zhang et al. that the formation of K salts with oxygen-rich moieties

on the surface of calcined glucose is associated with improvements in ul-
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tramicroporosity,76 is notable and provides scope for further control over

porosity in turbostratic carbons.

On the other hand, while the porosity of carbons derived through organic

salt carbonisation has been exploited through changing the cation,61–68 the

capacity for more precise control over porosity by changing the degree of

substitution of a cation on a polymer chain has not yet been explored. In

studies using physical mixing, the porogen:precursor weight ratio is typ-

ically reported.8,54,77–82 Oxidative chemical activation primarily relies on

redox reactions between C and the porogen, thus knowing the exact stoi-

chiometric porogen:C ratio may provide a route to understanding the pre-

cise effects of porogen concentration on carbon porosity.

1.2 Physisorption & porosity

Porous materials possess an interconnected pore system where pores are

defined as voids which are deeper than they are wide.83,84 Additionally,

pores are defined as being able to contain fluid, which indirectly gives a

minimum width for voids to be considered pores of 2.6Å, as this is the

kinetic diameter of the smallest practical fluid specie, He.84,85 The ability

of porous materials to contain fluids has led to the use of the phenomenon

of adsorption being used to characterise their porosity. That is, knowledge

of the behaviour of the system when the material is enriched with a fluid

is utilised to understand pore size, shape and interconnectivity. In par-

ticular, so-called physisorption is exploited wherein adsorbate-adsorbent

interactions do not include any sort of chemical attraction but instead rely

on non-bonding forces84 - thus hypothetically (although not always in prac-

tice), structure ought not be significantly conflated with surface chemistry.
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1.2. PHYSISORPTION & POROSITY

What follows is a discussion of the various types of pore structures and

associated adsorption phenomena, and thus an overview of methods to de-

termine porosity from an isotherm.

1.2.1 Pore characteristics & filling mechanisms

The International Union of Pure and Applied Chemistry (IUPAC) defines

ranges of pore sizes according to the mechanisms of pore filling by an adsor-

bate.84 The three main mechanisms; micropore filing; monolayer adsorp-

tion; and multilayer adsorption are illustrated in figure 1.2. Specifically,

micropores (<20Å)83 are filled at ultralow relative pressures, and are char-

acterised by strong heats of adsorption due to complementary adsorbate-

adsorbent interactions from all pore walls.86 The subdivision into ultrami-

cropores (<7Å) and supermicropores (7 to 20Å)83 is derived from the fact

that pores narrower than 7Å can fit two adjacent rows of N2 molecules,84

and thus have the highest degree of pore wall potential overlap. Mesopores

(20 to 500Å)83 are characterised by being large enough to allow monolayer

adsorption. That is, all adsorbed molecules are in contact with the surface

and are not significantly influenced by attraction to the adjacent or op-

posite pore wall.87,88 As pressure increases, repulsive adsorbate-adsorbate

interactions are overcome so that additional adsorbate molecules adsorb

on top of the monolayer - this process is known as multilayer adsorption.

The widest pore size classification is macropores which are larger than 500

Å83 and are not easily characterised by isothermal gas adsorption experi-

ments, instead necessitating the use of mercury intrusion porosimetry for

determination of porosity.87,89,90 In addition to these principal adsorption

processes, in mesopores capillary condensation can occur at relative pres-

sures greater than ∼0.2 wherein the adsorbate enters a liquid-like state

9



1.2. PHYSISORPTION & POROSITY

Figure 1.2: The three principle pore filling mechanisms, in order of their
occurence with increasing relative pressure; (a) micropore filling; (b) com-
pletion of the monlayer in mesopores; and (c) multilayer adsorption.

despite being below saturation pressure. This can lead to hysteresis in the

resultant isotherm84,91 which is discussed in more depth in section 1.2.2.

While few materials show uniform pore shape, idealised shape is defined

by IUPAC according to five characteristic shapes; cylindrical, slit, funnel,

sphere, and ink-bottle.92–94 For example while aluminium oxides typically

have cylindrical pores,94 turbostratic carbons are usually assumed to have

slit-shaped pores,16,95,96 although carbide-derived carbons have been shown

to possess cylindrical or spherical pores.97 Zeolites have a broad range of

pore shapes.98

In addition to shape and size, pores are also defined by their degree of ac-

cessibility. Figure 1.3 illustrates this type of pore classification. In general,

pores can be termed as ‘closed’ or ‘open’, based on whether or not they have
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1.2. PHYSISORPTION & POROSITY

an accessible entrance. In the case of open pores, these are further subdi-

vided into ‘through’ pores wherein both ends of the pore are accessible, and

‘blind’ pores wherein only one end of the pore is accessible. In addition,

porosity can be formed through undulations on the surface, provided that

the depth of these undulations is greater than the width. These are known

as ‘external pores’. However open pores are not necessarily accessible to

an adsorptive, that is there entrance may be smaller than the adsorptive

molecule - these pores are termed as ‘chemically closed’. This can occur for

ink-bottle pores with a narrow neck, or for very narrow slit or cylindrical

pores.92–94 Porosimetry is only able to quantify apparent porosity as defined

by ‘true’ open pores (i.e. not chemically closed) and indeed for gravimetric

adsorption applications this is the the only kind of meaningful porosity.

However, closed pores nonetheless contribute to a materials bulk density

and thus can influence volumetric uptake capacity for an adsorptive.

Figure 1.3: The different types of pores classified according to their acces-
sibility; (a) an open, through pore; (b) an open, blind pore; (c) external
pores; (d) a chemically closed pore; and (e) a closed pore. The small blue
dot indicates the probe molecule size.
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The final characteristic of porous structures is porosity hierarchy. Materials

like MOFs and zeolites typically possess uniform or unimodal porosity,99–102

whereas turbostratic carbons typically have multiple- or even a continuous

range of (i.e. hierarchical) pore widths.5,103–105 The pore hierarchy or lack

thereof can play an important role in which applications the material is

best suited to - for example a uniform Pore Size Distribution (PSD) can

be used to exclude molecules above a certain size.106–108

1.2.2 Isotherm classification & interpretation

The various adsorption behaviours of a porous material discussed in the

previous section result in distinct and interpretable forms of the resultant

isotherms. As a general rule, the relative amount of gas adsorbed in dif-

ferent pressure ranges gives an indication of the amount of porosity in the

internal micropore and mesopore regions as well as the amount of external

surface area. To demonstrate, a labelled isotherm is shown in figure 1.4.

High adsorption in the low pressure region indicates the presence of micro-

pores, while an increase in uptake at pressures around the midpoint of the

isotherm indicate mesoporosity. If there is a plateau in the middle of the

isotherm, this typically indicates that a monolayer has formed. The curva-

ture of the isotherm prior to the plateau (the adsorption ‘knee’) is indicative

of the breadth of the PSD; a gentle knee shows a broad PSD, while a sharp

knee indicates that pore sizes are narrowly distributed. Finally, high uptake

as relative pressure approaches 1 is indicative of adsorption on the external

surface, showing that the material is non-porous or macroporous.84 IUPAC

has designated eight distinct isotherm types.84,109 These need not be dis-

cussed in full detail here - it is sufficient to state that types I(a) and (b)

isotherms are indicative of microporosity, while IV(a), IV(b) and V are

12
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Figure 1.4: An isotherm of N2 on a turbostratic carbon. The isotherm
possesses (a) high uptake in the micropore region, indicating microporosity;
(b) a sharp knee due to a narrow PSD; (c) a plateau in the medium pressure
region due to formation of a monolayer this remains flat in the middle of the
isotherm due to lack of mesoporosity; (d) high uptake as relative pressure
approaches 1 showing external surface adsorption; and (e) a hysteresis loop
due to capillary condensation.

seen on isotherms with high mesoporosity. Nonporous samples typically

exhibit type II, III or VI isotherms. The variation in shapes can be indica-

tive of surface chemistry and/or pore size hierarchy.91,110 Of course as a

lot of materials exhibit multiple types of porosity, many materials exhibit

characteristics of multiple isotherm types.84

Apart from the general isotherm types, the presence of hysteresis - i.e. des-

orption releasing less adsorbate than is taken up during adsorption at an

identical relative pressure - is indicative of capillary condensation.91,110,111

As with characteristic isotherm types, IUPAC has defined six distinct forms

of hysteresis loop. Depending on the type of hysteresis loop, its presence

may indicate adsorption metastability in an ‘open’ pore, pore network ef-
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fects and/or other forms of pore blocking.84 Each of the six hysteresis loops

are associated with specific kinds of materials - for example H4 loops are

frequently found in micro-mesoporous carbons, whereas H1 is typically as-

sociated with materials possessing uniform open mesopores.84,91

1.2.3 Isotherm models

The theory of adsorption on a surface can be described mathematically,

that is loading of adsorbate on an adsorbent, Q can be described as a

function of pressure, P . In the simplest instance, Henry’s law112 (equation

1.1) describes a linear increase in Q with increasing P .

Q(P ) = KHP (1.1)

Of course, a linear relationship is unrealistic as saturation eventually oc-

curs. Nonetheless the Henry constant, KH an be used as an approximation

of the strength of interaction between adsorbate and adsorbent. Improve-

ments can be attained through treating the isotherm as a quadratic or virial

function, or by the Freundlich approach which modifies the Henry equa-

tion to account for the unavailability of adsorption sites by with increase

in loading by using the exponent 1
m

, but this still does not account for

saturation. Furthermore, neither of these approaches consider the specific

case of adsorption of gases onto solid surfaces, instead being more suited

to absorption of gas into a liquid. Such a theory was first introduced by

Langmuir using kinetics. This assumes a reversible reaction between an

ideal adsorbate, Ag and an adsorption site, S to form the adsorbed com-

plex, Aad. The reaction proceeds until it reaches equilibrium with constant

K;
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Ag + S
K−−⇀↽−− Aad (1.2)

From this can be derived the Langmuir isotherm (equation 1.3), which also

accounts for the formation of the monolayer which under this theory is the

maximum possible loading, by including the monolayer capacity, Qm.

Q(P ) = Qm
KP

1 +KP
(1.3)

This can then be adapted to account for adsorbent heterogeneity by consid-

ering multiple adsorption sites, each with their own equilibrium constants,

Ki and monolayer capacities Qmi
. Thus the isotherm is modelled as a sum-

mation of Langmuir isotherms as in equation 1.4. Alternatively, as in the

Tóth model, a heteroegeneity factor, t can be used - see equation 1.5.

Q(P ) =
∑
1

Qmi

KiP

1 +KiP
(1.4)

Q(P ) = Qm
KP

t
√
1 + (KP )t

(1.5)

Thus, surface heterogeneity can be quantified by t (equation 1.5) or the

number of adsorption sites (equation 1.4). In addition, it has been recently

shown that equilibrium constant(s) can be use to approximate the poten-

tial energy of adsorption, ε as a function of surface coverage (i.e. fractional

loading).113 On the other hand, the Dubinin-Radushkevitch and later the

Dubinin-Astakhov (see equation 1.6) models explicitly considers the ther-

modynamics of adsorption and so ε is included in such a treatment.
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Q(P ) = Qm exp

−
−RT ln

(
P
P0

)
ε

m

(1.6)

What is lacking in all of the models discussed above is a description of

multilayer adsorption. Stephen Brunauer, Paul Emmet, and Edward Teller

expanded Langmuir theory to account for multilayer adsorption, which

occurs at higher pressures and temperatures. The following assumptions

are made;114

(1) Gas molecules adsorb on solid layers infinitely,

(2) Gas molecules only interact with adjacent layers,

(3) The Langmuir theory can be applied to each layer,

(4) The enthalpy of adsorption for the first layer is constant and greater

than that for subsequent layers,

(5) After monolayer adsorption, the enthalpy of adsorption is the same

as that of liquefaction.

The total quantity of gas adsorbed, Q and thus the proportional surface

coverage, θ is related the quantity of the monolayer, Qm by equation 1.7.

This contains the constant c which describes (see equation 1.8) the differ-

ence in heats of adsorption, λ between the first and subsequent layers. The

latter is assumed to be the heat of liquefaction λL.

θ(P ) =
Q

Qm

= Qm
cP(

1− Q
Q0

)
(P0 + P (c− 1))

(1.7)

c = exp
λ1 − λL

RT
(1.8)

16



1.2. PHYSISORPTION & POROSITY

Equation 1.7 can be rearranged to give equation 1.9, which yields a linear

relationship. When applied to an iostherm both the thermodynamic con-

stant c and the monolayer loading, Qm can be derived. From the former

the enthalpy of monolayer adsorption can be calculated. The latter gives a

simple method (equation 1.10) to quantify the specific surface area of the

adsorbent if the cross-sectional area of the adsorbate, σ is known.

1

Q
(
P0

P
− 1

) =
c− 1

Qm c

(
P

P0

)
+

1

Qm c
(1.9)

ABET =
Qm NA σ

a
(1.10)

Where NA is the Avogadro constant and a is the mass of the adsorbent.114

In equation 1.10, calculation of the BET area per unit mass of adsorbent is

shown. It can also be written in terms of total area, or adsorbent volume

given the density of the adsorbent.

For microporous materials, using the BET method to calculate surface area

is problematic for two reasons;

(1) The initial step in the adsorption mechanism is not the formation

of the monolayer, but the filling of micropores. This renders BET

theory inaccurate for microporous materials.

(2) Following the BET transform, there are often multiple linear regions

of the plot. This means that report values of ABET will differ de-

pending on which linear region is used.

Despite these problems, ABET continues to be the dominant measure of sur-

face area used for microporous materials. As yet, there is no widespread
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alternative or extension of BET theory that solves (1), however the stan-

dardisation required according to (2) is most commonly achieved according

to a method described by Rouquerol et al, where the BET plot is trans-

formed by changing the term on the y-axis to Q
(
1− P

P0

)
. This yields a

roughly parabolic graph known as the Rouquerol transform. A pressure

range of the BET transform can then be selected to yield a consistent

calculation of ABET according to the following principles;

(1) The intercept of the original BET transform must be positive, as a

negative intercept would yield a negative value for c.

(2) The range selected must correspond to a region of the Rouquerol

transform where Q
(
1− P

P0

)
constantly increases with P

P0
.

(3) Qm as determined from (1) and (2) can be found in the region of the

isotherm selected.115

There have been further modifications to the BET theory including Guggenheim-

Anderson-de Boer (GAB), which attempts to account for the differences in

enthalpies of adsorption and liquefaction.116 Other extensions to BET the-

ory have been developed to give a more realistic model of adsorption for

example by including the fact that number of layers adsorbed ought to be

finite, or by substitution of relative pressure for relative density of the ad-

sorbed phase which is useful in the case of for supercritical isotherms.117,118

1.2.4 Pore size distributions

As detailed in section 1.2.2, isothermal porosimetry can be used to de-

termine a general qualitative definition of the porosity of a sample. Due

to the development of models of adsorption, this can further be expanded
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to quantify porosity. In the first instance, scalar quantities such as pore

volume or surface area can be determined.84 The simplest example of the

former is the single point pore volume which relies simply on the amount

adsorbed at the isothermal plateau for a subcritical adsorbent as satura-

tion is approached. As for surface area, this is most commonly determined

from BET theory and/or Langmuir theory.114,119 Further theoretical ma-

nipulations such as t-plot or Dubinin treatments can be used to determine

porosity within some range, i.e. within micropores or mesopores.120,121 Al-

ternatively a supercritical isotherm can be used to find pore volume below

a certain maximum pore width, with the adsorbate and conditions selected

to exclude pores larger than some maximum. A common example of this is

CO2 at 0 °C to find pore volume in pores smaller than 10Å.84,122,123 Poros-

ity can also be defined using a vector, namely the Pore Size Distribution

(PSD) which is essentially the porosity of the sample as a function of pore

width typically represented as f(w). Typically porosity is defined as pore

volume but can easily be converted to be in terms of surface area. The

resulting relationship can be used in the form of an incremental or cumula-

tive PSD. While incremental PSDs can be used to determine discreet pore

widths, its cumulative counterpart is useful for finding the volume of pores

within some range of widths such as micropores. By this token, the PSD

can also be used to determine total pore volume or surface area.84,124,125

Classical models used for determining Pore Size Distributions (PSDs) rely

on parameters including the monolayer capacity of the adsorbent, as well as

the adsorbate-adsorbent interaction. Additionally, they make use of false

assumptions such as that the adsorbate behaves as a two-dimensional ideal

gas (in the case of the Horvath-Kawazoe model).125,126 A more recent de-

velopment method is the kernel fit PSD, wherein the experimental isotherm

is fit to a library (the kernel) of model isotherms that vary only accord-
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ing to the single pore width of the adsorbent.84,127–129 The determination of

isotherms in the kernel relies on statistical modelling of adsorbate-adsorbate

and adsorbate-adsorbent interactions specific to a system defined by pore

size, pore geometry, the adsorptive and temperature. As a result, the

PSDs determined this way are much more accurate. The determination of

the kernel is most commonly performed using Density Functional Theory

(DFT) or Grand Canonical Monte Carlo (GCMC) computational methods.

Currently, DFT methods are preferred and are discussed below.

In the simplest method to calculate a kernel, a system is described by a

surface with single width, slit shaped pores under vacuum. This is then

dosed with argon at a specified pressure. As this occurs argon atoms will

begin to fill the pore, causing pressure in the bulk adsorbate to decrease

until an equilibrium is reached between the bulk argon and that adsorbed

within the pore. According to the theory of dispersion interactions, the

argon should be most concentrated at the surface at equilibrium – this

concentration is the amount of gas adsorbed at the given pressure, i.e. one

point on an isotherm. The amount of gas adsorbed can be calculated by

minimising the free energy of the system as given by the Lennard-Jones

potential, U(s);

U(s) = 4ε

[(σ
s

)12

−
(σ
s

)6
]

(1.11)

Where s is the distance between the adsorbate and surface, ε is the energy

of the adsorbate; and σ is the molecular diameter of the adsorbate. Thus,

by varying the pressure from ultra-low to saturation, the amount of gas

adsorbed at defined pressures can be calculated, and from this a model

isotherm of this simple theoretical system can be built.
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In practice, the equilibrium density profile is built up by minimising the

grand potential energy of the system as a function of density, Ω[ρ(r)] -

which is calculated for a point r in the system as follows;

Ω[ρ(r)] = F [ρ(r)] +

∫
ρ(r) (V (r)− µ) dr (1.12)

The rightmost, integral term defines the gas properties via the ideal gas

equations according to the potential acting on the molecule V (r), while

F [ρ(r)] is the Helmholtz free energy of the gas at equilibrium density at

point r. F [ρ(r)] is defined by the sum of repulsive (hard sphere) and at-

tractive interactions between gas molecules. This treatment results in the

local density approximation, which assumes that a local part of an inhome-

geneous system has the same free energy density as a bulk homogeneous

system of the same density. The inaccuracy of this treatment has led to

further development of the theory via non-localised methods (Non-Local

Density Functional Theory (NLDFT)),111,129,130 and further extended using

a corrugated pore model to account for energetic heterogeneity, as devel-

oped by Jagiello et al.95 These adaptations are discussed in greater depth

below.

Regardless of the method, the computational generation of an isotherm is

repeated across a range of pore widths to generate a library of isotherms

for a specific adsorbate-adsorbent system known as the kernel, N
(

P
P0
, W

)
.

The general adsorption integral equation (equation 1.13) is then used to

correlate the experimental isotherm, N
(

P
P0

)
with the kernel resulting in

the pore size distribution as a function of pore width, f(w).84

N

(
P

P0

)
=

∫ wmax

wmin

N

(
P

P0

, w

)
f(w) dw (1.13)
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This data can be displayed in terms of differential or cumulative pore vol-

ume and surface area, and as such can be used to determine textural quan-

tities which prior to the development of kernel-fit PSDs had been calculated

via classical methods.

The earliest kernels for adsorption of N2 on porous carbon used a one-

dimensional, homogeneous, semi-infinte model of the pore wall surface.131

That is, the pore wall is completely flat and its length extends to infinity.

This simplified kernel determination as pore space was only characterised

by the pore width, and used a local density approximation to account for

repulsive forces; short-range interactions are omitted for simplicity. Unfor-

tunately this results in a poor description of the density profile of adsor-

bate molecules near the pore walls. Tarazona and co-workers improved on

this model by considering these short-range interactions, producing the so-

called Non-Local Density Functional Theory (NLDFT) kernel.129,132 This

nonetheless does not consider the energetic and chemical heterogeneity of

pore walls within real porous carbons. Not only is this inaccurate, but

the use of these kernels leads to poor fitting to the experimental isotherm

and consistent artefacts in the resultant PSD.95,133–135 Olivier suggested

improvements such as applying weightings to the model isotherms before

fitting to the experimental data, as well as using a finite pore model.133

Nguyen and Bhatia found some improvements by taking the approach of

accounting for pore wall heterogeneity by varying the pore wall thickness.135

Jagiello et al., however consider the pore wall to be a two-dimensional sur-

face, having regular sinusoidal corrugations. This accounts for both chem-

ical and energetic heterogeneity95 and the eponymous 2D-NLDFT-HS (2-

dimensional NLDFT heterogeneous surface) approach results in a better fit

to the experimental isotherm.95,136,137 Thus far, the 2D-NLDFT-HS kernel

has been developed for N2, O2, H2, CO2, and Ar.95,138–140
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The general adsorption integral equation was shown in equation 1.13. For

convenience, it is reproduced in equation 1.14 in a form closer to that used

by Jagielllo. V (pi) and K(pi, w) are the experimental isotherm and kernel

respectively, and f(w) is the differential PSD to be calculated.

V (pi) =

∫ wmax

wmin

K(pi, w)f(w) dw (1.14)

The solution to this equation is quite involved, but is achievable using a

method developed by Jagiello.141 In short, a stable PSD can be determined

by using the regularization approach to determine an appropriate fitting

parameter, λ142–144 and the discrete result is interpolated using the B-spline

approach.145–147 This method is automated in the SAIEUS (Solution to the

Adsorption Integral Equation Using Splines) program.141 The λ variable is

added to the expression in equation 1.14 to produce 1.15;

V (pi) =

∫ wmax

wmin

K(pi, w)f(w) dw + λ

∫ wmax

wmin

[f ′′(w)]
2
dw (1.15)

It is useful to be able to derive a single PSD from multiple isotherms in

order to span the full breadth of pore sizes. When considering M multiple

isotherms, a summative approach is needed.148 Minimisation of the multi-

isotherm, multi-kernel expression in equation 1.16 for each adsorbate, m

will yield a single PSD for all M isotherms.∗

min
M∑
m

Nm∑
i

[
Vm(pi)−

∫ wmax

wmin

Km(pi, w)f(w) dw

]2
+ λ

∫ wmax

wmin

[f ′′(w)]
2
dw

(1.16)
∗The summative expression in equation 1.16 is a result of the solution to the single

isotherm general adsorption integral equation described in equation 1.15. Its derivation
is discussed by Jagiello in the original paper,141 but is outside the scope of this work.
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Where Vm(pi) and Km(pi, w) are the mth experimental isotherm and mth

kernel respectively.149–151

1.3 CO2 capture

Methods for CO2 capture as an add-on to industrial processes can be di-

vided into three principal, broad groups; (i) oxy-fuel combustion, (ii) pre-

combustion capture and (iii) post-combustion capture.152 Oxy-fuel combus-

tion is not a true CO2 capture method, but provides a means to more facile

CO2 capture by producing a highly pure stream of CO2 meaning that gas

separation is not necessary priory to capture.153,154 Pre-combustion cap-

ture on the other hand involves the gasification of the fuel source using

steam and oxygen, forming a mixture of H2 and CO which is known as

syngas. The H2 can be used as a fuel, while in a similar manner to oxy-

fuel combustion, the CO is converted to pure CO2 for ease of capture.155

Post-combustion capture does not require any of these complex treatments

- CO2 is simply separated and captured from existing flue streams.156,157

Thus, this method may be considered the the most versatile of the three.

The principal commercial mode of post-combustion CO2 capture is via

chemical capture using liquid amines. This process is plagued by high costs

due to the degradation of the amine solvent as well as corrosion of equip-

ment.158–160 Membrane-based CO2 capture and separation doesn’t rely on

chemical regeneration as the requisite membrane material simply selec-

tively allows CO2 to travel through it while excluding other molecules due

to their size.161,162 The (theoretically) pure stream of CO2 is then captured

at the other side. In order for this to work, high pressures must be use to

force CO2 through the membrane; this can often lead to membrane degra-
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dation.163 As a result of these problems, a third category of CO2 capture

materials is under a lot of investigation - that is, solid porous sorbents

which are not plagued by high regeneration costs or degradation. These

include MOFs,101,106 zeolites,100,164 and of course porous carbons.55,165–167

Candidates for solid adsorbents applied to CO2 capture are typically ex-

ploited for swing adsorption processes such as Pressure Swing Adsorption

(PSA), Vaccuum Swing Adsorption (VSA) or Temperature Swing Adsorp-

tion (TSA). Such processes rely on adsorption taking place at some pressure

(PSA, VSA) or temperature (TSA) after which CO2 can be regenerated by

changing the condition; typically this means reducing the pressure or in-

creasing the temperature to facilitate desorption.161,168–171 PSA and VSA

only differ in that the former captures CO2 at very high pressure and re-

generates by reducing to atmospheric pressure whereas the latter performs

capture at atmospheric pressure and release occurs at vaccuum. Thus VSA

is more cost effective, however both of these pressure-based solutions are

more desirable than TSA as they can be performed at the elevated tempera-

tures present in flue gases.161,171,172 Due to the different physical conditions

used to capture and regenerate CO2 in each of these processes, selection of

solid sorbent is based on porosity. For example, materials for PSA should

have a high specific surface area and possess minimal microprosity while

for VSA pore size is more important than overall surface area.171,173,174 Ph-

ysisorbents such as MOFs and zeolites have also been recently applied to

the newer field of Direct Air Capture (DAC), which may prove a necessary,

complementary technology to post-combustion capture.175–177 Selectivity

for CO2 over N2 is particularly important in DAC due to CO2’s low partial

pressure in the air. The selectivity is usually facilitated via moieties with

high chemical affinity for CO2, but nonetheless porosity is likely to play a

role in the performance of these materials.175,178,179

25



1.3. CO2 CAPTURE

While surface chemistry may play a role in the suitability of a porous

carbon to capture CO2 and indeed the applicability of a porous material

in general to adsorb a gas,56,180–185 for turbostratic carbons, porosity is

the defining variable for CO2 capture performance.5,123,174,186–189 Increas-

ing overall surface area and pore volume does improve gas uptake,8,190 but

the magnitudes of the effects of increasing these parameters are limited by

pore size5,123,187,191–194 - that is, it is important to maximise the porosity

contained within pores of some specific width in order to optimise CO2

uptake capacity. This so-called optimum pore width is dependent on the

surface chemistry180,183,185 and pore geometry195–197 of the adsorbent. With

all of these factors controlled for, at a given temperature, optimum pore

size also appears to be highly variable with pressure.174,198 Up to now, the

optimum pore width is defined either as (i) a single pore width5,187,191 or (ii)

all pores of width less than some maximum.174,192,199 Thus far, the values of

both (i) and (ii) are estimated through computational modelling,192,197,199

and then attempts have been made to confirm these results through ex-

periment.174,187 For CO2 capture carbons with pores of width <5Å are

optimal at 0.1 bar, while this increases to <8Å at 1.0 bar.174 Larger mi-

cropores and mesopores have been shown to have far greater importance

at high pressure.123,200,201 It also appears that the exact size of these pores

may not be as important under high pressure regimes.202 As such, design

of turbostratic carbons for specific CO2 capture regimes relies on tailoring

porosity. For example carbons for PSA ought to have minimal porosity

below 8Å and high porosity in larger pores. On the other hand, DAC

physisorbents may rely on pores smaller than 5Å. However, a rigorous

analysis of the relationship between porosity within some range of pore

widths and CO2 uptake as a function of pressure does not yet exist in the

literature.

26



REFERENCES

References

1. T. Kuramochi, A. Ramírez, W. Turkenburg and A. Faaij, Progress

in Energy and Combustion Science, 2012, 38, 87–112.

2. S. Ghosh, M. Sevilla, A. B. Fuertes, E. Andreoli, J. Ho and A. R.

Barron, Journal of Materials Chemistry A, 2016, 4, 14739–14751.

3. H. M. Coromina, D. A. Walsh and R. Mokaya, Journal of Materials

Chemistry A, 2016, 4, 280–289.

4. E. Haffner-Staton, N. Balahmar and R. Mokaya, Journal of Materials

Chemistry A, 2016, 4, 13324–13335.

5. M. Sevilla and R. Mokaya, Energy & Environmental Science, 2014,

7, 1250–1280.

6. H. Sun, P. La, R. Yang, Z. Zhu, W. Liang, B. Yang, A. Li and

W. Deng, Journal of Hazardous Materials, 2017, 321, 210–217.

7. M.-M. Titirici and M. Antonietti, Chemical Society Reviews, 2010,

39, 103–116.

8. L. S. Blankenship and R. Mokaya, Energy & Environmental Science,

2017, 10, 2552–2562.

9. A. Ariharan and V. Balasubramanian, Indian Journal of Chemical

Technology, 2018, 25, 140–149.

10. J. F. González, S. Román, C. M. González-García, J. V. Nabais and

A. L. Ortiz, Industrial & engineering chemistry research, 2009, 48,

7474–7481.

11. S. Osswald, C. Portet, Y. Gogotsi, G. Laudisio, J. P. Singer, J. E.

Fischer, V. V. Sokolov, J. A. Kukushkina and A. E. Kravchik, Jour-

nal of Solid State Chemistry, 2009, 182, 1733–1741.

12. J. Wang and S. Kaskel, Journal of Materials Chemistry, 2012, 22,

23710–23725.

13. M. Ruiz-Fernández, M. Alexandre-Franco, C. Fernández-González

27



REFERENCES

and V. Gómez-Serrano, Adsorption, 2011, 17, 621–629.

14. D. Prahas, Y. Kartika, N. Indraswati and S. Ismadji, Chemical En-

gineering Journal, 2008, 140, 32–42.

15. M. Sevilla, G. A. Ferrero and A. B. Fuertes, in CO 2 Storage on

Nanoporous Carbons, Springer, 2019, pp. 287–330.

16. D. H. Everett and J. C. Powl, Journal of the Chemical Society, Fara-

day Transactions 1: Physical Chemistry in Condensed Phases, 1976,

72, 619–636.

17. M. Sevilla, A. B. Fuertes and R. Mokaya, Energy & Environmental

Science, 2011, 4, 1400–1410.

18. M. Sevilla and A. B. Fuertes, Chemistry–A European Journal, 2009,

15, 4195–4203.

19. E. Ares and J. Delebarre, in Carbon price floor, 2014.

20. E. Slaughter, R. M. Gersberg, K. Watanabe, J. Rudolph, C. Stransky

and T. E. Novotny, Tobacco Control, 2011, 20 Suppl 1, i25–9.

21. J. Puls, S. A. Wilson and D. Hölter, Journal of Polymers and the

Environment, 2011, 19, 152–165.

22. Q. Chevalier, H. El Hadri, P. Petitjean, M. Bouhnik-Le Coz, S. Rey-

naud, B. Grassl and J. Gigault, Chemosphere, 2018, 194, 125–130.

23. B. King, S. Dube, R. Kauffman, L. Shaw and T. Pechacek, Vital

signs: current cigarette smoking among adults aged ≥ 18 year –

United States, 2005-2010, 2011.

24. B. Harris, Tobacco Control, 2011, 20, i10–i16.

25. S. M. Soltani and S. K. Yazdi, 2012 12th IEEE International Con-

ference on Nanotechnology (IEEE-NANO), pp. 1–3.

26. S. M. Soltani, S. K. Yazdi and S. Hosseini, Applied Nanoscience,

2013, 4, 551–569.

27. H. H. Lima, R. S. Maniezzo, V. L. Kupfer, M. R. Guilherme, M. P.

Moises, P. A. Arroyo and A. W. Rinaldi, Journal of Environmental

28



REFERENCES

Chemical Engineering, 2018.

28. Q. Xiong, Q. Bai, C. Li, D. Li, X. Miao, Y. Shen and H. Uyama,

Journal of the Taiwan Institute of Chemical Engineers, 2019, 95,

315–323.

29. M. Lee, G. P. Kim, H. Don Song, S. Park and J. Yi, Nanotechnology,

2014, 25, 345601.

30. Y. Hamzah and L. Umar, Journal of Physics: Conference Series,

2017, 853, 012027.

31. C. Yu, H. Hou, X. Liu, L. Han, Y. Yao, Z. Dai and D. Li, Frontiers

in Materials, 2018, 5, 63.

32. Y. Wang, M. Jiang, Y. Yang and F. Ran, Electrochimica Acta, 2016,

222, 1914–1921.

33. C. B. Koochaki, R. Khajavi, A. Rashidi, N. Mansouri and M. E.

Yazdanshenas, Biomass Conversion and Biorefinery, 2019.

34. S. Bilge, N. K. Bakirhan, Y. Osman Donar, A. Sınağ and S. A.

Ozkan, Sensors and Actuators B: Chemical, 2019, 296, 126626.

35. S. K. Yazdi, S. M. Soltani and S. Hosseini, Advanced Materials Re-

search, 2012, 587, 88–92.

36. Y. Xiong, C. Wang, C. Jin, Q. Sun and M. X. Xiong, Sustainable

Chemistry and Engineering, 2018.

37. S. Polarz, B. Smarsly and J. H. Schattka, Chemistry of materials,

2002, 14, 2940–2945.

38. F. Y. Iskander, Journal of Radioanalytical and Nuclear Chemistry,

1992, 159, 105–110.

39. F. Y. Iskander, Journal of Radioanalytical and Nuclear Chemistry,

1985, 91, 191–196.

40. R. Jenkins, C. Goldey and T. Williamson, Beiträge zur Tabak-

forschung International/Contributions to Tobacco Research, 1985,

13, 59–65.

29



REFERENCES

41. D. Wu, S. Landsberger and M. S. Larson, Journal of Radioanalytical

and Nuclear Chemistry, 1997, 217, 77–82.

42. H. Mussalo-Rauhamaa, A. Leppanen, S. S. Salmela and H. Pyysalo,

Archives of Environmental Health, 1986, 41, 49–55.

43. T. Kazi, N. Jalbani, M. Arain, M. Jamali, H. Afridi, R. Sarfraz and

A. Shah, Journal of Hazardous Materials, 2009, 163, 302–307.

44. H. Moriwaki, S. Kitajima and K. Katahira, Waste Management,

2009, 29, 1192–1197.

45. J. W. Moerman and G. E. Potts, Tobacco Control, 2011, 20, i30–35.

46. F. O. Pelit, R. E. Demirdöğen and E. Henden, Environmental mon-

itoring and assessment, 2013, 185, 9471–9479.

47. S. Dobaradaran, T. C. Schmidt, I. Nabipour, A. Ostovar, A. Raeisi,

R. Saeedi, M. Khorsand, N. Khajeahmadi and M. Keshtkar, Envi-

ronmental Science and Pollution Research, 2018, 25, 5465–5473.

48. A. Nitsch, K. Kalcher, H. Greschonig and R. Pietsch, Beiträge zur

Tabakforschung International/Contributions to Tobacco Research,

1991, 15, 19–32.

49. K. Kalcher, W. Kern and R. Pietsch, Science of The Total Environ-

ment, 1993, 128, 21–35.

50. L. S. Cardoso, F. N. Estrela, T. Q. Chagas, W. A. M. da Silva, D. R.

de Oliveira Costa, I. Pereira, B. G. Vaz, A. S. de Lima Rodrigues and

G. Malafaia, Environmental Science and Pollution Research, 2018,

25, 8592–8607.

51. S. Dobaradaran, I. Nabipour, R. Saeedi, A. Ostovar, M. Khorsand,

N. Khajeahmadi, R. Hayati and M. Keshtkar, Tobacco Control, 2017,

26, 461–463.

52. T. Ren, X. Chen, Y. Ge, L. Zhao and R. Zhong, Analytical Methods,

2017, 9, 4033–4043.

53. A. M. Aljumialy and R. Mokaya, Materials Advances, 2020, 1, 3267–

30



REFERENCES

3280.

54. A. Altwala and R. Mokaya, Energy & Environmental Science, 2020,

13, 2967–2978.

55. M. Sevilla, W. Sangchoom, N. Balahmar, A. B. Fuertes and

R. Mokaya, ACS Sustainable Chemistry & Engineering, 2016, 4,

4710–4716.

56. M. L. Botome, P. Poletto, J. Junges, D. Perondi, A. Dettmer and

M. Godinho, Chemical Engineering Journal, 2017, 321, 614–621.

57. C. Ge, D. Lian, S. Cui, J. Gao and J. Lu, Processes, 2019, 7, 592.

58. K. Adlak, R. Chandra, V. K. Vijay and K. K. Pant, Journal of

Analytical and Applied Pyrolysis, 2021, 105102.

59. W. Shi, Q. Zhang, S. Liu, S. Su, B. Chang and B. Yang, Journal of

Colloid and Interface Science, 2021, 600, 670–680.

60. Z. Han, H. Yu, C. Li and S. Zhou, Applied Surface Science, 2021,

544, 148963.

61. M. Sevilla and A. B. Fuertes, Journal of Materials Chemistry A,

2013, 1, 13738–13741.

62. T. Tsumura, A. Arikawa, T. Kinumoto, Y. Arai, T. Morishita,

H. Orikasa, M. Inagaki and M. Toyoda, Materials Chemistry and

Physics, 2014, 147, 1175–1182.

63. G. Ferrero, M. Sevilla and A. Fuertes, Carbon, 2015, 88, 239–251.

64. G. A. Ferrero, A. B. Fuertes, M. Sevilla and M.-M. Titirici, Carbon,

2016, 106, 179–187.

65. A. B. Fuertes and M. Sevilla, ACS Applied Materials & Interfaces,

2015, 7, 4344–4353.

66. A. D. Roberts, X. Li and H. Zhang, Carbon, 2015, 95, 268–278.

67. P. Yadav, A. Banerjee, S. Unni, J. Jog, S. Kurungot and S. Ogale,

ChemSusChem, 2012, 5, 2159–2164.

68. B. Yang, J. Chen, S. Lei, R. Guo, H. Li, S. Shi and X. Yan, Advanced

31



REFERENCES

Energy Materials, 2018, 8, 1702409.

69. W. Yang, W. Yang, F. Ding, L. Sang, Z. Ma and G. Shao, Carbon,

2017, 111, 419–427.

70. M. Sevilla and A. B. Fuertes, ACS Nano, 2014, 8, 5069–5078.

71. T. Yang, W. Li, M. Su, Y. Liu and M. Liu, New Journal of Chemistry,

2020, 44, 7968–7975.

72. A. Fuertes, G. Ferrero and M. Sevilla, Journal of Materials Chem-

istry A, 2014, 2, 14439–14448.

73. D. Puthusseri, V. Aravindan, S. Madhavi and S. Ogale, Energy &

Environmental Science, 2014, 7, 728–735.

74. D. Hines, A. Bagreev and T. J. Bandosz, Langmuir, 2004, 20, 3388–

3397.

75. O. Boujibar, A. Souikny, F. Ghamouss, O. Achak, M. Dahbi and

T. Chafik, Journal of Environmental Chemical Engineering, 2018, 6,

1995–2002.

76. Z. Zhang, D. Luo, G. Lui, G. Li, G. Jiang, Z. P. Cano, Y.-P. Deng,

X. Du, S. Yin, Y. Chen, M. Zhang, Z. Yan and Z. Chen, Carbon,

2019, 143, 531–541.

77. B. Adeniran and R. Mokaya, Nano Energy, 2015, 16, 173–185.

78. M. Sevilla and A. B. Fuertes, ChemSusChem, 2016, 9, 1880–1888.

79. J. Ludwinowicz and M. Jaroniec, Carbon, 2015, 82, 297–303.

80. J. Deng, T. Xiong, F. Xu, M. Li, C. Han, Y. Gong, H. Wang and

Y. Wang, Green Chemistry, 2015, 17, 4053–4060.

81. Y. A. Alhamed, S. U. Rather, A. H. El-Shazly, S. F. Zaman, M. A.

Daous and A. A. Al-Zahrani, Korean Journal of Chemical Engineer-

ing, 2015, 32, 723–730.

82. Z. Hu, H. Guo, M. Srinivasan and N. Yaming, Separation and Pu-

rification Technology, 2003, 31, 47–52.

83. IUPAC, Compendium of Chemical Terminology, Blackwell Scientific

32



REFERENCES

Publications, 2nd edn, 1997.

84. M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-

Reinoso, J. Rouquerol and K. S. Sing, Pure and Applied Chemistry,

2015, 87, 1051–1069.

85. D. Lide, Handbook of Chemistry and Physics, volume 88th edition,

CRC Press, 88th edn, 2007, p. 154.

86. M. Dubinin, Carbon, 1989, 27, 457–467.

87. S. J. Gregg, K. S. W. Sing and H. Salzberg, Journal of The electro-

chemical society, 1967, 114, 279Ca.

88. R. T. Yang, Gas separation by adsorption processes, World Scientific,

1997, vol. 1.

89. A. Abell, K. Willis and D. Lange, Journal of colloid and interface

science, 1999, 211, 39–44.

90. J. M. Haynes, Matériaux et Construction, 1973, 6, 209–213.

91. P. A. Monson, Microporous and Mesoporous Materials, 2012, 160,

47–66.

92. J. Rouquerol, D. Avnir, C. Fairbridge, D. Everett, J. Haynes, N. Per-

nicone, J. Ramsay, K. Sing and K. Unger, Pure and applied chem-

istry, 1994, 66, 1739–1758.

93. K. Kaneko, Journal of membrane science, 1994, 96, 59–89.

94. B. Zdravkov, J. Čermák, M. Šefara and J. Janků, Open Chemistry,

2007, 5, 385–395.

95. J. Jagiello and J. P. Olivier, Carbon, 2013, 55, 70–80.

96. C. Lastoskie, K. E. Gubbins and N. Quirke, The journal of physical

chemistry, 1993, 97, 4786–4796.

97. H. Kurig, M. Russina, I. Tallo, M. Siebenbürger, T. Romann and

E. Lust, Carbon, 2016, 100, 617–624.

98. S.-J. Park and W.-Y. Jung, Journal of Colloid and Interface Science,

2002, 250, 93–98.

33



REFERENCES

99. J. Weitkamp, M. Fritz and S. Ernst, 9th International Zeolite Con-

ference, pp. 11–19.

100. R. V. Siriwardane, M.-S. Shen, E. P. Fisher and J. Losch, Energy &

Fuels, 2005, 19, 1153–1159.

101. M. Ding, R. W. Flaig, H.-L. Jiang and O. M. Yaghi, Chemical Society

Reviews, 2019, 48, 2783–2828.

102. X. Lin, N. R. Champness and M. Schröder, Functional Metal-Organic

Frameworks: Gas Storage, Separation and Catalysis, 2009, 35–76.

103. Y. Li, X. Niu, J. Chen and Y. Feng, Ferroelectrics, 2020, 562, 17–27.

104. K. Xia, Q. Gao, J. Jiang and J. Hu, Carbon, 2008, 46, 1718–1726.

105. N. Balahmar, A. S. Al-Jumialy and R. Mokaya, Journal of Materials

Chemistry A, 2017, 5, 12330–12339.

106. Q. Qian, P. A. Asinger, M. J. Lee, G. Han, K. Mizrahi Rodriguez,

S. Lin, F. M. Benedetti, A. X. Wu, W. S. Chi and Z. P. Smith,

Chemical reviews, 2020, 120, 8161–8266.

107. C. Reid and K. M. Thomas, The Journal of Physical Chemistry B,

2001, 105, 10619–10629.

108. B. Adeniran, E. Masika and R. Mokaya, Journal of Materials Chem-

istry A, 2014, 2, 14696–14710.

109. K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A.

Pierotti, J. Rouquerol and T. Siemieniewska, Pure and Applied

Chemistry, 1985, 57, 603–619.

110. M. Thommes and K. A. Cychosz, Adsorption, 2014, 20, 233–250.

111. J. Landers, G. Y. Gor and A. V. Neimark, Colloids and Surfaces A:

Physicochemical and Engineering Aspects, 2013, 437, 3–32.

112. W. Henry, Philosophical Transactions of the Royal Society of London,

1803, 29–274.

113. P. B. Whittaker, X. Wang, K. Regenauer-Lieb and H. T. Chua, Phys-

ical Chemistry Chemical Physics, 2013, 15, 473–482.

34



REFERENCES

114. S. Brunauer, P. H. Emmett and E. Teller, Journal of the American

Chemical Society, 1938, 60, 309–319.

115. J. Rouquerol, P. Llewellyn and F. Rouquerol, Studies in Surface Sci-

ence and Catalysis, 2007, 160, 49–56.

116. E. A. Guggenheim, Applications of Statistical Mechanics, Oxford

Clarendon Press, 1966.

117. S. Brunauer, L. S. Deming, W. E. Deming and E. Teller, Journal of

the American Chemical Society, 1940, 62, 1723–1732.

118. S. Zhou, D. Zhang, H. Wang and X. Li, Marine and Petroleum Ge-

ology, 2019, 105, 284–292.

119. I. Langmuir, Journal of the American Chemical Society, 1918, 40,

1361–1403.

120. M. Dubinin and V. Astakhov, in Description of adsorption equilibria

of vapors on zeolites over wide ranges of temperature and pressure,

ACS Publications, 1971, pp. 69–85.

121. A. Marczewski, Adsorption Glossary, 2002.

122. J. Jagiello, J. Kenvin, A. Celzard and V. Fierro, Carbon, 2019, 144,

206–215.

123. M. Sevilla, J. B. Parra and A. B. Fuertes, ACS Applied Materials &

Interfaces, 2013, 5, 6360–6368.

124. C. Shull, P. Elkin and L. Roess, Journal of the American Chemical

Society, 1948, 70, 1410–1414.

125. E. P. Barrett, L. G. Joyner and P. P. Halenda, Journal of the Amer-

ican Chemical society, 1951, 73, 373–380.

126. G. Horváth and K. Kawazoe, Journal of Chemical Engineering of

Japan, 1983, 16, 470–475.

127. Z. Tan and K. E. Gubbins, Journal of Physical Chemistry, 1990, 94,

6061–6069.

128. K. Sosin and D. Quinn, Journal of Porous Materials, 1995, 1, 111–

35



REFERENCES

119.

129. P. Tarazona, U. M. B. Marconi and R. Evans, Molecular Physics,

1987, 60, 573–595.

130. C. Lastoskie, K. E. Gubbins and N. Quirke, Langmuir, 1993, 9, 2693–

2702.

131. N. Seaton, J. P. R. B. Walton and N. Quirke, Carbon, 1989, 27,

853–861.

132. P. Tarazona, Physical Review A, 1985, 31, 2672.

133. J. P. Olivier, Carbon, 1998, 36, 1469–1472.

134. A. D. Lueking, H.-Y. Kim, J. Jagiello, K. Bancroft, J. K. Johnson

and M. W. Cole, Journal of Low Temperature Physics, 2009, 157,

410–428.

135. T. X. Nguyen and S. K. Bhatia, The Journal of Physical Chemistry

B, 2004, 108, 14032–14042.

136. A. Puziy, O. Poddubnaya, B. Gawdzik and M. Sobiesiak, Adsorption,

2016, 22, 459–464.

137. K. Shi, E. E. Santiso and K. E. Gubbins, Porous Materials, 2021,

315–340.

138. J. Jagiello and J. P. Olivier, Adsorption, 2013, 19, 777–783.

139. J. Jagiello and J. Kenvin, Journal of Colloid and Interface Science,

2019, 542, 151–158.

140. J. Jagiello, J. Kenvin, C. O. Ania, J. B. Parra, A. Celzard and

V. Fierro, Carbon, 2020, 160, 164–175.

141. J. Jagiello, Langmuir, 1994, 10, 2778–2785.

142. P. Hansen, Computational Inverse Problems in Electrocardiology,

2001, 5, 119–142.

143. P. C. Hansen and D. P. O’Leary, SIAM journal on scientific comput-

ing, 1993, 14, 1487–1503.

144. P. Hansen, in The L-curve and its use in the numerical treatment of

36



REFERENCES

inverse problems, ed. P. Johnston, WIT Press, Southampton, 2001,

pp. 119–142.

145. G. D. Knott, Interpolating cubic splines, Springer Science & Business

Media, 2000, vol. 18.

146. H. Prautzsch, W. Boehm and M. Paluszny, Bézier and B-spline tech-

niques, Springer, 2002, vol. 6.

147. C. De Boor, A practical guide to splines, Springer, 1978, vol. 27.

148. J. N. Caguiat, D. W. Kirk and C. Q. Jia, Carbon, 2014, 72, 47–56.

149. J. Jagiello, C. Ania, J. B. Parra and C. Cook, Carbon, 2015, 91,

330–337.

150. J. Jagiello and W. Betz, Microporous and Mesoporous Materials,

2008, 108, 117–122.

151. J. Jagiello, C. Ania, J. Parra, L. Jagiello and J. Pis, Carbon, 2007,

45, 1066–1071.

152. M. Kanniche, R. Gros-Bonnivard, P. Jaud, J. Valle-Marcos, J.-M.

Amann and C. Bouallou, Applied Thermal Engineering, 2010, 30,

53–62.

153. R. Stanger, T. Wall, R. Spörl, M. Paneru, S. Grathwohl, M. Wei-

dmann, G. Scheffknecht, D. McDonald, K. Myöhänen, J. Ritvanen

et al., International journal of greenhouse gas control, 2015, 40, 55–

125.

154. T. Wall, Y. Liu, C. Spero, L. Elliott, S. Khare, R. Rathnam,

F. Zeenathal, B. Moghtaderi, B. Buhre, C. Sheng et al., Chemical

engineering research and design, 2009, 87, 1003–1016.

155. D. Jansen, M. Gazzani, G. Manzolini, E. van Dijk and M. Carbo,

International Journal of Greenhouse Gas Control, 2015, 40, 167–187.

156. Y. Wang, L. Zhao, A. Otto, M. Robinius and D. Stolten, Energy

Procedia, 2017, 114, 650–665.

157. A. Samanta, A. Zhao, G. K. Shimizu, P. Sarkar and R. Gupta, In-

37



REFERENCES

dustrial & Engineering Chemistry Research, 2012, 51, 1438–1463.

158. U. E. Aronu, H. F. Svendsen, K. A. Hoff and O. Juliussen, Energy

Procedia, 2009, 1, 1051–1057.

159. B. Dutcher, M. Fan and A. G. Russell, ACS applied materials &

interfaces, 2015, 7, 2137–2148.

160. S. Delgado, B. Valentin, D. Bontemps and O. Authier, Industrial &

Engineering Chemistry Research, 2018, 57, 6057–6067.

161. J. Adewole, A. Ahmad, S. Ismail and C. Leo, International Journal

of Greenhouse Gas Control, 2013, 17, 46–65.

162. K. Ramasubramanian and W. W. Ho, Current Opinion in Chemical

Engineering, 2011, 1, 47–54.

163. C. E. Powell and G. G. Qiao, Journal of Membrane Science, 2006,

279, 1–49.

164. R. Krishna and J. M. van Baten, Journal of Membrane Science, 2010,

360, 323–333.

165. B. Zhu, K. Qiu, C. Shang and Z. Guo, JOURNAL OF MATERIALS

CHEMISTRY A, 2015, 3, 5212–5222.

166. W. Chen, X. Wang, Z. Hashisho, M. Feizbakhshan, P. Shariaty,

S. Niknaddaf and X. Zhou, Microporous and Mesoporous Materials,

2019, 280, 57–65.

167. Y. Xia, R. Mokaya, G. S. Walker and Y. Zhu, Advanced Energy

Materials, 2011, 1, 678–683.

168. D. Bahamon, A. Díaz-Márquez, P. Gamallo and L. F. Vega, Chemical

Engineering Journal, 2018, 342, 458–473.

169. N. Hedin, L. Andersson, L. Bergström and J. Yan, Applied Energy,

2013, 104, 418–433.

170. Q. Zhao, F. Wu, K. Xie, R. Singh, J. Zhao, P. Xiao and P. A. Webley,

Chemical Engineering Journal, 2018, 336, 659–668.

171. M. T. Ho, G. W. Allinson and D. E. Wiley, Industrial & Engineering

38



REFERENCES

Chemistry Research, 2008, 47, 4883–4890.

172. G. D. Pirngruber, F. Guillou, A. Gomez and M. Clausse, Interna-

tional Journal of Greenhouse Gas Control, 2013, 14, 74–83.

173. C.-T. Chou and C.-Y. Chen, Separation and Purification Technology,

2004, 39, 51–65.

174. V. Presser, J. McDonough, S.-H. Yeon and Y. Gogotsi, Energy &

Environmental Science, 2011, 4, 3059–3066.

175. A. Kumar, D. G. Madden, M. Lusi, K.-J. Chen, E. A. Daniels,

T. Curtin, J. J. Perry IV and M. J. Zaworotko, Angewandte Chemie

International Edition, 2015, 54, 14372–14377.

176. N. McQueen, K. V. Gomes, C. McCormick, K. Blumanthal, M. Pis-

ciotta and J. Wilcox, Progress in Energy, 2021, 3, 032001.

177. S. Deutz and A. Bardow, Nature Energy, 2021, 6, 203–213.

178. L. A. Darunte, A. D. Oetomo, K. S. Walton, D. S. Sholl and C. W.

Jones, ACS Sustainable Chemistry & Engineering, 2016, 4, 5761–

5768.

179. Y. Deng, J. Li, Y. Miao and D. Izikowitz, Energy Reports, 2021, 7,

3506–3516.

180. A. Lueking, Applied Catalysis A: General, 2004, 265, 259–268.

181. Q. Li and A. D. Lueking, The Journal of Physical Chemistry C, 2011,

115, 4273–4282.

182. Y. Li, S. Wang, B. Wang, Y. Wang and J. Wei, Nanomaterials, 2020,

10, year.

183. L. Wang and R. T. Yang, The Journal of Physical Chemistry C,

2012, 116, 1099–1106.

184. Z. Liang, J. Du, L. Sun, J. Xu, Y. Mu, Y. Li, J. Yu and R. Xu,

Inorganic chemistry, 2013, 52, 10720–10722.

185. S. Kayal and A. Chakraborty, Chemical Engineering Journal, 2018,

334, 780–788.

39



REFERENCES

186. B. Adeniran and R. Mokaya, Chemistry of Materials, 2016, 28,

994–1001.

187. S. Choi, M. A. Alkhabbaz, Y. G. Wang, R. M. Othman and M. Choi,

Carbon, 2019, 141, 143–153.

188. S.-Y. Lee and S.-J. Park, Journal of Colloid and Interface science,

2013, 389, 230–235.

189. N. P. Wickramaratne and M. Jaroniec, Journal of Materials Chem-

istry A, 2013, 1, 112–116.

190. M. Cox and R. Mokaya, Sustainable Energy & Fuels, 2017, 1,

1414–1424.

191. J. Li, B. Michalkiewicz, J. Min, C. Ma, X. Chen, J. Gong, E. Mi-

jowska and T. Tang, Chemical Engineering Journal, 2019, 360, 250–

259.

192. I. Cabria, M. J. López and J. A. Alonso, Carbon, 2007, 45, 2649–

2658.

193. Y. Gogotsi, C. Portet, S. Osswald, J. M. Simmons, T. Yildirim,

G. Laudisio and J. E. Fischer, International Journal of Hydrogen

Energy, 2009, 34, 6314–6319.

194. E. Masika and R. Mokaya, The Journal of Physical Chemistry C,

2012, 116, 25734–25740.

195. M. Rzepka, P. Lamp and M. De la Casa-Lillo, The Journal of Phys-

ical Chemistry B, 1998, 102, 10894–10898.

196. L. Zhou, Y. Zhou and Y. Sun, International Journal of Hydrogen

Energy, 2004, 29, 475–479.

197. S. Hlushak, Physical Chemistry Chemical Physics, 2018, 20, 872–

888.

198. M. De la Casa-Lillo, F. Lamari-Darkrim, D. Cazorla-Amoros and

A. Linares-Solano, The Journal of Physical Chemistry B, 2002, 106,

10930–10934.

40



REFERENCES

199. S. Biloé, V. Goetz and A. Guillot, Carbon, 2002, 40, 1295–1308.

200. M. E. Casco, M. Martínez-Escandell, J. Silvestre-Albero and

F. Rodríguez-Reinoso, Carbon, 2014, 67, 230–235.

201. M. Sevilla, A. S. M. Al-Jumialy, A. B. Fuertes and R. Mokaya, ACS

Applied Materials & Interfaces, 2018, 10, 1623–1633.

202. L. S. Blankenship and R. Mokaya, Materials Advances, 2022, 3,

1905–1930.

41



Chapter 2

Motivations & Objectives

As discussed in chapter 1, turbostratic carbons can be useful for storing

or capturing small molecules in their pores. In particular, these materials

have been extensively explored for their potential for use in CO2 capture

at pressures typically ranging from 0 bar to 40 bar, with the view to apply

them to different CO2 capture regimes. It is apparent that the carbons’

porosity and in particular the width of their pores plays a large role in

the ability of a material to capture ambient temperature CO2; that is at

low pressures smaller pores are more useful but larger pores appear to

be more beneficial at higher pressures. Furthermore, there is evidence to

suggest that at lower pressures the precise value of the pore width becomes

more important whereas at high pressures there is less precision needed.

However the understanding of these phenomena is incomplete for a number

of reasons. Firstly precisely creating turbostratic carbons with very narrow

pores, whose widths also lie in a very narrow range is difficult, not least

because the mechanisms of pore formation are a subject of debate. Secondly

measurement of the widths and volumes of narrow, poorly ordered pores

using current methods is complicated and furthermore appears to be quite
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inaccurate by current methods. Finally, the relationship between the width

of the pores and the pressure-dependent CO2 uptake has only been tested

at a handful of pore widths and pressures.

To this end, this thesis investigates two relationships (i) that between syn-

thesis conditions and porosity (especially pore size), and (ii) that between

pore size and pressure-dependent, ambient temperature CO2 uptake. In

addition, improvements to current methods of determining pore width are

evaluated, as precise measurement of pore width underpins relationships

(i) and (ii). This investigation is to be performed via the three routes

described below.

Firstly this work exploits synthesis routes with the aim of creating carbons

whose pore sizes are easily controllable in chapters 4 and 5. Specifically,

chapter 4 aims to further the work of the author reported in Publication

VI and Publication V to ascertain if contaminants found in UCBs can

be useful in creating porosity in carbons made from UCBs as well trying

to simplify the synthesis from Publication VI. On the other hand the

work reported in chapter 5 attempts gain a more precise understanding

of the relationship between these conditions and the porosity of the prod-

ucts by utilising some novel synthesis methods to strictly control activation

conditions.

Secondly the objective of chapter 6 is to verify the utility of some recently

developed techniques for determining porosity of carbons. Namely compar-

isons are made of PSDs derived from fitting of the 2D-NLDFT (heteroge-

neous surface) kernel to N2, O2, and H2 isotherms as well as combinations

of these isotherms. Any improvement in the accuracy of calculated PSDs

can then be utilised to better understand the pore formation mechanisms

which take place in the novel synthesis routes discussed in chapter 5.
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Finally in chapter 7 a more thorough investigation of the relationship be-

tween pressure-dependent CO2 uptake and pore width will be introduced

via the creation of a piece of software to test the correlation between pore

width and CO2 uptake at a given pressure, for every pressure in a given

range. The novelty of the approach will not only be in its thoroughness,

but also its use of a experimental PSDs and CO2 uptake isotherms porous

carbons with a high variation in their porosities. Furthermore, following

on from chapter 6 more recently developed methods of determining PSDs

and thus pore widths will be used in order to evaluate their utility for

defining the relationship between pore width and ambient temperature,

pressure-dependent CO2 uptake.

More broadly this work aims to evaluate, develop, and improve tools for

determining porosity in porous materials of all types, as well as for rigorous

understanding of the relationship between porosity and uptake of a given

adsorbent. It is hoped that the tools developed herein will help to advance

the science of adsorption in general.
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Chapter 3

Methodology
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3.1. SYNTHETIC TECHNIQUES

3.1 Synthetic Techniques

In the context of porous carbon materials, activation is the process of poros-

ity development in carbonaceous material.1 In this work, activation is prin-

cipally conducted via chemical oxidation,1 that is by the oxidative action

of a caustic agent - either KOH (chapter 4 and 5) or the self-activation of

a polymer containing Na+ ions (chapter 5) - on the carbon framework of

the precursor. The oxidation of C to CO2 and/or CO3
2– results in voids

forming in the semi-graphitic structure.2–4 Further pore-forming processes

may include intercalation of free porogen ions between graphitic layers,5

as well as the formation of cross-links between polymeric chains prior to

carbonisation.6–8

Hydrothermal carbonisation is often used in the synthesis of turbostratic

carbons to make the precursor easier to activate. The process consists of

simply placing a mixture of the precursor (typically biomass) and water into

a sealed vessel and heating to temperatures between 180 and 300 °C. The

ease of activation is attributed to the solid product, known as hydrochar,

having a high O content and low aromaticity.9–11 Indeed, the interaction

with water molecules results in the formation of microspheres with a hy-

drophobic core and hydrophilic shell; this means that any porogen used in

a subsequent activation step has much greater contact with these O-rich

moieties.

In chapter 4 activated carbons were produced from Used Cigarette Butts

(UCBs) collected from two different sources. Sets C and D came from a

public ash tray and were used without removing the wrapping paper. Sets

E came from a single brand from a single smoker and the wrapping paper

was removed before further treatment. Full details of the sample sets can

be found in table 3.1. In all cases, 2.5 g UCBs were ground in a spice grinder
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3.1. SYNTHETIC TECHNIQUES

Table 3.1: Synthetic details of samples derived from cigarette butts.

Prefix Preparation # Samples

hC From public ash tray; Ash, excess tobacco re-
moved before grinding. Hydrochar washed with
500 cm3 water.

9

hD From public ash tray; Ash, excess tobacco re-
moved before grinding.

9

hE Single brand from single smoker. Paper, ash,
excess tobacco removed before grinding.

3

before being hydrothermally carbonised with 25 cm3 water in a teflon-lined

stainless steel autoclave by heating at 5 °Cmin−1 to 250 °C. Temperature

was held for 2 h before the reaction mixture was allowed to cool to ambient

temperature. Samples in set C were washed with 500 cm3 water under suc-

tion to attempt remove any contaminants, while others (sets D and E) were

derived without this treatment. In either case, the resultant hydrochars

was dried for at 100 °C for 24 h. Hydrochar was then activated, either with

KOH or alone in a tube furnace under N2 at a flow rate of 60 cm3min−1 by

heating at a rate of 3 °Cmin−1 to the target temperature (600, 700 or 800 °C

and holding for 1 h. After being allowed to cool, all samples activated with

KOH were washed in 600 cm3 of 10 vol.% HCl solution for at least 24 h,

then filtered and washed with water to give neutral washings. A portion of

the samples activated without KOH were not washed in order to examine

the effect of the washing step on the composition, morphology and porosity

of the resultant samples. Sample designation is hA-xTTT, where h indi-

cates the hydrothermal carbonisation step, A is the sample prefix (see table

3.1), x is KOH:UCB ratio (wt./wt.), and TTT is activation temperature

in °C. For the self activated samples i.e. those that did not use KOH in the

activation step, ′ is appended to the end to indicate those which were not

washed. For example hC-0800′ indicates a sample activated at 800 °C in

the absence of activating agent, and that was not washed. To refer to the
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3.1. SYNTHETIC TECHNIQUES

hydrochar itself, the designation is hA-hydrochar, e.g. hydrochar derived

from UCB-hydrochar set hD (see table 3.1) is hD-hydrochar.

Sawdust-derived carbons were made in chapter 5 by incorporating KOH

at the hydrothermal carbonisation step. An aqueous solution of KOH was

made where the mass of the KOH was defined as a ratio (between 0.00

to 2.00) of the mass of the sawdust used. The solution was then mixed

with the sawdust and placed in an autoclave. The autoclave and contents

were heated at a ramp rate of 5 °C to the target temperature (200, 250 or

300 °C), held for 2 h and then allowed to cool. The procedure was completed

by drying the resultant slurry overnight at 100 °C and then activating in a

tube furnace under N2 (60 cm3min−1) at 800 °C for 1 h following a ramp rate

of 3 °Cmin−1. These sawdust-derived carbons are designated SAx.xx-HHH

where the prefix SA indicates activated sawdust, x.xx is the KOH:sawdust

ratio and HHH is the hydrothermal carbonisation temperature. All samples

were washed with600 cm3 of 10 vol.% HCl solution for a minimum of 24 h

before being filtered under suction and washed with water until the pH

of the washings was neutral. Finally the samples were dried at 100 °C

overnight. The hydrothermally carbonised intermediates were also isolated

and washed with water (500 cm3) under suction before drying overnight at

100 °C. The hydrochars are designated SHx.xx-HHH to differentiate them

from the activated samples.

Additionally, in chapter 5 sodium carboxymethyl cellulose (NC) was used

as a precursor for direct (without hydrothermal carbonisation) activation.

The structure of NC is shown in figure 3.1. Carbons were obtained from

NC with different degree of substitutions (DSs) (0.0, 0.7, 0.9 or 1.2 ), ob-

tained from Sigma-Aldrich. For all samples, NC was heated under a flow

of N2 (60 cm3min−1) at a rate of 3 °Cmin−1 and held for 1 h at the target

temperature of 600, 700 or 800 °C. Samples were washed in 600 cm3 of
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3.2. COMPOSITION AND MORPHOLOGY

Figure 3.1: Structure of sodium carboxymethyl cellulose. Degree of sub-
stitution (DS) is taken as the average number of sodium carboxymethyl
groups (–CH2COONa) per monomer.

10 vol.% HCl solution, before being filtered and washed with deionised wa-

ter to give neutral washings, and finally dried at 100 °C for 24 h. Samples

are designated as NCx.x-TTT where NC indicates sodium carboxymethyl

cellulose, x.x is the DS, and TTT is the activation temperature.

3.2 Composition and morphology

Techniques in this section were employed to understand the composition,

structure, and porosity of samples synthesised in this work, and their re-

sults are presented in chapters 4 and 5. The more precise compositional

analysis techniques - X-ray Photoelectron Spectroscopy (XPS) and Induc-

tively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) - as well

as electron microscopy were only used for samples produced from Used

Cigarette Butts (UCBs) in chapter 4.

Thermogravimetric Analysis (TGA) measures the mass of a sample un-

dergoing heating as a function of temperature or time.12 TGA was used

in this study primarily to determine the ash content of samples, thus giv-

ing a measure of sample purity,13 i.e. whether the material contains any

non-combustible matter, typically residual metals. For this work, TGA was
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3.2. COMPOSITION AND MORPHOLOGY

performed using a TA Q500 Thermogravimetric Analyser. All samples were

analysed using a platinum pan under a flow of air at 100 cm3/min. All ex-

periments took place as follows; temperature was increased at 10 °Cmin−1

from ambient to 1000 °C before dwelling for 10min.

CHN elemental microanalysis precisely determines the concentration (by

weight) of carbon, nitrogen and hydrogen that make up a sample. This is

achieved by total combustion of the sample at 975 °C under pure oxygen. At

this stage impurities such as sulfur, phosphorous, and halogen compounds

are also removed via various reactions. This results in a pure mixture of

H2O, CO2 and oxides of nitrogen, which is transferred by means of a flow

of He to a reduction chamber where the nitrogen oxides are reduced to

N2. This mixture of three sample gases plus the He carrier gas is then

equilibrated to precise and constant temperature, volume and pressure.

H2O and CO2 are then sequentially separated according to their thermal

conductivity, leaving a flow of N2 and He. The volumes of H2O and CO2

can then directly be used to calculate the sample H and C concentrations.

The mixture of N2 and He is compared with a reference flow of pure He to

determine N content. For this study, CHN analysis was performed using

an Exeter Analytical CE-440 Elemental Analyzer.

In general Powder X-ray Diffraction (P-XRD) is principally used to iden-

tify elements and determine inter-layer spacing within crystalline powder

samples. In the case of the partially-ordered turbostratic carbons and hy-

drochars reported in this thesis P-XRD was used to determine the extent

of graphiticity (i.e. how ordered the turbostratic domains are). In addi-

tion sharp peaks indicate the presence of crystalline material, which can

be attributed to contaminants - typically residual porogen. In this study,

P-XRD measurements were made using a PANalytical X’Pet Pro diffrac-

tometer, with CuKα X-rays of wavelength 1.54Å. Data collection occurred
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3.2. COMPOSITION AND MORPHOLOGY

at 2θ from 2 to 80°.

X-ray photoelectron spectra are produced via the irradiation of a sample

with an X-ray beam, resulting in the ejection of electrons from low energy

atomic orbitals according to the photoelectric effect14. The electrons are

collected and detected by the apparatus, facilitating the elucidation of the

identity and quantity of elements present on the surface of the material

from the kinetic energy of ejected electrons and the number of electrons

ejected at each binding energy, respectively. The binding energy, EB is

calculated according to the below equation;

EB = hν − Φ− EK (3.1)

where hν is the photon energy, Φ is the sample’s work function, and EK

is the kinetic energy of the photoelectron. So-called ‘shifting’ of elemental

characteristic EB from those expected according equation 3.1 can be used

to determine chemical and electronic states of detected species.15 For the

purpose of XPS analysis in this work, samples were prepared from selected

hydrochars and turbostratic carbons by performing a TGA in air to burn

off all carbonaceous material. The remaining inorganic matter was then

analysed using the Kratos AXIS ULTRA with a mono-chromated Alkα

X-ray source (1486.6 eV) operated at 10mA emission current and 12 kV

anode potential (120W). Spectra were acquired with the Kratos VISION

II software. A charge neutralizer filament was used to prevent surface

charging. Hybrid–slot mode was used measuring a sample area of approx-

imately 300µm× 700µm. The analysis chamber pressure was better than

5× 10−9mbar. Three areas per sample were analysed. A wide scan at low

resolution (Binding energy range 1400 eV to −5 eV, with pass energy 80 eV,

step 0.5 eV, sweep time 20min) was used to estimate the total atomic % of
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3.2. COMPOSITION AND MORPHOLOGY

the detected elements. High resolution spectra at pass energy 20 eV, step

of 0.1 eV, and sweep times of 10min each were also acquired for photo-

electron peaks from the detected elements and these were used to model

the chemical composition. The spectra were charge corrected to the C 1s

peak set to 285 eV. Casaxps (version 2.3.19 PR1.0) software16 was used for

quantification and spectral modelling.

Optical Emission Spectrometry (OES), also known as Atomic Emission

Spectrometry (AES) is a technique used to quantify concentration of ele-

ments in solution by exciting them and measuring intensity of emissions

at some characteristic wavelength associated with the return of the species

to the ground state. These intensities are then converted to concentra-

tions using a calibration curve. While there are multiple methods to excite

the atoms, a common method is using Inductively Coupled Plasma (ICP)

which also acts to separate elements in the solution. This technique is

thus abbreviated to ICP-OES or ICP-AES.17 In this work, samples were

prepared for ICP-OES by dry-ashing in an alumina crucible at 600 °C for

at least 16 h, the ash was then digested in an aqueous solution of 10 vol.%

each of high purity HNO3 and HCl (Aristar grade). The mixture was then

sonicated for several hours, and digestion was completed via microwave,

before being centrifuged at 4000 rpm for 99min. Finally the digestate was

filtered through syringe filters to remove any remaining sediment. Ref-

erences and blanks were prepared from the same stock digestion solution

to ensure consistency. Standards were made from a 28-element standard

(100mg dm−3, 2 vol.% HNO3 matrix from Fisher) at concentrations of 0.1,

1, 10, 50 and 100mg dm−3. Measurements were made using a Perkin-Elmer

Optima 2000 Spectrometer, using argon plasma.
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3.2. COMPOSITION AND MORPHOLOGY

3.2.1 Electron microscopy

Various forms of electron microscopy were used on the samples in chapter

4 in order to determine sample morphology as well as composition and

dispersion of inorganic heteroatoms. The principal types are detailed here.

Scanning Electron Microscopy (SEM) uses a beam of focused elec-

trons in order to image solid materials. As the electrons interact with the

material, electrons and electromagnetic radiation are emitted via various

mechanisms. Secondary electrons (SE) are a result of the ejection of elec-

trons from atoms near the sample surface, and secondary electron images

(SEI) provide high resolution images of surface morphology and texture.18

backscatter electrons (BSE) are electrons deflected by nuclear electro-

static charge – degree of deflection increases with nuclear charge. Though

this results in much lower resolution images, backscatter electron detec-

tion (BED) images the material according to atomic weight, with heavier

elements showing up as bright spots. This technique does not identify ele-

ments, but can be used to map heavier elements interspersed within a low

atomic mass material.18

Tunneling Electron Microscopy (TEM) differs from SEM in that

the electrons are transmitted through the sample as opposed to reflecting

off of it. Imaging with TEM allows for much more detailed imaging, down

to the atomic scale.19

Electron-Dispersive X-ray Analysis (EDX) relies on the excitation

by X-rays of electrons within a sample to identify and quantify its elemental
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3.3. ISOTHERMS

components. It can be coupled with TEM in order to image the dispersion

of elements within a sample, this technique is known as EDX-TEM.18

In this work, SEM images were taken on a JEOL 7100F FEG-SEM with

detector set at a working distance of 10.00 mm. SE images were captured

with an electron accelerating voltage of 1.00 or 2.00 kV, but this was in-

creased to 15.00 kV for BSE. TEM images were taken on a JEOL 2100F

FEG-TEM, with elemental dispersion determined using the EDX attach-

ment.

3.3 Isotherms

In this work isotherms were measured in order to determine the porosity

of the carbon samples as well as to find ambient temperature gravimetric

CO2 uptake capacity as a function of pressure. The techniques used for

these measurements are discussed below.

All N2 isotherms used for porosimetry were measured at −196 °C on a 3flex

analyser from Micromeritics. Prior to isotherm measurement, all samples

were degassed at 300 °C for 16 h under high vacuum. Adsorption were then

measured in the relative pressure range ∼1 × 10−8 to ∼1, after which the

desorption isotherm was measured down to ∼0.1. Thereafter free space

was measured using He at both ambient and analysis temperature and

used to adjust the previously measured isotherm. From the isotherms,

ABET values were determined using the Rouquerol method in the case of

type-I isotherms,20 otherwise this value was calculated using the linear

portion of the BET transform within relative pressures between 0.05 and

0.30. Total pore volume (Vt) was determined from the volume adsorbed

by the sample at a single point at relative pressure ∼0.9 on the plateau
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3.3. ISOTHERMS

of the isotherm. Classical determination of micropore volume and surface

area were determined using t-plot, with a carbon black STSA thickness

curve. All PSDs are derived using the 2D-NLDFT heterogeneous surface

kernel in the SAIEUS software,21 with the regularization parameter, λ22,23

kept constant for samples derived from the same precursor and chosen to

optimise fit across all isotherms.

While the porosimetric analyses in chapters 4 and 5 use only N2 isotherms,

in chapters 6 and 7 O2 and H2 isotherms measured at −196 °C were used

to improve porosimetric analysis. O2 isotherms were measured in the same

manner as for N2, however H2 isotherms were measured up to the arbitrary

pressure of 1013mbar as H2 is supercritical at −196 °C and thus relative

pressure is not physically meaningful. In chapter 6, the same classical

measures of porosity were calculated from O2 isotherms as previously per-

formed using N2 isotherms. Comparisons were made of the PSDs derived

from fitting 2D-NLDFT heterogeneous surface kernels to O2, N2, and H2

isotherms. In addition, Jagiello’s multiple isotherm fitting procedure24 was

employed with combinations of N2, O2 and H2 isotherms to yield a single

PSD for a single sample. These porosities derived from these alternative

techniques were compared in 6, and further used to assess the relationship

between porosity and low-pressure CO2 uptake in chapter 7.

Excess CO2 uptake isotherms of turbostratic carbon samples reported in

chapters 4 and 7 was determined via gravimetric analysis. This begins

with the degassing of the samples under vacuum followed by precise mea-

surement of the weight of the sample with increasing CO2 pressure. The

procedure results in an excess CO2 uptake isotherm, from which molar

gravimetric uptake can be read as a function of pressure. Measurements

were taken at either 25 or 18 °C and up to 40 or 20 bar, on XEMIS or IGA

analysers respectively from Hiden Isochema.
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3.4 Software development

Chapter 7 describes the use of several python libraries in order to calcu-

late linear regressions between porosity within some range of pore sizes to

uptake of CO2 at some pressure. The main libraries used in this project,

known as the python Porosity Uptake Correlator (pyPUC) are scipy,25

numpy,26 pandas,27 and pygaps.28

pyPUC is a fairly simple package whose structure is shown in figure 3.2.

It is written almost exclusively in python,29 apart from one small bash

script.30 The main functions of pyPUC can be found in pyPUC/pyPUC/core,

while outside of this is the module pyPUC/interface.py which constructs

a simple command line interface to run the program, and the bash script

pyPUC-cli which executes pyPUC/interface.py. Finally there is a direc-

tory for the source_data which should be populated by the user with PSDs

and experimental uptake isotherms for the project in question.

The code is well documented, however a brief discussion of the purpose of

each of the modules in pyPUC/pyPUC/core follows here. Firstly utils.py

defines utility methods for the other three modules. Most important are

the methods read_data() and define_array(). The former simply reads

the data from the source_data directory according to input arguments

using the pandas library,27 while the latter is a simple method for defining

an array of pressures or pore widths for the modules uptake_processing

or psd_processing using the numpy library.26

The uptake_processing.py and psd_processing.py modules are fairly

self-explanatory, in each case simply processing the uptake or PSD data

for all samples in source_data/project. The outputs from these modules

can be seen in figure 3.2. The former attempts to fit each uptake isotherm
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pyPUC

pyPUC

core

best_width_at_pressure.py

psd_processing.py

uptake_processing.py

utils.py

interface.py

source_data

project

psd

sorptive(s)

uptake

sorptive

pyPUC-cli

Figure 3.2: Structure of key modules and directories in the pyPUC package.
There are other components in the github repository but they are not
essential to the function of the package.

in the appropriate project in source_data to a range of model isotherms

and selects the best fit, by using the modelling module from the library

pygaps.28 These model isotherms are then converted to point isotherms at

pressures defined by the user. The pressures and loadings are then stored

in a two-dimensional DataFrame, Dυ (see table 3.2a). The latter reads

in the cumulative PSDs for each sample, and determines the pore volume

or surface area within each user-defined pore size range. A demonstration

of how this works is shown in figure 3.3. This is done for each sample

and stored in the DataFrame Dπ (see table 3.2b). In either case, the data

produced can be stored in memory or output as a .csv, alongside a simple

report of the data processing (see appendix figures D.1 and D.2).
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Table 3.2: An example output of processed data from the uptake_-
processing.py (a) and psd_processing.py modules (b). A, B, C, and D
are the four samples used in this analysis. In the case of (a), the numbers
are the loadings of CO2 on the samples at each of the pressures in column
p, and for (b) they are the surface areas of the samples within the pore size
range defined by wmin and wmax.

(a)

p A B C D

1 4.27 4.01 4.27 4.35
2 5.93 5.25 5.93 5.95
3 6.94 5.96 6.94 6.91

(b)

wmin wmax A B C D

5 4 59 282 238 260
6 4 401 514 442 465
6 5 142 232 204 204

import pandas as pd
import numpy as np

sample_df = pd.read_csv(’psd.csv’) # PSD stored in
DataFrame

w_array = [4, 5, 6] # array of pore widths
i=0
for wmax in w_array[1:]:

for wmin in w_array[w_array<wmax]: # every possible
combination of two w
values

rows_max = np.max(list(np.where(w < wmax)))
rows_min = np.min(list(np.where(w > wmin)))
max_value = sample_df.loc[rows_max , ’Vcum’]
min_value = sample_df.loc[rows_min , ’Vcum’]
param = max_value - min_value
i+=1 # Go through all possible values of wmin for

wmax

Figure 3.3: How the porosity within some pore width range is determined
in pyPUC. Note that this is pseudo-code31 as opposed to the actual source
code.

Finally best_width_at_pressure.py takes the two DataFrames gener-

ated by uptake_processing.py and psd_processing.py and uses the

stats.linregress() method from the scipy library25 to perform linear

regressions between each row of Dυ and each row of Dπ. That is, if each

of Dυ and Dπ have three rows (1, 2, 3) then a linear regression of row

1 in Dυ will be performed against each row 1, 2 and 3 of Dπ. Then the

same is performed for row 2 of Dυ, etc.. scipy.stats.linregress() then

returns the r2 value, slope, and intercept of the regression which is stored
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wmin wmax p r2 m c x y

4 5 1 0.503 -0.005 5.77 [259 282 ...] [4.27 4.01 ...]
4 5 2 0.667 -0.0157 9.85 [259 282 ...] [5.93 5.25 ...]
4 5 3 0.691 -0.0225 12.5 [259 282 ...] [6.94 5.96 ...]
4 6 1 0.457 -0.00213 5.20 [401 514 ...] [4.27 4.01 ...]
4 6 2 0.662 -0.00591 8.46 [401 514 ...] [5.93 5.25 ...]
4 6 3 0.696 -0.00854 10.5 [401 514 ...] [6.94 5.96 ...]
5 6 1 0.254 -0.00196 4.61 [142 232 ...] [4.27 4.01 ...]
5 6 2 0.390 -0.00561 6.86 [142 232 ...] [5.93 5.25 ...]
5 6 3 0.413 -0.00814 8.28 [142 232 ...] [6.94 5.96 ...]

Table 3.3: Example output of a Dc DataFrame from CO2 uptake and PSD
data in table 3.2. Highlighted rows indicate the regression that yields
the optimum pore size range (Ω) for each of the pressures (1, 2, and 3
bar). Columns x and y indicate the surface area and loadings used for the
regression, respectively. Values are truncated to save space.

in the correlation DataFrame, Dc alongside the values for wmin, wmax and

P - an example of this can be seen in table 3.3. Dc can be reduced in size

using the method correlation_requirements() which allows rows in the

DataFrame to be eliminated according to various arguments. The best pair

of wmin and wmax, according to the highest r2 value for each pressure can

be selected using the method make_correlation_df(), i.e. yielding the

optimum pore size region for uptake of the sorptive, Ω.

References

1. M. Sevilla and R. Mokaya, Energy & Environmental Science, 2014, 7,

1250–1280.

2. H. Wang, Q. Gao and J. Hu, Journal of the American Chemical So-

ciety, 2009, 131, 7016–7022.

3. J. Wang and S. Kaskel, Journal of Materials Chemistry, 2012, 22,

23710.

4. T. Otowa, R. Tanibata and M. Itoh, Gas Separation & Purification,

59



REFERENCES

1993, 7, 241–245.

5. D. Lozano-Castello, J. Calo, D. Cazorla-Amoros and A. Linares-

Solano, Carbon, 2007, 45, 2529–2536.

6. R. Lin, A. Li, L. Lu and Y. Cao, Carbohydrate Polymers, 2015, 118,

126–132.

7. M. Yu, J. Li and L. Wang, Chemical Engineering Journal, 2017, 310,

300–306.

8. M. Yu, Y. Han, J. Li and L. Wang, Chemical Engineering Journal,

2017, 324, 287–295.

9. M. Sevilla, J. A. Maciá-Agulló and A. B. Fuertes, Biomass and Bioen-

ergy, 2011, 35, 3152–3159.

10. M. Sevilla and A. B. Fuertes, Chemistry–A European Journal, 2009,

15, 4195–4203.

11. M. Sevilla and A. B. Fuertes, Carbon, 2009, 47, 2281–2289.

12. A. Coats and J. Redfern, Analyst, 1963, 88, 906–924.

13. IUPAC, Compendium of Chemical Terminology, Blackwell Scientific

Publications, 2nd edn, 1997.

14. O. W. Richardson and K. T. Compton, The London, Edinburgh, and

Dublin Philosophical Magazine and Journal of Science, 1912, 24, 575–

594.

15. J. F. Moulder, W. F. Stickle, P. E. Sobol and K. D. Bomben, Handbook

of X-ray Photoelectron Spectroscopy, Physical Electronics, Inc., 1995.

16. N. Fairley, V. Fernandez, M. Richard-Plouet, C. Guillot-Deudon,

J. Walton, E. Smith, D. Flahaut, M. Greiner, M. Biesinger,

S. Tougaard, D. Morgan and J. Baltrusaitis, Applied Surface Science

Advances, 2021, 5, 100112.

17. T. A. Hinners, C. L. Jones, J. Biesiada, D. M. Schoengold, T. H.

Starks and J. E. Campana, Interlaboratory Evaluation of ICP-AES

Method 6010, ASTM International, 1988.

60



REFERENCES

18. J. I. Goldstein, D. E. Newbury, J. R. Michael, N. W. M. Ritchie,

J. H. J. Scott and D. C. Joy, Scanning Electron Microscopy and X-ray

Microanalysis, Springer, 2017.

19. M. Knoll and E. Ruska, Zeitschrift für Physik, 1932, 78, 318–339.

20. J. Rouquerol, P. Llewellyn and F. Rouquerol, Studies in Surface Sci-

ence and Catalysis, 2007, 160, 49–56.

21. J. Jagiello and J. P. Olivier, Carbon, 2013, 55, 70–80.

22. P. C. Hansen, SIAM review, 1992, 34, 561–580.

23. P. Hansen, in The L-curve and its use in the numerical treatment of

inverse problems, ed. P. Johnston, WIT Press, Southampton, 2001,

pp. 119–142.

24. J. Jagiello, C. Ania, J. B. Parra and C. Cook, Carbon, 2015, 91,

330–337.

25. P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy,

D. Cournapeau, E. Burovski, P. Peterson, W. Weckesser, J. Bright,

S. J. van der Walt, M. Brett, J. Wilson, K. J. Millman, N. May-

orov, A. R. J. Nelson, E. Jones, R. Kern, E. Larson, C. J. Carey,

İ. Polat, Y. Feng, E. W. Moore, J. VanderPlas, D. Laxalde, J. Perk-

told, R. Cimrman, I. Henriksen, E. A. Quintero, C. R. Harris, A. M.

Archibald, A. H. Ribeiro, F. Pedregosa, P. van Mulbregt and SciPy

1.0 Contributors, Nature Methods, 2020, 17, 261–272.

26. C. R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers,

P. Virtanen, D. Cournapeau, E. Wieser, J. Taylor, S. Berg, N. J.

Smith, R. Kern, M. Picus, S. Hoyer, M. H. van Kerkwijk, M. Brett,

A. Haldane, J. Fernández del Río, M. Wiebe, P. Peterson, P. Gérard-

Marchant, K. Sheppard, T. Reddy, W. Weckesser, H. Abbasi,

C. Gohlke and T. E. Oliphant, Nature, 2020, 585, 357–362.

27. W. McKinney et al., Proceedings of the 9th Python in Science Con-

ference, 2010, pp. 51–56.

61



REFERENCES

28. P. Iacomi and P. L. Llewellyn, Adsorption, 2019, 25, 1533–1542.

29. G. Van Rossum and F. L. Drake Jr, Python reference manual, Cen-

trum voor Wiskunde en Informatica Amsterdam, 1995.

30. P. GNU, Free Software Foundation. Bash (3.2. 48)[Unix shell pro-

gram], 2007.

31. W. S. Davis, The Information System Consultant’s Handbook, CRC

Press, 2019, pp. 465–472.

62



Chapter 4

Turbostratic carbons I: from

cigarette butts

What follows is the results of the synthesis of turbostratic carbons of Used

Cigarette Butts (UCBs). The synthesis is described in section 3.1, and

the rationale for the choice of UCBs as a carbon precursor, is described in

subsection 1.1.1. Details of analytical techniques used herein can be found

in sections 3.2-3.3.
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Abstract

Sequential hydrothermal carbonisation and KOH-mediated activation of

Used Cigarette Filters (UCFs) has previously been shown by the author to

provide a solution to the problem of Cigarette Butt (CB) waste, in the form

of an extremely promising H2 storage medium (see Publication VI). The

following study serves to expand the previous work via carbonisation of hy-

drochar derived from whole Used Cigarette Butts (UCBs) i.e. including the

wrapping paper. KOH activation of UCB-hydrochar yields carbons with

much lower porosity than in Publication VI, achieving micro-mesoporous

carbons with ABET of up to 1875m2 g−1 and pore volume of 0.89 cm3 g−1

at an activation temperature of 700 °C. Thus, these materials are best ap-

plied to room temperature CO2 capture, with reasonable uptakes of 2.7

and 14.1mmol g−1 achieved at 1 and 20 bar, respectively.

UCBs are an unusual carbon precursor in that they contain a relatively

high quantity, and diverse range of metals. As a result the composition

and elemental distribution in UCBs, as well as in derived hydrochars and

turbostratic carbons is investigated, as well as the efficacy of post-synthetic

washing steps. UCBs and derived, unwashed hydrochar were found to

contain Al, Fe, K, Mg, Na, Ti, and Ca in concentrations above 0.10mg g−1.

Many of these elements were also identified in derived turbostratic carbons.

While it was hypothesised in Publication VI that such contaminants may

have an activating effect, there is no evidence of this in this work. Indeed,

the stubbornness of these elements to removal via HCl washing results in

porosity that is lower than expected indicating that these contaminants are

limiting pore accessibility.
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4.1 Properties of carbons

Yields of hydrochars and derived turbostratic carbons can be found in ta-

ble 4.1 (refer to table 3.1 for syntheses of the three sets of carbons). The

fact that the yield of hC-hydrochar is significantly less than that of hD-

hydrochar indicates that washing the hydrochar does remove some labile

matter. Although hE-hydrochar was also not washed, it has a similar yield

to hC-hydrochar perhaps indicating that there was a lower amount of non-

carbonisable material in set E of cigarette butts. These differences in yield

are also transferred to the overall yield (bracketed numbers) of derived tur-

bostratic carbons, but not to the yield of the activation step considered

on its own - indicating that whatever is removed by washing of the hy-

drochar does not have a significant affect on the product of the pyrolysis

step. It is noteworthy that the yields of washed and unwashed carbons

(0TTT and 0TTT ′, respectively) are very similar, indicating that the ex-

Table 4.1: Average yields (wt.%) of carbons derived from the three sets of
used cigarette butt samples. The yield is taken as that of the single step in
the synthesis; numbers in brackets are overall yield. Where cell is blank,
this sample does not exist.

xTTT Prefix
hC hD hE

hydrochar 35 50 39

0600′ 38 (13) 39 (19)
0700′ 35 (12) 33 (17)
0800′ 33 (12) 37 (19)

0600 34 (12) 36 (18) 6 (14)
0700 30 (11) 31 (16) 30 (11)
0800 31 (11) 33 (17) 24 (9)

4600 8 (3) 13 (7)
4700 10 (4) 11 (6)
4800 9 (3) 10 (5)
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tensive post-pyrolysis washing step does not remove significant amounts of

material. Yields of KOH-activated samples are of course significantly lower

than samples pyrolysed in the absence of external activating agent, due to

removal of C via the dissolution of K2CO3 from the carbon framework

during washing.

4.1.1 Composition & Morphology

A primary goal of synthesising the carbons from cigarette butts was quan-

tification and identification of so-called contaminant-porogens in UCBs,

and monitoring their presence upon conversion of CBs to hydrochar then

to turbostratic carbon. Initial identification and rough quantification of

the contaminants was performed using P-XRD and TGA respectively, with

reference to CHN elemental microanalysis. Attempts were made to iden-

tify and more precisely quantify components using XPS and ICP-OES.

Finally, imaging of the dispersion of contaminant-metals within unwashed

turbostratic carbons was performed using BSE-SEM and EDX-TEM.

Relative proportions (by weight) of C, H, and N for all UCB-derived sam-

ples, as well as their ash content can be found in table 4.2. The composition

of hydrochars and carbons activated without KOH is essentially the same

for samples in sets hC and hD. Furthermore the discrepancy in the ash

content of hC-hydrochar and hD-hydrochar is within margin for error. As

such, it can be confirmed that the post-hydrothermal carbonisation wash-

ing step only serves to remove combustible matter, i.e. non-metals. The

slightly larger discrepancies in ash content between samples hC-0TTT and

hD-0TTT (or hC-0TTT ′ and hD-0TTT ′) must therefore be ascribed to

heterogeneous distribution of contaminants in the precursor, as opposed to

removal of non-combustible contaminants prior to pyrolysis. Furthermore,
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Table 4.2: C, H, and N content of hydrochars and carbons derived from
cigarette butts, determined using elemental microanalysis as well as ash
content according to residual mass following TGA in air.

Concentration / wt.%
Sample C H N other Ash

hC-hydrochar 56 5 0 44 8
hD-hydrochar 53 5 0 42 7
hE-hydrochar 61 4 2 32

hC-0600′ 69 2 0 29 16
hD-0600′ 67 2 0 30 20

hC-0700′ 71 1 1 27 19
hD-0700′ 72 0 0 27 13

hC-0800′ 77 0 0 22 18
hD-0800′ 77 0 0 21 12

hC-0600 68 2 0 30 20
hD-0600 67 2 1 30 17
hE-0600 77 2 2 19 2

hC-0700 71 1 1 27 14
hD-0700 72 0 0 24 16
hE-0700 81 2 2 16

hC-0800 75 1 1 22 13
hD-0800 77 0 0 22 20
hE-0800 83 1 3 14 2

hC-4600 73 0 0 25 6
hD-4600 58 0 0 41 31

hC-4700 78 0 0 22 5
hD-4700 53 0 0 46 5

hC-4800 90 0 0 10 6
hD-4800 50 0 0 50 37

washing of the turbostratic carbons does not seem to serve any consis-

tent, significant role in removing these contaminants. On the other hand,

KOH-activated samples (i.e. hC-4TTT and hD-4TTT ) show more signif-

icant compositional differences, particularly in terms of C content. This
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further confirms that the reduction in yield of hD-hydrochar relative to

hC-hydrochar (see table 4.1) is a result of removal of water-soluble organic

material not incorporated into the hydrochar macrostructure; it appears

that the KOH destroys such material in hD-4TTT, thus reducing C con-

tent. The higher C and lower ash content of hE-hydrochar and hE-0TTT

samples is an indication that the majority of the non-combustible contam-

inants seen in the ash of hC and hD samples come from the UCB wrapping

paper as opposed to the UCB itself. In fact, the ash content is zero (within

margins for error) for the hE samples, and as a result the composition of

these samples is much easier to discern; the ‘other’ column simply repre-

sents the O content. Unsurprisingly C content increases, and O content

decreases with increasing activation temperature as consistently reported

elsewhere.1,2

The presence of sharp peaks in the P-XRD patterns confirms the presence

of crystalline material in most of the hydrochar and turbostratic carbon

samples (see appendix, figures B.1-B.4). Due to the complexity of the pat-

terns it is difficult to assign peaks to any particular phase. Therefore, XPS

was used and identified Ti, Na, K, and Ca in dry-ashed UCBs (see ap-

pendix, figure B.5). although absolute concentrations are not determinable

by this technique as (i) there are likely adventitious C and O atoms on

the surface of the ash, and (ii) it is unlikely that all atomic species are

accounted for. ICP-OES allowed more precise determinations of metals in

UCBs, their wrapping paper, and a derived hydrochar - results are shown

in table 4.3. These results confirm the presence of metals identified in XPS,

as well as identifying Al, Fe, and Mg in all samples. Zn was only found

in quantifiable amounts for the UCB wrapping paper. These metals have

previously been identified in UCBs by Iskander and others.3–6 All trace

elements were found to have a higher occurence in the paper as opposed
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Table 4.3: Gravimetric concentrations of metals in UCB (including paper),
wrapping paper and its derived, unwashed hydrochar according to ICP-
OES. Samples derived from same batch of UCB as used to make hC and
hD samples - see table 3.1

Analyte (λ / nm) Concentration / mg g−1

UCB UCB paper hydrochar

Al (396.153) 1.58 46.0 4.81
Fe (283.204) 2.81 38.6 3.66
K (766.490) 2.91 17.9 4.60
Mg (285.210) 0.71 11.0 1.13
Na (589.590) 0.27 6.25 0.73
Ti (334.940) 1.07 8.75 0.87
Ca (317.933) 13.1 283 17.2
Zn (213.857) - 0.50 -

to the whole UCB. This may explain the much higher ash content of hy-

drochars and turbostratic carbon derived from whole UCBs as compared

to unwrapped UCFs, i.e. hC/hD samples versus those derived from hE and

those reported in Publication VI respectively.

4.1.1.1 Electron Microscopy

Electron microscopy was used to determine the distribution of heavy ele-

ments within hydrochars and turbostratic carbons. Initially, comparison of

BSE to SE was used to gain a rough measure of elemental distribution, and

an example thereof is shown in figure 4.1. In the case of hydrochar samples

(figure 4.1(a, b)), there appears to be a random, continuous distribution

of heavy elements throughout the sample. On the other hand, unwashed

turbostratic carbons derived without the use of KOH as porogen (exempli-

fied in figure 4.1(c, d) by hD-0600′) show more distinct clusters of heavy

elements, though the distribution is no less random. The lack of uniformity

of heavy element distribution is unsurprising as these elements are unlikely

to be distributed regularly in the UCB precursor, and the hydrothermal
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Figure 4.1: SE (a, c) and BSE (b, d) images of samples hD-hydrochar (a,
b) and hD-0600′ (c, d).

and pyrolytic processes are unlikely to produce any more compositional

homogeneity.

For more detailed analysis of the distribution of elements in turbostratic

carbons, EDX-TEM was used. Representative images derived using this

technique are shown in figure 4.2, and quantification at three different sites

in table 4.4. Most of the elements quantified by ICP-OES; Al, Ca, Cu,

K, and Ti are also identifiable by EDX-TEM, the Fe and Na are notably

absent. In addition, Au and Cr are also present, though not in quantifiable

amounts. The images in figure 4.2 show that heavy elements in the tur-

bostratic carbons form clusters over the surface of the carbon structure. Ti

and Al are the only metals whose concentrations were quantifiable at any
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site examined, with site 2 having Ti as the majority component. Al could

only be quantified at site 3, wherein Ti was notably absent in measurable

quantities. Thus, it appears that at Ti and Al form discrete clusters within

Figure 4.2: TEM (a, c) and EDX-TEM (b, d) images of hD-0700′ at sites
1 (a, b) and 3 (c, d). (b) and (d) show distribution of Ti and Al particles
respectively.

Table 4.4: Concentrations of C, O, Al and Ti at three different sites in
hD-4700 according to EDX-TEM

Analyte Concentration / wt.% (Atomic %)
Site 1 Site 2 Site 3

C 80 (90) 33 (36) 73 (82)
O 8 (7) 4 (5) 14 (12)
Al - (-) - (-) 3 (2)
Ti 10 (3) 60 (29) - (-)
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this turbostratic carbon. On the other hand, the other metals identified

by ICP-OES (see table 4.3) must be distributed more evenly meaning that

they can not be as readily quantified in the small (roughly 100µm2) sites

examined.

4.1.2 Porosity

As a result of the discovery of high quantities of non-combustible matter

in turbostratic carbons which both were and were not washed, the effect

of the washing step on porosity was examined. The results, i.e. poros-

ity of samples hD-0TTT and hD-0TTT ′ are shown in table 4.5 alongside

that for sets hC-4TTT and hD-4TTT. Isotherms and resultant PSDs for

Table 4.5: Porosity of UCB-derived carbons from N2 isotherms. ABET

determined using the Rouquerol method where applicable. Total pore vol-
ume, Vt determined using the single point method. Numbers in brackets
indicate micropore surface area and pore volume. Peak pore width, wpeak

(for samples hC-4TTT and hD-4TTT ) taken as peak of the PSDs in figure
4.3.

Sample ABET / m2 g−1 Vt / cm3 g−1 wpeak / Å

hD-0600′ 10 (-) - (-)
hD-0700′ 170 (150, 89%) 0.07 (0.06, 86%)
hD-0800′ 226 (198, 88%) 0.09 (0.08, 89%)

hD-0600 120 (104, 87%) 0.05 (0.04, 80%)
hD-0700 122 (101, 83%) 0.05 (0.04, 80%)
hD-0800 146 (125, 86%) 0.06 (0.05, 83%)

hC-4600 1428 (1054, 73%) 0.63 (0.43, 68%) 7
hD-4600 1487 (1036, 69%) 0.64 (0.41, 64%) 7

hC-4700 1875 (917, 49%) 0.89 (0.37, 42%) 8
hD-4700 1807 (611, 33%) 0.88 (0.25, 28%) 9

hC-4800 1958 (626, 32%) 1.00 (0.26, 26%) 8
hD-4800 979 (206, 21%) 0.52 (0.09, 17%) 8

72



4.1. PROPERTIES OF CARBONS

Figure 4.3: Isotherms and resultant PSDs for samples hC-4TTT and hD-
4TTT.

samples hC-4TTT and hD-4TTT are displayed in figure 4.3.∗. It is un-

clear whether washing in HCl had any effect at all on porosity - indeed,

for activation at 700 and 800 °C there are significant reductions in ABET

after washing. Perhaps this is simply a marker of physical agglomeration

of particles during the washing process, and has little to do with internal

porosity. Additionally, the porosity of these samples is not higher than

would be expected for pyrolysed biomass; self-activation of a pure cellu-

lose acetate-derived hydrochar yielded a carbon with ABET >500m2 g−1,†

indeed UCB-derived self-activated carbons have previously been shown to

∗Isotherms and PSDs for hD-0TTT and hD-0TTT ′ can be found in the appendix,
figure C.3, as well as full plots of isotherms and fits for all samples for which porosity
is reported herein in figures C.1 and C.2. Due to poor equilibration, the PSDs cannot
be considered to be accurate. This issue is discussed in more depth in chapter 6 and
Publication I.

†Full porosimetric details of this sample are in appendix, figure C.4 and table C.1.
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4.1. PROPERTIES OF CARBONS

exhibit far higher surface areas.7–11 As such there is no proof that the

non-combustible contaminants can act as porogens. Of course this is not

definitive as removal of contaminants proved impossible in these samples.

The porosity that hD-0TTT carbons do possess is principally (over 80%,

by surface area) in the micropore region, though again this is to be expected

for biochars/self-activated carbons.12–14

Carbons activated using KOH have moderate surface areas, and a much

lower relative microporosity than samples hD-0TTT, ranging from 71%

to as low as 21% when activated at 600 and 800 °C respectively. That is,

these carbons are much more mesoporous, and mesoporosity increases with

activation temperature. Indeed, the mesoporosity is reflected in the broad

curvature of the N2 isotherms used to determine these textural characteris-

tics as show in figure 4.3(a1, a2). This is in contrast to the carbons reported

in Publication VI, where the author reported ABET of more than double

that shown in this work, and all carbons were mostly microporous. This is

likely a result of the relatively high (estimated) oxygen content, and thus

low activation resistance (see Publication III, section 4.1.2.) of the

hydrochars formed in this work (see table 4.2) as opposed to any limita-

tions on porosity development resulting from the non-combustible contam-

inants. The lowest possible estimates of O-content for hC-hydrochar and

hD-hydrochar are 37 and 35wt.% respectively,‡ compared to 25wt.% for

UCB-derived hydrochar in Publication VI.

Washing of the hydrochar does not appear to have a consistent effect on

porosity of derived KOH-activated carbons. That is, ABET and pore vol-

ume are the essentially the same for both sets of carbons activated with

‡Minimum O-content taken as the difference between ‘other’ and ash content of the
hydrochars (table 4.2). The true value is likely much higher as the ash contains the
oxides of non-combustible contaminants, thus weight reported is greater than in the
carbon itself.
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KOH at 600 and 700 °C, while porosity of hD-4800 is approximately half

that of hC-4800. On the other hand, activation at 700 and 800 °C of un-

washed hydrochar results in much lower absolute microporosity relative to

washed hydrochar. This may be a result of combustion of volatile com-

pounds dried into the unwashed hydrochar, which produces oxidising gases

such as CO and CO2 leading to uncontrolled degradation of the carbon

framework, and thus pore broadening.1,2 This pore width broadening with

increasing activation temperature is also evidenced by the PSDs of the car-

bons (see figure 4.3(b1, b2)), with significantly more of the porosity above

20 Å for samples activated at 700 and 800 °C relative to 600 °C. The pores

also become centered around higher values of w (see table 4.5) with in-

creasing activation temperature, though this trend is somewhat obscured

for samples hD-4TTT - but this may simply be an effect of reduction in

overall porosity resulting from combustion of volatiles in the activation pro-

cess. Pore size hierarchy does not appear to be significantly affected by the

presence (or lack of) a hydrochar washing step.

4.2 CO2 uptake

While the ultra-high surface areas of carbons reported in Publication VI

made them excellent candidates for H2 storage, this is not the case for

UCB-derived KOH-activated carbons prepared in this work. The lower

surface area and more hierarchical pore structure of these carbons (table

4.5) make them much better candidates for CO2 capture. As such, room

temperature molar CO2 uptake was measured up to 40 bar, and results

thereof are tabulated in table 4.6 and shown in full in figure 4.4.

At 20 bar, the highest surface area samples - hD-4700, hC-4700 and hC-
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4.2. CO2 UPTAKE

Table 4.6: CO2 uptakes (measured at 25 °C) at 1 and 20 bar for samples
hC-4TTT and hD-4TTT.

Sample CO2 uptake / mmol g−1

1 bar 20 bar

hC-4600 2.6 9.8
hD-4600 1.5 6.1

hC-4700 2.3 12.1
hD-4700 2.3 14.1

hC-4800 2.7 12.6
hD-4800 1.5 9.7

Figure 4.4: CO2 uptake isotherms measured at 25 °C for samples hC-4TTT
and hD-4TTT.

4800 - perform the best as a result of maximisation of available adsorption

sites for attractive London forces between CO2 and the material surface.

The more mesoporous hD-4700 (see table 4.5) has a 17% greater CO2

uptake than the more microporous hC-4700 at 20 bar. This is likely be-
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cause mesopores fill at higher pressure than micropores. Conversely, if we

compare hC-4600 and hD-4600 the origin of the discrepancy in their CO2

uptake is unclear at both 1 and 20 bar, as their porosity is essentially iden-

tical. The only major distinction is compositional; hD-4600 has a far higher

ash content (see table 4.2). Perhaps some contaminant prevents ingress of

CO2 into hD-4600’s pores. Optimum low pressure CO2 uptake is achieved

by two samples with quite different porosity; hC-4600 and hC-4800. The

high degree of microporosity (ABET = 1023m2 g−1, Vt = 0.64 cm3 g−1) in

hC-4600 counteracts the greater overall porosity of hC-4800, whose pore

volume is 56% greater than hC-4600.

The CO2 uptakes of the two samples synthesised at 600 °C approach a

plateau at pressures in excess of 10 bar. This behaviour is likely a result

of the fairly narrow PSDs of these carbons. On the other hand, the slope

of isotherms for the other four samples does not decrease to the same

extent as they have a greater degree of hierarchy in their PSDs. Thus the

samples synthesised at 700 and 800 °C are more suitable for applications

such as PSA.2 The activation temperature-porosity-gas uptake capacity

relationship is similar to that for carbons synthesised in Publication V

and Publication VI, in that optimum porosity for CO2 uptake is achieved

at a lower than expected activation temperature of 700 °C. In general in

a series of turbostratic carbons derived through the activation of biomass,

the optimum gas uptake is achieved for samples activated at ∼800 °C.15

4.3 Conclusion

The KOH-mediated pyrolysis of whole UCBs does not yield carbons with

ultrahigh porosity as shown in Publication VI. This appears to be due
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to compositional differences, i.e. that the wrapping paper is not as readily

activated as the CA present in the filters themselves. As a result, KOH-

activated materials do not show promise as H2 storage media, but instead

their medium ABET (approaching 2000m2 g−1) and hierarchical PSDs make

them useful for ambient temperature CO2 capture; CO2 uptakes of 2.7 and

14.1mmol g−1 were achieved at 1 and 20 bar respectively.

Of further interest is the function of the two washing steps, i.e. after hy-

drothermal carbonisation and after pyrolysis. It appears that removal of

non-combustible contaminants is inconsistent, although washing the hy-

drochar does remove volatile organic matter, which may slightly increase

the concentration of C in derived turbostratic carbons. On the other hand,

washing of the carbons pyrolysed in the absence of KOH has inconsistent

effects on porosity, and indeed on the concentration of non-combustible

matter in the samples with ash contents of up to 20wt.% even in washed

carbons. In addition the porosity of these samples is lower than is found

for carbon derived from the sequential hydrothermal carbonisation and py-

rolysis of pure CA, suggesting some interference of the stubborn metal

contaminants with pore accessibility.

The difficulty in the removal of non-combustible contaminants led the au-

thor to investigate their nature. It was found through a combination of

ICP-OES, XPS, and electron microscopy that Al, Fe, K, Mg, Na, Ti, and

Ca are present in whole UCBs and unwashed hydrochar. In addition, nan-

oclusters of Au and Cr were also identified in an unwashed turbostratic

carbon.
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Chapter 5

Turbostratic carbons II:

Impregnation methods

What follows is the results of the synthesis of turbostratic carbons via

impregnation techniques. The synthesis is described in section 3.1, and the

rationale for the impregnation techniques is described in subsection 1.1.2.

Details of analytical techniques used herein can be found in sections 3.2-3.3.
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Abstract

In recent years, various researchers have investigated alternative methods of

introduction of oxidative chemical porogen to precursor in the synthesis of

activated carbons. These differ from the standard physical mixing method

in that they attempt to increase the homogeneity of the precursor-porogen

mixture while simultaneously decreasing distances between porogen and

precursor atoms. These techniques include solution impregnation and the

carbonisation of organic salts. Such techniques are collectively termed as

impregnation techniques for the purposes of this chapter, and have been

shown to yield more precise control over pore size, geometry, and pore

network connectivity as well as showing promise in facilitation development

of improved microporosity.

What is lacking in these studies is insight into the effect of the relative

quantity of impregnated porogen as well as activation temperature on the

pore structure and elemental composition of the derived porous carbons.

Thus, this chapter reports the investigation of these variables by two means,

(i) hydrothermal impregnation of KOH into sawdust (SD) followed by py-

rolysis, and (ii) carbonisation of sodium carboxymethyl cellulose (NC) at

varying degrees of substitution. It was found that in the case of the SD-

derived materials, C content is drastically improved by this technique rel-

ative to more ‘traditional’ methods. In addition at a KOH:SD ratio of

2.00, a carbon with unusually low bulk density (∼0.031 g cm−3), and high

mesoporosity (73% by surface area) is produced. As for NC-derived car-

bons, in many cases a two-phase highly oxygen-rich product was produced.

These properties appear to be a function of both the amount of Na in the

precursor, as well as activation temperature. Network connectivity and/or

pore geometry in the carbons also appears to be a result of these two vari-
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ables. This work provides scope for investigation of the pore formation

mechanisms of these highly unusual carbons.
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5.1. HYDROTHERMAL SAWDUST KOH-IMPREGNATION

5.1 Hydrothermal Sawdust KOH-impregnation

Eleven SHx.xx-HHH samples were produced from the sawdust precursor.

In the case of x.xx >0.00, removal of K salts via washing resulted in the sole

product being small amounts of flakey carbonaceous matter that was dif-

ficult to isolate as an intermediate. As a result, compositional and porosi-

metric analysis was difficult to achieve. Furthermore, extensive washing

appears to remove extremely fine particles which may have some func-

tion in the subsequent pyrolysis step. The three hydrochars, SH0.00-HHH

were much easier to isolate and analyse. The eleven turbostratic carbons

(SAx.xx-HHH ) were the typical black powders, however SA2.00-250 was

very diffuse and clearly has a much lower density relative to the other

samples and indeed to that of typical activated/turbostratic carbons.

5.1.1 Composition

CHN elemental microanalysis was used to determine the composition of

sawdust precursor and derived carbons; results are show in table 5.1. TGA

shows that all samples are fully carbonaceous, i.e. there are no residual K

compounds present after washing - see appendix, figure B.6. Thus, in the

CHN analysis, the remainder of the sum of C, H and N gravimetric con-

centrations is assumed to be made up by O in table 5.1. In addition, for

all carbons there is a single burn-off event at 600 °C, as reported previously

both for carbons prepared directly from sawdust or from sawdust-derived

hydrochar.1 Therefore, the thermal stability of carbons derived from saw-

dust does not seem to be significantly affected by the quantity (or even

presence) of KOH as a porogen, the method of preparing the precursor, or

the method of introducing KOH to the precursor.
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5.1. HYDROTHERMAL SAWDUST KOH-IMPREGNATION

Table 5.1: Composition of SAx.xx-TTT carbons according to elemental
microanalysis. O content is the remaining wt.% after consideration of the
C, H, and N.

Sample Concentration / wt.% Atomic ratio
C H N O O/C H/C

SD 45 6 1 48 0.80 1.62

SA0.00-200 87 1.4 1.7 11 0.09 0.19
SA0.50-200 88 0.44 0.03 12 0.10 0.06
SA1.00-200 90 0.15 0.94 8.8 0.07 0.02

SA0.00-250 85 0.94 0.33 14 0.12 0.13
SA0.25-250 87 0.04 0.05 13 0.12 0.13
SA0.50-250 93 0.00 0.52 6.2 0.05 -
SA1.00-250 90 0.00 0.00 9.6 0.08 -
SA2.00-250 93 0.00 0.00 7.5 0.06 -

SA0.00-300 86 0.89 0.55 12 0.11 0.12
SA0.50-300 91 0.09 0.15 8.6 0.07 0.01
SA1.00-300 92 0.14 0.00 7.4 0.06 0.02

The elemental composition of the sawdust is similar to that previously

reported by the Mokaya group.1,2 Carbons derived from the slurries formed

via hydrothermal carbonisation at 250 and 300 °C without the use of KOH

have slightly lower C contents than their KOH-activated counterparts, and

retained some H and N. On the other hand, KOH-activated samples with

KOH:SD mass ratio >0.25 are at least 90% carbon with the heteroatoms -

excluding O - almost completely removed. On the other hand, SA0.00-200

has a very similar O/C atomic ratio to SA0.50-200. This indicates that

at some hydrothermal carbonisation temperature between 200 and 250 °C,

KOH facilitates the breakdown of O-rich moieties in the sawdust, resulting

in their removal during the activation step. Further, the addition of KOH

only significantly facilitates this degradation once KOH:C mass ratio is

greater than 0.25. The O/C atomic ratios of the SAx.xx -250 (x.xx > 0.00)

carbons are lower than those of previously reported carbons derived by

the sequential hydrothermal carbonisation at 250 °C and activation with
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5.1. HYDROTHERMAL SAWDUST KOH-IMPREGNATION

KOH at 800 °C. In their report, Balahmar and Mokaya find that the the

lowest O/C (0.12) was achieved at a KOH:hydrochar mass ratio of 4.1 Thus,

the inclusion of KOH in the hydrothermal carbonisation step provides for

a route to a more carbon-rich material, without necessitating the use of

higher quantities of KOH.

5.1.2 Porosity

It was initially attempted to produce porous carbons via hydrothermal car-

bonisation with a KOH solution, i.e. without pyrolysis. Unsurprisingly this

proved ineffective as activation typically requires temperatures in excess of

400 °C.3,4 ABET of these samples (i.e. SHx.xx-HHH ) was not in excess

of 10m2 g−1. As for the pyrolised samples, porosity was reasonable, with

ABET of least 300m2 g−1 for samples synthesised without KOH, and above

990m2 g−1 for the KOH-activated samples. Full textural characteristics are

shown in table 5.2, as well as the isotherms from which they are derived

and PSDs in figure 5.1.∗

In the case of SA0.00-HHH samples, overall surface area and pore vol-

ume (456m2 g−1 and 0.18 cm3 g−1) was maximised where the hydrothermal

carbonisation temperature was 250 °C. Increasing hydrothermal carbonisa-

tion temperature generally reduces C content in the resultant hydrochar,5–7

however temperatures above 250 °C have also been shown to result in the

break down of the poylmerised product into volatile organic moieties.8–10

As such, the apparent optimisation of porosity found by preparation with

hydrothermal carbonisation at 250 °C is likely a result of both of these fac-

tors affecting the activation resistance4,11 and thus ultimately the porosity

of the resultant activated carbon.
∗Individual PSDs and the kernel fits they are derived from can be found in the

appendix, figures C.5-C.7.
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Table 5.2: Porosity of SAx.xx-TTT carbons. ABET derived using the Rou-
querol method, the total pore volume, Vt is taken using the single point
method. Values in brackets indicate the microporous portion of ABET and
Vt, calculated using t-plot. Peak pore width, wpeak is the maximum of the
PSD determined using NLDFT, as shown in figure 5.1.

Sample ABET / m2 g−1 Vt / cm3 g−1 wpeak / Å

SA0.00-200 339 (311, 92%) 0.14 (0.12, 85%) 8
SA0.50-200 1174 (1092, 93%) 0.47 (0.42, 89%) 7
SA1.00-200 1524 (1398, 92%) 0.61 (0.54, 89%) 7

SA0.00-250 452 (418, 92%) 0.18 (0.16, 89%) 6
SA0.25-250 994 (922, 93%) 0.39 (0.35, 90%) 6
SA0.50-250 1319 (1242, 94%) 0.51 (0.47, 92%) 6
SA1.00-250 1341 (1238, 92%) 0.53 (0.48, 91%) 6
SA2.00-250 2396 (644, 27%) 0.84 (0.27, 32%) 8

SA0.00-300 323 (294, 91%) 0.13 (0.11, 85%) 9
SA0.50-300 1084 (989, 91%) 0.44 (0.38, 86%) 6
SA1.00-300 1295 (1140, 88%) 0.54 (0.44, 82%) 6

As for the KOH-activated samples, in general increasing KOH:SD ratio

is associated with increases in overall porosity, with SA2.00-250 achieving

the highest surface area and pore volume of 2396m2 g−1 and 0.84 cm3 g−1

respectively. In general this improvement does not appear to significantly

affect microporosity which remains in the range 88-94 and 81-92% in terms

of surface area and pore volume respectively. This is, until KOH:SD ratio

is increased to 2.00, wherein development of mesoporosity reduces percent

micropore surface area to 27%. This is reflected in the N2 isotherm for this

sample (see figure 5.1(a2)) which displays a large adsorption knee, unlike

the very pure type I isotherms12 of the remaining samples.

The additional KOH:SD ratio of 0.25 and 2.00 were included at hydrother-

mal carbonisation temperature of 250 °C due to the relative similarity of

isotherms and resultant porosities where KOH:SD ratio is 0.50 or 1.00. In

all cases, percent microporosity remains approximately the same, and the

pore size is identical at these two ratios (see table 5.2). There are of course
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5.1. HYDROTHERMAL SAWDUST KOH-IMPREGNATION

Figure 5.1: Isotherms (column a) and resultant PSDs (column b) for SA
samples hydrothermally carbonised at 200, 250 and 300 °C (rows 1, 2 and
3 respectively).

small improvements in overall porosity (most pronounced according to pore

volume), when the ratio is increased from 0.50 to 1.00, but not to the ex-

tent that might be expected for a doubling of the amount of porogen in the

reaction mixture. This is most evident when examining differential PSDs

(see figure 5.1(b1-3)) where for all SAx.xx-HHH samples with x.xx between

0.25 and 1.00 the profile is essentially the same, with porosity centered at

6-8Å, and having minor shifts in position and/or size of the maximum

which may simply be attributable to fitting of the kernel to the at times
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poorly equilibrated isotherm (see appendix, figures C.5-C.7). Similarly, for

samples wherein x.xx is 0.00, the PSD is much broader with low porosity

at any given value of w, but all porosity remains in the micropore region.

Conversely, SA2.00-250 displays a clear hierarchical PSD with significant

porosity in both the micropore and small mesopore range.

In their 2017 work Balahmar et al. report carbons which were synthesised

by activation with KOH at 800 °C either of untreated sawdust or sawdust-

derived hydrochar synthesised at 250 °C.1 Figure 5.2 compares these results.

ABET is compared in terms of both KOH:precursor mass ratio, and atomic

K:C ratio; the latter according to the elemental composition of the precur-

sor (sawdust or hydrochar). The three methods, i.e. direct activation of

sawdust, activation of hydrochar, and hydrothermal impregnation of KOH

into sawdust do not seem to show any significant difference in terms of the

overall ABET of the final product. Indeed, there is a clear strong linear

correlation between amount of KOH used and ABET ; r2 = 0.90, regardless

of whether mass of KOH or amount of K is considered. The slopes of the

linear regressions on figure 5.2(a1, a2) are 523 and 386m2 g−1, respectively.

Thus, increases in ABET with increasing amount of KOH can be precisely

predicted. Furthermore, the temperature used in the hydrothermal im-

pregnation step (this work) does not significantly effect ABET of the final

product. However, the microporosity of the product is significantly effected

by synthetic method. At a KOH:precursor mass ratio of 2.00, microporos-

ity is maximised by direct activation of sawdust at 84%, which decreases

to 63% for activation of sawdust-derived hydrochar, and finally to 27% for

the hydrothermal impregnation method. These results are also reflected by

the very broad, principally mesoporous PSD of SA2.00-250 relative to the

comparable samples reported in the paper by Balahmar and co-workers.1
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Figure 5.2: Relationship between amount of
KOH used in activation of sawdust and poros-
ity. Samples reported by Balahmar et al.
included to show effect of different methods
of preparation.1 Amount of KOH shown as
KOH:precursor mass ratio (column 1), and as
K:C atomic ratio (column 2). Porosity shown
in terms of total ABET (row a) and micropore
surface area calculated using t-plot (row b).
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Density As mentioned in section 5.1, sample SA2.00-250 was noticeably

more diffuse than the other samples. In lieu of access to appropriate pycno-

metric equipment, bulk density (ρb) of samples found here was estimated

by using ambient temperature He freespace measurements used to cali-

brate the measurement of N2 isotherms. The sample volume was taken

as the difference between this freespace and the ambient freespace of the

empty tube, thus calculation of the ρb was trivial as sample mass is already

known. These estimated bulk densities are shown in figure 5.3. Densities

of these carbons are at the low end of that reported for KOH-activated car-

bons,11,13,14 however similar values have been reported by some groups.15–17

Additionally, for KOH activated samples, ρb is negatively correlated with

amount of KOH used during activation, similarly to reports by Tseng et

al..15 The extremely low bulk density (0.031 g cm−3) of SA2.00-250 may be

Figure 5.3: Effect of KOH:SD ratio on bulk density, ρb of carbons syn-
thesised using the three htc temperatures. ρb estimated from freespace
measurements.
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ascribed to an effect described by Deng and co-workers in 2015, i.e. that

high production of gases by the activating agent results in bulk densities as

low as 0.043 g cm−3 and hierarchical PSDs.18 While the gas production in

the work by Deng et al. is thought to be a result of decomposition of the

KHCO3 porogen, in this study reactions of excess aqueous KOH with the

precursor during the hydrothermal impregnation step may form porogens

that have a similar capacity to release gases such as CO2. This does not

however serve to explain the low densities of the remaining samples which

are almost exclusively microporous.
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5.2 Sodium Carboxymethyl Cellulose

Twelve carbon samples were produced from sodium carboxymethyl cellu-

lose with varying DS. On removal from the furnace, samples derived from

precursors containing Na glowed red due to exposure of small amounts of

elemental Na to air, thus indicating this species is a product of the activa-

tion process. While there is some debate as to whether elemental metals

form during activation with KOH or NaOH,3,4,19–21 it is clear that it oc-

curs here. In addition, these samples took the form of a single, hard mass

whereas activated carbons are typically powders. On washing with HCl,

the samples broke up into a fine powder. This indicates that residual Na

compounds or other by-products of activation may be holding particles

together in some way.

5.2.1 Composition

TGA (shown in figure 5.4) of the twelve samples confirms that the wash-

ing process removed any residual Na compounds, i.e. the samples are all

fully carbonaceous. In order to simplify direct comparisons between the

combustion behaviour of the samples, the initial mass loss (moisture loss)

at 100 °C is ignored, and initial mass is taken to be that of the dry sample.

In addition, the residual mass has been adjusted to 0wt.% for all samples

to improve plot readability.† For some of the turbostratic carbons there

is a large loss of mass at between 400 and 500 °C, before the remainder

of the sample is burned off. This is followed by a second burn-off event

between 800 and 900 °C. In the case of samples with only a single burn-off

temperature, this occurs at between 500 and 650 °C. The dual burn-offs

appear to be associated with the presence of Na in the precursor, as all
†Unadjusted TGA curves can be found in the appendix, figure C.8.
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Figure 5.4: TGA curves for all NCx.x-TTT samples, adjusted for water
evaporation, and residual masses set to 0, where within 1wt.%. Original
(unadjusted) thermograms are provided in figure C.8.
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NC0.0-TTT samples only display a single-burn off. Furthermore, both the

amount of Na in the precursor and the activation temperature influence the

temperature and mass decrease in the first mass loss (when it is present).

For example, for NCx.x -600 samples, the mass loss associated with the ini-

tial burn-off decreases with increasing DS, while the temperature of this

process increases. The trend for NCx.x -700 is more convoluted, and for

NCx.x -800 samples only NC0.7-800 displays the dual burn-off behaviour.

Nonetheless, it appears that the oxidative porogen (here in the form of Na

and/or CH2COONa and/or other various derivatives) produces two phases

in the resultant carbons to varying extents depending on the activation

temperature and Na:C ratio.

Results of CHN elemental microanalysis are shown in table 5.3, alongside

calculated concentrations of C, H, O, and Na in each of the four precur-

sors. While there are variations in C, H and O content between the four

precursors, the most significant change is with respect to the Na:C ratio.

The effect of precursor Na:C ratio on product O:C ratio is shown in figure

5.5. Typically, increased oxidative porogen concentration results in higher

relative O contents in the derived porous carbon, commonly believed to

be due to increased destruction of the C framework.22–24 What is interest-

ing in the case of these sodium carboxymethyl cellulose-derived carbons is

that there is a consistent minimum in atomic O:C ratio for carbons derived

from precursors with a Na:C of 0.12, i.e. a DS of 0.9, regardless of acti-

vation temperature. The effect of quantity of porogen on the mechanism

of oxidative chemical activation is not typically investigated for such low

porogen:C ratios, so there is little to base a mechanistic hypothesis on for

this case. However, it is possible that there is a balance being struck be-

tween formation of cross-links and activation with the Na+ cation (or its

derivatives). Cross-link formation, if it occurs ought to result in the loss of
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Table 5.3: Composition of sodium carboxymethyl cellulose at all values of
DS, and of NCx.x-TTT carbons according to CHN elemental microanalysis.
For NCx.x-TTT carbons, O content is taken as remainder of the sum of
C and H contents as samples are clean according to TGA. N content not
shown as it is zero for all samples.

Sample Concentration / wt.% Atomic ratio
C H O Na O/C H/C Na/C

NC0.0 44 6.2 49 0 0.83 0.14 -
NC0.0-600 87 1.9 11 0 0.10 0.26 -
NC0.0-700 91 0.97 8.5 0 0.07 0.13 -
NC0.0-800 92 0.46 7.4 0 0.06 0.06 -

NC0.7 41 5.2 47 7.4 0.87 0.13 0.09
NC0.7-600 76 2.8 21 0 0.21 0.43 -
NC0.7-700 65 0.38 35 0 0.40 0.07 -
NC0.7-800 85 0.37 15 0 0.13 0.05 -

NC0.9 40 5.1 46 8.8 0.88 0.13 0.12
NC0.9-600 83 0.26 17 0 0.16 0.04 -
NC0.9-700 75 0.36 25 0 0.25 0.06 -
NC0.9-800 90 0.3 9.5 0 0.08 0.03 -

NC1.2 39 4.8 46 11 0.89 0.12 0.14
NC1.2-600 66 0.89 33 0 0.38 0.16 -
NC1.2-700 64 0.61 36 0 0.42 0.11 -
NC1.2-800 76 0.06 24 0 0.24 0.01 -

Figure 5.5: The effect of precursor Na:C ratio on the O:C ratio in the
product at each of the three pyrolysis temperatures, T .
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O due to the condensation of the two carboxylate groups to form the any-

hdride linkage. Thus the drop in the O concentration at a DS of 0.9 may

indicate the dominance of the (O-removing) cross-linking process over the

(O-increasing) oxidative action of the porogen. Similarly, the high O con-

tent of samples synthesised at 700 °C relative to the other two temperatures

may be a function of the two competitive mechanisms. That is, pyrolysis

at 700 °C is optimal for cross-link formation. It should be noted however,

that cross-linkages between sodium carboxymethyl cellulose chains have

thus far only been shown to form as a result of low temperature, solution

phase reactions with the use of reagents to promote their formation.25–27

5.2.2 Porosity

The samples in this work were not expected to have a high degree of poros-

ity, and thus not expected to be particularly suitable candidates for gas

sorption applications. Classical measures of porosity of the twelve carbons

are displayed in table 5.4, and the N2 isotherms from which these quanti-

ties are derived as well as the resultant PSDs are shown in figure 5.6. Full

details of PSDs and fitting to NLDFT kernels are shown in the appendix,

figures C.9-C.11.‡ Most samples are highly microporous according to t-plot

calculations, having 87-91 % and 75-90 % micropore surface area and pore

volume respectively. The notable exceptions to this are NC0.7-600 wherein

ABET and Vt are so low that t-plot calculations are rendered extremely

imprecise, as well as NC1.2-600 and NC1.2-800. The slightly lower microp-

orosity of the latter two samples may be attributed to increased mesopore

development due to higher quantities of porogen.

There are some clear trends with respect to overall porosity and both
‡Due to poor equilibration, these PSDs cannot be considered to be accurate, this is

discussed in more depth in chapter 6 and Publication I.
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Table 5.4: Porosity of NCx.x-TTT carbons. ABET derived using the Rou-
querol method. The total pore volume, Vt is taken using the single point
method. Values in brackets indicate the microporous portion of ABET and
Vt, calculated using t-plot. Peak pore width wpeak is the maximum of the
PSD determined using NLDFT, as shown in figure 5.6.

Sample ABET / m2 g−1 Vt / cm3 g−1 wpeak / Å

NC0.0-600 587 (530, 90%) 0.24 (0.21, 88%) 6
NC0.7-600 21 (13, 62%) 0.01 (-) 7
NC0.9-600 577 (505, 88%) 0.25 (0.19, 76%) 6
NC1.2-600 238 (213, 89%) 0.10 (0.08, 80%) 6

NC0.0-700 531 (485, 91%) 0.21 (0.19, 90%) 6
NC0.7-700 162 (151, 93%) 0.07 (0.06, 85%) 7
NC0.9-700 364 (325, 89%) 0.16 (0.13, 81%) 7
NC1.2-700 190 (169, 89%) 0.08 (0.06, 75%) 5

NC0.0-800 403 (356, 88%) 0.17 (0.13, 76%) 6
NC0.7-800 491 (427, 87%) 0.21 (0.16, 76%) 6
NC0.9-800 650 (570, 87%) 0.28 (0.22, 79%) 6
NC1.2-800 476 (382, 80%) 0.21 (0.15, 71%) 5

quantities of activating agent and activation temperature. The porosity

of NC0.0-TTT samples decreases with increasing activation temperature,

while maintaining fairly constant microporosity ((90 ± 2)%, by surface

area), and average pore size of 6Å. This indicates that for biochars, in-

creasing activation temperature only serves to destroy porosity created at

lower temperatures, while not broadening the PSD significantly. It has

been previously observed that biochar porosity is optimised with pyroly-

sis temperature of around 600 °C,28–30 although values for ABET and Vt in

these reports are around an order of magnitude less than shown by carbons

reported herein from cellulose. Indeed, Zhang et al. reported ABET and Vt

of only 4.1m2 g−1 and 0.02 cm3 g−1 respectively for a carbon derived from

the pyrolysis of cellulose at 800 °C,31 compared to the ABET of 403m2 g−1

for NC0.0-800. The samples reported here are more comparable in terms

of porosity to that of the biochar reported in chapter 4 derived from pure

cellulose acetate (see table C.1). This much higher surface area may simply
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5.2. SODIUM CARBOXYMETHYL CELLULOSE

Figure 5.6: Isotherms (column a) and resultant PSDs (column b) for NC
samples activated at 600 (row 1), 700 (row 2), and 800 (row 3) °C.

be a result of washing of the biochars, which removes some soluble matter

that contributed to pore blocking but may also be indicative of the low ac-

tivation resistance of purely cellulosic materials relative to the traditionally

carbonised ligno-cellulosic biomass.2,32–34

Carbons derived from sodium carboxymethyl cellulose with a DS between

0.7 and 1.2 consistently showed highest porosity at DS of 0.9. While there

is typically some optimum porogen:C ratio for activation with NaOH or

KOH, it is usually much higher than the extremely low value reported
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here.1,3,35–37 A DS of 0.9 corresponds to an atomic Na:C ratio of just 0.12,

while Balahmar et al. reported that directly activated carbons from saw-

dust showed much higher ABET (1202m2 g−1) at a K:C atomic ratio of

0.19, which more than doubled when the amount of porogen was doubled.1

Similarly, Tseng found that ABET of corn cob char-derived carbons was

maximised at 2500m2 g−1 using a Na:C atomic ratio of 0.83. Indeed Vt

continued to increase as Na:C was increased to 1.3.35§ On the other hand,

Roberts et al. reported surface areas up to 1051m2 g−1, for carbons de-

rived from the pyrolysis of freeze-dried sodium poly(4-styrenesulfonate),

which has an Na:C ratio of 0.13, similar to the sodium carboxymethyl cel-

lulose reported here.38 Indeed, others have corrobrated that polymeric salts

with a similar amount of metal cation can produce carbons with similar

surface areas.39–41 These relatively high values for ABET at relatively low

porogen:C ratios can be attributed to the development of porosity prior

to oxidative chemical activation by the formation of cross-linkages between

polymer chains.

Hysteresis Similarly to reported N2 isotherms on carbons derived from

other polymeric salts,38–41 carbons produced in this work from sodium car-

boxymethyl cellulose show type I(a) character, with some degree of type II

character and hysteresis (see figure 5.6 (a1, a2, a3)). These hystereses ap-

pear to be permanent, as they are reproduced when the equilibration time

is increased up to 45 s for the desorption branch, as shown in the appendix,

figure C.12. According to the IUPAC technical report on phyisorption and

porosimetry, this hysteresis character is a result of network effects wherein

wider pores only have access to the surface via a much smaller pore en-

trance. During desorption this results in the larger pores remaining full

until the narrow pore entrances are emptied at a much lower pressure.12

§Atomic ratios not provided by original reports, determined by the author.
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In their reports on polymeric salt-derived carbons, Hines et al. and Yadav

et al. ascribe this behaviour to a mixed micro-/mesoporous structure.39,41

The mesoporosity of the samples reported here is generally lower than those

from polymeric sodium salts,38,39 perhaps on account of the lower activa-

tion temperatures used in this work. Indeed, hysteresis is most prominent

for samples activated at 800 °C, and with the largest hyseresis occurring

for samples derived from sodium carboxymethyl cellulose at a DS of 0.9.

This indicates that these network effects are dependent upon the harsh-

ness of the activation conditions. In particular, the reduction in the size of

the hysteresis loop between samples NC0.9-800 and NC1.2-800 (figure 5.6

(a3)) indicates that at a certain Na:C ratio, pore entrances are broadened

by the action of the excess porogen. The nature of the pore geometry and

network connectivity may be investigated further by the use of a larger

sorptive such as SF6, as previously reported by Jagiello and others.42–44

The anomalously smaller hysteresis of all samples activated at 700 °C re-

quires further investigation, but may be connected to the high O content

of these samples as discussed in section 5.2.1.

5.3 Conclusion

This chapter has explored two alternative novel routes to the synthesis

of turbostratic carbons, wherein it was attempted to increase porogen-

precursor contact, and improve the homogeneity of the distribution of the

porogen. In addition, the effect of small changes to the porogen:precursor

ratio was also studied, as well as activation or hydrothermal carbonisa-

tion temperature. It was found that these techniques yield carbons which

show unusual trends in porosity and elemental composition with respect to

turbostratic carbons derived through more traditional techniques.

101



5.3. CONCLUSION

In the case of carbons derived via the hydrothermal impregnation of KOH

into sawdust, the extremely carbon-rich products were almost exclusively

microporous. However, at a sufficiently high KOH:SD mass ratio (2.00), a

carbon with extremely low density and unusually high mesoporosity (27%)

is produced. This is in contrast to sawudst-derived carbons derived through

conventional activation methods. Such a product may be useful for elec-

trochemical applications such as ion-transport.

On the other hand, the samples derived from the activation of sodium

carboxymethyl cellulose give insight not only into the competitive pore-

formation effects of polymeric cross-linking and oxidative chemical acti-

vation, but also show the fine control over porosity that is possible with

the use of small, accurately quantified amounts of porogen. The overall

porosity of carbons in this set peaks at extremely low porogen:C atomic

ratios (1.2), however what is more interesting is the indication of vari-

ations in pore network connectivity and/or pore geometry as shown by

the synthetic condition-dependent appearance of hysteresis shown by N2

isothermal porosimetry. This apparent trend in porosity is mirrored by

apparent changes in the composition of the carbons, indicating that it may

be a function of the two competitive phenomena facilitating porogenesis

from this precursor.

While the findings in this chapter give scope for a multitude of routes of

further investigation, it is clear that as for the carbons in chapter 4, N2 is

insufficient as a probe molecule for accurately and thoroughly determining

the porosity of these samples. In particular it appears that carbons in

this work possess a high degree of ultramicroporosity, however the poor

equilibration of the isotherms at low relative pressures means that precise

PSDs are impossible to determine. This has lead to the author exploring

alternative techniques to attempt to understand the complex relationship
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Improved porosimetric

techniques for highly

ultramicroporous carbons

107



Abstract

It has been shown both in recent literature, and according to the work

in chapters 4 and 5 that porosimetry based on N2 isotherms at −196 °C

is insufficient for the precise analysis of porosity in ultramicroporous car-

bons. This is a result of both N2’s high quadrupole moment as well as

its poor diffusion into ultramicropores. The investigation of alternative

adsorbates for these materials, in particular H2 and O2 has shown some

promise in this regard, and the development of the dual isotherm fitting

method allows for a unified PSD to be determined with this method. As

such this chapter investigates the relative utility of the simultaneous fitting

of O2/H2 isotherms to Non-Local Density Functional Theory (NLDFT)

kernels in determining porosity of carbons found in this work, as compared

to dual isotherm N2/H2 as well as to single isotherm NLDFT porosimetry

and classical methods such as BET.

It was found that the O2/H2 method provides an extremely high level of de-

tail in the differences in porosity of carbons activated with differing amounts

of porogen. That is, not only can overall changes in porosity be observed,

but more significantly very small changes in pore width are observable with

this technique. The latter cannot be achieved using dual isotherm N2/H2

fitting, or indeed by any other means investigated in this work. As a re-

sult, O2/H2 analysis provides hints at pore formation mechanisms in these

types of porous carbons that are not evident according to N2/H2 analysis.

Furthermore, it is apparent that the use of the H2 isotherm provides knowl-

edge of porosity in the small ultramicropore region which is inaccessible to

either of the larger probes, O2 or N2. Finally, the NLDFT methodology

used in this work provides quite different understanding of the variation

of apparent surface area with synthetic conditions as compared to the tra-
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ditional BET method, which is likely a result of the greater suitability of

the NLDFT kernel to the analysis of ultramicroporous turbostratic carbons

examined herein.
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6.1. EXPERIMENTAL BACKGROUND

6.1 Experimental background

In chapters 4 and 5, it became clear that derivation of PSDs and related

porosimetric values from the typical N2 (−196 °C) isotherm was not suffi-

ciently accurate. In particular, for carbons with a low degree of activation

isotherm measurement became impractical due to extremely long equilibra-

tion times - see figure 6.1. In many cases this resulted in limited isotherms

that do not include points at ultra-low pressures (P/P0 < 10−4) (exam-

ples of such isotherms are shown in figures C.2, C.9-C.11). PSDs from

these incomplete and/or poorly equilibrated isotherms indicate a high de-

gree of porosity in the ultramicropore region, however ultramicropores fill

at ultra-low pressures. Thus, as noted in previous chapters there can be

very minimal confidence in the results derived from this technique. This

Figure 6.1: An example of the egregiously long equilibration times for
individual points, t and cumulative analysis time, tcum in the measurement
of an N2 isotherm at −196 °C on sample hD-0700. The isotherm only
reached a P/P0 of 10−3 before being cancelled by the instrument.
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issue has been reported as early as 1982.1 A solution in the literature to

this problem has been to employ CO2 isotherms at 0 °C in order to probe

ultramicropores and small supermicropores.2–5 The porosity up to some

upper-limit (usually taken as somewhere around 10Å) can then be calcu-

lated.6,7 PSDs have also been calculated from these isotherms,2 and indeed

Jagiello and co-workers have developed techniques to fit NLDFT kernels

simultaneously to CO2 and N2 isotherms.3,8 However, in the case of tur-

bostratic carbons, the effect of the quadrupole moment of both CO2 and

N2 on the accuracy of the resultant PSD means that the much less polar

H2 and O2 are now becoming common replacements to elucidate the full

porosity of such materials.9–11 Furthermore, O2 and H2 isotherms can be

measured at −196 °C, unlike CO2 which is solid at this temperature - thus

eliminating the need to change temperature control apparatus. Therefore,

this chapter investigates the relative utility of both N2/H2 and O2/H2 pairs

in determining PSDs of the ultramicroporous carbons produced in chapters

4 and 5.

6.2 Exploring alternative porosimetric adsor-

bates

Section 6.1 laid out the need to explore alternative porosimetric techniques

for analysis of the ultramicroporous carbons produced in previous chapters.

While a comprehensive comparison of dual fitting to N2/H2 and O2/H2

isotherm pairs is detailed in Publication I (contained in this chapter),

what follows here are the results of some initial analytical experiments

using N2 and O2, and combined O2/H2 isotherms.

While the purpose of this chapter is to use more advanced, NLDFT tech-
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niques in the determination of porosity from physisorption isotherms, com-

paring the classical measures of surface area and pore volume yielded by N2

and O2 isotherms at −196 °C also gives some interesting insights. Results

of these analyses are displayed in table 6.1. The important distinctions

between these adsorbates are their molecular cross-sectional areas (σ), ki-

netic diameters (dk) and quadrupole moments (µ). As stated before, O2

is significantly less polar than N2, these adsorbates having µ of 0.155 and

0.697 respectively.12–14 In terms of dk they are similar, and σO2 is only

slightly smaller than σN2 at 0.143 and 0.162 nm2 respectively. However, it

should be noted that there is no definitive, exact value for these σ values as

they vary according to the surface the molecule is being adsorbed onto.15–17

This variability is much more significant in the case of N2 due to its greater

polarity - indeed σN2 can vary for individual molecules of N2 on a single

adsorbent at different adsorption sites.9

Table 6.1: Comparison of classical measures of porosity derived using N2

and O2 porosimetry. ABET calculated using the Rouquerol method,18 and
Vt using the single-point approach. Values in brackets indicate the micro-
porous portion of surface area and pore volume as determined by t-plot
using a Carbon Black STSA thickness curve. The two hD-0700 samples in
table are repeat syntheses of the same sample.

Sample ABET / m2 g−1 Vt / cm3 g−1

N2 O2 N2 O2

NC0.0-800 449 (408) 595 (532) 0.17 (0.13) 0.24 (0.20)
NC0.7-800 580 (495) 645 (563) 0.21 (0.16) 0.25 (0.18)
NC0.9-800 669 (578) 876 (749) 0.28 (0.22) 0.37 (0.29)

SA1.00-200 1410 (1306) 1513 (1333) 0.61 (0.54) 0.62 (0.51)

SA0.00-250 949 (838) 596 (514) 0.18 (0.16) 0.25 (0.20)
SA0.50-250 906 (826) 1161 (1066) 0.51 (0.47) 0.40 (0.34)
SA1.00-250 1081 (971) 1266 (1138) 0.54 (0.48) 0.45 (0.37)

hD-0700(1) 278 (242) 428 (355) 0.18 (0.11) 0.16 (0.12)
hD-0700(2) 317 (265) 411 (346) 0.19 (0.12) 0.15 (0.11)
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These issues with these classical analyses notwithstanding, the values for

ABET derived from O2 porosimetry are generally higher than that from

N2. The relative percentage of surface area taken up by micropores is

however consistent from both techniques, being between 83 and 92% for

all samples. On the other hand, Vt does not show any consistency in the

way it varies between the two techniques. It is likely that simply due to

the large uncertainties in determination of pore volume via the single-point

method, any pattern is obscured. The increases in ABET found when using

O2 at −196 °C as a molecular probe may indicate the ability of O2 to diffuse

into pores inaccessible to N2. It is also interesting to note that ABET is far

more consistent for the two repeats of hD-0700 when determined using O2

rather than N2, perhaps giving further indication of the improvements in

reliability of results attained using this alternative adsorbate. It is however

difficult to categorically assert O2’s superiority over N2 for this application

from this evidence, due to the aforementioned problems with these classical

techniques.

Initial investigations into dual isotherm analysis were for the purpose of

comparing porosity as given by fitting of the 2D-NLDFT-HS kernel to N2

isotherms to that determined by the dual fitting of the appropriate 2D-

NLDFT-HS kernels to O2 and H2 isotherms on carbon samples that appear

to have a high proportion of ultramicropores. An example of this compar-

ison is shown in figure 6.2. In general, it was found that the dual O2/H2

fit yields greater overall porosity than the single isotherm fit. Further-

more, the PSDs are consistently bimodal for the dual isotherm fit. While

micropores are typically subdivided at 7.0Å into ultramicropores and su-

permicropores (as indicated by the dotted line in figure 6.2), the minimum

between the two regions is at a consistently lower pore width than this.

For this purpose, the pore volume (VNLDFT ) and surface area (ANLDFT )

113
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Figure 6.2: An example of the different PSDs from single fit to N2 and dual
fit to O2 and H2 isotherms on sample SA0.00-250. The ultramicropore limit
is also shown; clearly the dual fit shows a separation in pore regions that
is different to the ultramicropore limit of 7.0Å.

Table 6.2: Pore volume (VNLDFT ) and surface area (ANLDFT ) of selected
samples from chapters 4 and 5 in the micropore region, divided into two
regions according to the local minimum (wlocmin). Porosities calculated
with simultaneous fit of 2D-NLDFT-HS kernels to O2 and H2 isotherms.

Sample wlocmin / Å VNLDFT / cm3 g−1 ANLDFT / m2 g−1

1 2 1 2

NC0.0-800 5.5 0.14 0.09 715 184
NC0.7-800 5.3 0.12 0.15 620 366
NC0.9-800 5.4 0.13 0.20 669 507

SA1.00-200 6.1 0.20 0.38 868 824

SA0.00-250 5.4 0.12 0.33 627 811
SA0.50-250 6.1 0.17 0.35 812 820
SA1.00-250 6.1 0.19 0.37 841 195

hD-0700(1) 5.7 0.10 0.10 464 217
hD-0700(2) 5.5 0.09 0.09 444 217
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are given in table 6.2 as subdivided into these two regions according to

the variable local minimum (wlocmin). The separate regions appear to be

a result of different probeable pore sizes of the two adsorptives; an issue

which is discussed in more depth in Publication I, section 3.3.1..

The proportion of micropores taken up by these lower width peaks (peak

1) varies, with VNLDFT ranging from 27% to 61% and ANLDFT from 44%

to 81% (see table 6.2). This variation appears to be inversely related to

degree of activation and indeed is the topic of Publication I. In the case

of the NCx.x-TTT and SAx.xx -250 samples it is clear that the propor-

tion of microporosity taken up by the initial peak falls precipitously with

porogen:precursor ratio. The consistency found between the two repeats of

hD-0700 (see table 6.1) when using O2 to determine classical measures of

porosity is also present with these dual isotherm 2D-NLDFT-HS analyses.

This lends further credence to the notion that the dual isotherm porosi-

metric method explored here may be superior to current, single isotherm

methods.

The finer detail attained in the derived PSDs from the dual O2/H2 fits

is of great interest as ultramicropores have been attributed to the low

pressure uptake of adsorbates such as CO2 and H2.19–23 What has not

yet been investigated is the comparison of dual N2/H2 fits with O2/H2.

This, therefore is investigated in Publication I. Furthermore, the work

in chapter 7 shows that the porosity as shown by these dual isotherm

techniques does have physical significance at least in terms of CO2 uptake

capacity.
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6.3. PUBLICATION I

6.3 Publication I: Confirmation of pore for-

mation mechanisms in biochars and acti-

vated carbons by dual isotherm analysis

Contribution of the author: The author performed all synthesis and

instrumental analysis of samples in the work, analysed the results and

wrote the manuscript.

Note: For this publication, the sample names are slightly different. The

variable x.xx in SAx.xx-HHH samples is truncated to x.x, i.e. SA0.5-250

in the publication is equivalent to SA0.50-250 in chapter 5. As for NCx.x-

TTT samples only samples with TTT of 800 °C are examined, thus NC0.9

is identical to NC0.9-800 in chapter 5.
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Confirmation of pore formation mechanisms in
biochars and activated carbons by dual isotherm
analysis†

L. Scott Blankenship, *a Jacek Jagiello b and Robert Mokaya a

In this study biochars and activated carbons were synthesized either directly via the pyrolysis of sodium

carboxymethyl cellulose (NC) or via hydrothermal carbonization of sawdust (SD) in an aqueous solution

of KOH. The amount of porogen was varied by modulating the degree of sodium carboxymethyl

substitution on NC or the amount of KOH mixed in solution with SD. Pore size distributions (PSDs) of

these carbons were determined from the dual fit of kernels based on the two-dimensional version of

the nonlocal density functional theory (2D-NLDFT) heterogeneous surface models to either N2 and H2

or O2 and H2 isotherms measured at �196 1C. By comparing PSDs of carbons from the same starting

material at increasing degrees of activation, we show that those derived using O2 and H2 isotherms not

only give more detail of variations in pore size but that the results also fit better with current

understandings of porosity development in carbons derived through oxidative activation. This is likely a

result of superior diffusion of O2 into ultramicropores at low pressure relative to N2.

1. Introduction

Porosimetry via the measurement of gas adsorption isotherms
has provided a great depth of insight into the nature of pore
channels in solids, particularly on disordered-like materials for
which other techniques are not suitable for pore sizing. While
N2 at �196 1C remains the dominant adsorptive used in such
experiments due to its availability, studies have concluded that
it is lacking in some properties required for good isotherm
measurement and thus accurate determination of textural
parameters.1–5 In the case of porous carbons as well as other
porous materials such as conjugated microporous polymers
(CMPs), it is well established that pores of width similar to the
size of the N2 molecule are common. This can lead to inade-
quate diffusion of N2 into such pores when it is used as an
adsorptive.5–7 Further, polar groups on the surface of many
carbons may interact with the N2 molecule’s large quadrupole
moment, which obfuscates the molecular cross-sectional area
used in the calculation of various measures of porosity.2,8,9 As
such, alternative adsorptives have enjoyed some use in recent
years, including Ar, O2, H2, CO2, CH4, CF4, and SF6 as they are

either smaller in size or have a lower quadrupole moment than
N2 – or both (see Table 1).10–15 Simultaneously the development
of advanced DFT kernels for an array of adsorptives on carbons,
in particular the 2D-NLDFT heterogeneous surface model mean
that quantities such as pore size, volume, and surface area can
now be more accurately determined than in the past. This
model accounts for surface roughness present in the graphene
sheets which make up turbostratic porous carbons by assuming
a corrugated slit pore model.15,16 The nanoporous carbon
structure based on curved graphene building blocks was
demonstrated by using atomic resolution images taken within
nanoporous carbon samples.17

Nonetheless, a single isotherm cannot typically be used to
accurately determine pore sizes across the entire micropore

Table 1 Physical properties of relevant molecules for porosimetry
measurements20–23

Species dk/Å Tb/1C m

H2 2.89 �252 0.260
CO2 3.30 �78a 2.139
CH4 3.80 �161 0.000
N2 3.64 �196 0.697
O2 3.46 �183 0.155
Ar 3.40 �186 —
CF4 4.70 �128 —
SF6 5.50 �51 —

a Sublimes. kd = kinetic diameter, Tb = boiling point, m = quadrupole
moment

a School of Chemistry, University of Nottingham, University Park, Nottingham,

NG7 2RD, UK. E-mail: leo.blankenship@nottingham.ac.uk
b Micromeritics Instrument Corporation 4356 Communications Drive, Norcross,

GA, 30093, USA

† Electronic supplementary information (ESI) available: One table, five figures,
all isotherms in human- and machine-readable.aif files. See DOI: 10.1039/
d2ma00141a
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region. For example, while H2 sorption at �196 1C can probe
pores as small as 3 Å its upper limit is B10 Å. Conversely, O2

adsorption at �196 1C is best utilized for probing pores larger
than 7 Å, although it has been shown to also penetrate pores
smaller than this limit to some degree.18 In order to take
advantage of the information gained from measuring two
isotherms, Jagiello et al. developed a method whereby appro-
priate kernels could be simultaneously fit to two isotherms to
yield a single pore size distribution (PSD).2,5 This method was
tested by using a variety of combinations of isotherms, includ-
ing N2/CO2, O2/H2, and N2/H2. Generally speaking, the results
derived from each of these combinations yields similar
PSDs.2,4,5 However, as reported by Beda et al., N2’s poor diffu-
sion into ultramicropores means that N2 and O2 isotherms on
so-called hard carbons can be quite different, and as a result
PSDs may differ significantly with O2 showing much more
porosity in the ultramicropore region.18 In addition, the high
quadrupole moment of CO2 can lead to incorrect results due to
its interaction with polar moieties which are common on
activated carbons.19 The combination of O2 and H2 may provide
more accurate information than the N2 and CO2 isotherms due
to the former pair’s lower quadrupolarity.2,4 Despite being fairly
reactive gases at room temperature, under cryogenic conditions
the reactivity is extremely low, so is unlikely to affect carbon
surface chemistry.

Within the group of turbostratic porous carbons, there are
two closely related subtypes. The first is biochar, which is
produced upon the pyrolysis of biomass or other carbon-rich
material.24,25 So-called activated carbon, on the other hand,
differs from biochar due to the addition of an activating agent/
porogen to aid in the development of porosity.25–27 This activat-
ing agent can produce porosity either through physical or
chemical means. The former proceeds via gasification using
an oxidizing gas such as CO2, which burns away volatile
matter.26,28,29 Gasification also occurs during biomass pyrolysis
as CO2 is produced from volatile carbon moieties, as such
biochar can be thought of as a form of physically activated
carbon.24–26 At sufficiently low temperatures (o900 1C), gasifi-
cation produces very narrow pores of width o7 Å, referred to as
ultramicropores.5

For chemical activation, while there is a large variety of
porogens, amongst the most popular are the alkali metal
hydroxides KOH and NaOH due to the fact that they facilitate
a high degree of control over porosity, this being especially
the case for KOH.26 Additionally, the majority of pores gener-
ated by alkali metal hydroxides have widths typically o20 Å, i.e.
micropores. Such pore structures are desirable for their
utility in applications such as small molecule capture and
storage as well as in supercapacitors.26,30–32 In alkali metal
hydroxide (MOH) activation, pores are developed via the oxida-
tion of C to CO2, which in turn leads to further gasification.
Finally, residual alkali metal atoms (M) intercalate into voids
between graphitic layers resulting in further micropore
development.27,33–36

6MOH + 2C " 2M + 3H2 + 2M2CO3

2M2CO3 - M2O + CO2m

M2O + C - 4M + CO2m

The use of MOH increases the overall pore volume and
broadens the PSD relative to that for carbons derived in the
absence of a porogen.5,25,26 Thus so-called biochars are highly
ultramicroporous, while MOH-activated carbons possess a
higher degree of supermicroporosity (micropores of width 47 Å).
As mentioned above, there are a variety of reasons that N2 may be
unsuitable as a probe for these smaller pores present in biochars.
Therefore, given the critical importance of being able to accurately
determine textural properties with respect to any targeted applica-
tions, herein we investigate the use of combinations of N2, O2, and
H2 isotherms and their effectiveness in assessing the porosity of
biochars and activated carbons.

2. Experimental
2.1. Carbon synthesis

Carbons were synthesized with and without the use of a
porogen, but keeping all other variables constant. In the case
of carbons derived from sawdust, this was done by addition of
KOH at the hydrothermal carbonization step. For carbons from
sodium carboxymethyl cellulose the degree of substitution, i.e.
the average number of carboxymethyl sodium groups per
monomer was varied from 0.0 to 0.9.

2.1.1. Via hydrothermal carbonisation of sawdust. Sawdust
was treated by hydrothermal carbonization at 250 and 300 1C
for 2 h at a ramp rate of 5 1C min�1 in an aqueous solution of
KOH. The concentration of sawdust was 0.32 g cm�3 in each
experiment, whereas KOH:sawdust (w/w) was varied from 0.0,
0.5 to 1.0 at each hydrothermal carbonization temperature.
This produced a total of six black slurries which were dried
overnight at 100 1C in an alumina boat, and then activated by
heating under nitrogen at 800 1C for 1 h (ramp rate 3 1C min�1)
and allowed to cool. In all cases the resultant carbons were
stirred in HCl (10% v/v, 600 cm3) thoroughly prior to filtration
and washing in water (B5 L) to remove any chloride salts, until
washings were neutral (pH 7). Finally, samples were dried at
100 1C, yielding six carbons designated SAx-T, where x indicates
KOH : sawdust ratio and T is the hydrothermal carbonization
temperature.

2.1.2. From Sodium carboxymethyl cellulose. Sodium car-
boxymethyl cellulose (Sigma) with a degree of substitution of
0.0, 0.7, and 0.9 (the first being pure cellulose) was heated
under nitrogen to 800 1C for 1 h (ramp rate 3 1C min�1) then
cooled, washed, and dried in the same manner as the SAx-T
samples. This yielded three samples designated NCx where x
indicates the degree of substitution.

2.2. Characterisation

CHN Elemental analysis of the raw sawdust precursor was
performed using an Exeter Analytical CE-440 Elemental Analy-
ser. O content is assumed to be the remaining percentage when
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C, H, and N are accounted for, as other elements do not occur
in significant quantities.

Thermogravimetric analysis was performed using a TA Q500
Thermogravimetric Analyser, in order to determine if any
residual metals remained in the carbon samples (see Table S1,
ESI†). All samples were analysed using a platinum pan and in the
presence of air/argon. The parameters for all experiments were:
Ramp 10 1C minute�1 from 20–1000 1C with an isotherm for
10 minutes at 1000 1C, gas flow: 60 mL minute�1.

H2, O2 and N2 isotherms were measured at �196 1C using a
Micromeritics 3flex sorptometer. In the case of O2 and N2

isotherms were measured up to Po (B220 and 1013 mbar,
respectively), which is measured as each equilibrated point in
the isotherm is recorded to account for small variations in
temperature. However for H2 the isotherm Po is taken as a
constant of 1013 mbar for convenience because H2 is super-
critical at �196 1C. All samples were degassed at 300 1C for 16 h
prior to isotherm measurement. Porosity calculations were
performed via the dual-fitting of 2D-NLDFT heterogeneous
surface kernels on either O2 and H2 or N2 and H2 isotherms
using SAIEUS software.16,37 While 2D-NLDFT kernels account
for surface roughness via the use of a corrugated slit-pore
model,16 network connectivity is accounted for by the use of
two differently sized probe molecules.15 All dual-fit calculations
were performed using an overall pore width minimum of
3.00 Å, a minimum for the O2 or N2 kernel of 3.60 Å and the
pore width maximum was set at 500.00 Å. For consistency the
fitting parameter, l38–40 is fixed at 4. For comparison, conven-
tional determinations of pore volume (via t-plot) were obtained
from N2 isotherms alone. Raw isotherms are available as
human- and machine-readable AIF files in the SI.41

2.2.1. Equilibration interval and rate of change. The instru-
ment operation software allows for designation of a so-called
equilibration interval, tE, as a parameter for the isotherm. This
is used in order to estimate when equilibration of the adsorp-
tion system has occurred. In the measurement of a single point
on the isotherm, the pressure is measured at intervals of tE and
a rate of change in pressure, R, is determined over the case of
ten intervals. For example, for a tE of 10 s, pressure will be
measured ten times over 100 s and R is calculated over this
period. When R o 0.010%, the system is considered to be at
equilibrium and the isothermal point, V(P/Po) is determined. As
such, tE can be decreased in order to speed up analysis but this
risks reducing precision of measurement, i.e. the system is less
likely to actually be at equilibrium when the isothermal point is
recorded.

3. Results and discussion
3.1. Diffusion of adsorptives

During the measurement of isotherms, it became obvious that
the duration of measurement of N2 isotherms on the SA0.0-T
and NC0.0 (biochar) samples was impractical. Using the initial
tE of 45 s for P/Po up to 10�3, only one or two points were
achieved after 472 h. To avoid this problem, tE were iteratively

reduced to 15 s for determination of N2 isotherms on SA0.0-T.
Even with this modification, overall analysis time was up to
50 h; twice the time taken for a similarly determined O2

isotherm. This implies that the pore structure of biochars is
such that N2 has difficulty diffusing into the smallest pores,
possibly indicating that the pore width is similar to the kinetic
diameter of the adsorptive. Alternatively, this may be a result of
the interaction between polar moieties outside of the ultrami-
cropores and N2’s quadrupole moment. The attraction between
N2 and such moieties may be competitive with N2’s diffusion
into ultramicropores. The less activated materials are also likely
to have a higher oxygen content and thus more polar functional
groups, meaning it is difficult to distinguish which of these
phenomena is creating this effect. However, similarly slow
diffusion of N2 has been observed for ultramicroporous CMPs
with no polar groups.7 Regardless, the poor diffusion onto the
biochar/less activated samples calls into question the accuracy
of textural parameters derived from N2 isotherms.

This discrepancy is most evident when comparing the time
taken between isothermal points, t, as shown in Fig. 1a. While t
is broadly similar for O2 and N2 isotherms of SA1.0-250 as well
the O2 isotherm of SA0.0-250, t is much higher in the low
relative pressure region for the N2 isotherm of SA0.0-250, with a

Fig. 1 Time between points with increasing relative pressure of (a) O2 and
N2 isotherms on SA1.0-250 and SA0.0-250 and (b) N2 isotherms of NCx
carbons.
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single point taking up to 10 h to measure. This suggests that
the slow diffusion may be related to compatibility of N2 with
some feature of the biochar’s porosity. Similarly, when compar-
ing the time taken between points for the NCx samples synthe-
sized with increasing amounts of Na within the cellulosic
structure (Fig. 1b) it is apparent that expansion of the porosity
by use of a porogen improves the ability of N2 to diffuse into the
pores, and that this improvement is accelerated at some point
between a degree of substitution of 0.7 and 0.9. That is, while
NC0.7 allows faster diffusion than NC0.0, the improvement is
only small but there is a far more marked change in t when x
rises to 0.9. Indeed, while t can be extremely large (approaching
24 h) for NC0.0 and NC0.7, the maximum t for NC0.9 is closer
(B6 h) to that for the activated carbons derived from sawdust.
Our observations of the lengthy measurement of N2 isotherms
relative to O2 are counter to work recently published by Beda
et al., wherein measurement of N2 isotherms on so-called hard-
carbons was fast relative to O2.18

This may be an indication of relative pore sizes i.e. that
ultramicropores in biochars reported in this work are partially
penetrable by N2, unlike those in hard carbons reported by
Beda et al.

Table 2 shows the atomic ratios of porogen to carbon. As the
principle pore development process in activated carbons begins
with oxidation of carbon by the porogen, pore broadening
therefore increases with increased porogen/C ratio. These
ratios are much lower in the NCx samples than for SAx-T.
While variables such as precursor structure and composition as
well as differences in reaction kinetics of Na vs. K also play a
factor,33–35 it is also clear that the higher amounts of K used in
the synthesis of SAx-T samples results in porosity that is much
more amenable to N2 diffusion into the pores.

Gravimetric yields of samples described in this work can be
found in Table S1 (ESI†). In general, yield decreases with
increasing amount of activating agent. The yield of SA0.0-300
is much higher (26%) than that of SA0.0-250 (15%). This is
likely a result of greater stability of hydrochar synthesised at
300 1C on account of the lower amounts of oxygen rich-
moieties.42

3.2. The isotherms

Inspection of isotherms further reveals some uncertainty in the
accuracy of N2 measurements on SA0.0-T carbons (see Fig. S1,
ESI†). While a characteristic plateau exists for N2 isotherms of
SA0.5-T (Fig. S1(2a, b), ESI†) and SA1.0-T (Fig. S1(3a, b), ESI†)

samples, indicating micropore filling, this is not the case for
SA0.0-T samples (Fig. S1(1a, b), ESI†), where there is a linear
increase in adsorption in the mesopore region. This is not
observed in O2 isotherms, wherein monolayer completion is
much more obvious. All samples also have a high H2 uptake
indicating the presence of pores in the so-called ultramicropore
region, which may hinder adsorption of N2.

Furthermore, isotherms for NCx carbons (Fig. S2, ESI†) lend
further credence to the notion that significant pore broadening
does not occur until a critical ratio of porogen/C (in the range
0.09–0.12) is achieved. For both NC0.0 (Fig. S2(a), ESI†) and
NC0.7 (Fig. S2(b), ESI†), the maximum H2 adsorption is similar
to or greater than that of N2, indicating the presence of a high
proportion of ultramicropores. For NCx samples where poro-
gen/C ratio is increased to 0.12 (NC0.9), H2 adsorption falls
significantly below the maximum for N2, indicating that poro-
sity has broadened into the supermicropore region. Samples
NC0.7 and NC0.9 also exhibit a rapid increase in adsorption for
O2 and N2 as P/Po approaches 1 such that the resulting
isotherms exhibit some type II character. Such shape is likely
a morphological effect, either due to condensation of sorptive
in macropores or large interparticle voids.1 As the materials
contain no non-carbonaceous matter (within experimental
error, see Table S1, ESI†) this cannot be ascribed to some
chemical effect. Type II character is not observed for NC0.0,
thus it can be assumed that the morphological phenomenon is
a result of some action of Na+.

In the case of both NC0.0 and SA0.0-300 (Fig. S1(1b), ESI†),
the H2 isotherm actually crosses the N2 isotherm which is
anomalous since under the conditions used H2 is supercritical,
meaning that multilayer adsorption cannot occur. As such this
high level of adsorption must be due to monolayer adsorption
of H2 in pores impenetrable to N2. Such pores however do
appear to be penetrable by O2, which is interesting as while O2

is slightly smaller than N2 the kinetic diameters of the two
molecules are quite similar – 3.46 and 3.64 Å for O2 and N2

respectively.20,21

3.3. Dual-fit analysis

Dual fits to O2/H2 and N2/H2 isotherms for SAx-T and NCx
carbons are shown in Fig. S3 and S4 (ESI†), respectively. As
indicated from the isotherms themselves, PSDs for SAx-T
carbons (Fig. 2(1P, 2P), S5(1P, 2P), ESI†) derived using O2/H2

isotherms indicate greater porosity than when using N2/H2, and
the same is true for PSDs of NCx carbons (Fig. 3(1P, 2P)). The
position of the first maximum (B4 Å) is consistent across all
derived PSDs regardless of the subset of isotherms is used as
this is mainly derived from the H2 isotherm. However, with
regards to the second maximum, the two sets of PSDs for both
SAx-T and NCx offer slightly different pictures. While N2/H2

derived PSDs show either only small differences or indeed a
small decrease in pore size for the activated carbons, O2/H2

PSDs show that porosity expands out of the ultramicropore and
into the supermicropore region when KOH is used as porogen.
Furthermore, there is some indication of PSD broadening in
the second maximum. The latter narrative fits much better with

Table 2 Atomic ratios of components in precursors, determined from
molecular compositions for NCx samples and from weight ratios and
elemental (CHN) analysis in the case of SAx samples

Sample Porogen/C Porogen/O O/C

NC0.0 0.00 0.00 0.83
NC0.7 0.09 0.11 0.86
NC0.9 0.12 0.13 0.87
SA0.0 0.00 0.00 0.72
SA0.5 0.21 0.72 0.72
SA1.0 0.43 1.45 0.72
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current understanding of pore formation in carbons, in that the
use of alkali metal hydroxide porogens during pyrolysis leads to
increases in pore size relative to those formed via gasification of
biomass (i.e., pyrolysis with no added porogen). Again, this
discrepancy in trends in pore size with amount of porogen
according to simultaneous fitting of kernels the two isotherm
pairs is likely a failing of the N2 isotherm in that ultramicro-
pores are not adequately probed during analysis.

While results from dual O2/H2 fitting to their respective 2D-
NLDFT kernels indicate greater compliance with current under-
standing of porosity development in carbons, this does not
alone confirm its superiority over N2/H2 for this application. On
examining the fits, it is obvious that the respective 2D-NLDFT

kernels struggle to account for the isotherm shape at low
pressures in the case of both O2 and N2. This is particularly
evident for the SA0.0-T samples, suggesting either incomplete
equilibration of the system at such low pressures or inability of
the O2 and N2 kernels to account for ultramicropore geometry
and internal texture of in biochars, or a combination of both
limitations.

O2/H2 analysis also gives far more information on differ-
ences in porosity between SA0.5-T and SA1.0-T samples. While
the PSD calculated via N2/H2 indicates that the porosity of these
two activated carbons is practically identical except for a slight
increase in overall pore volume, O2/H2 analysis, on the other
hand, shows a broadening in the second maxima, which results

Fig. 2 Fits to N2/H2 (1a, 1b, 1c) and O2/H2 (2a, 2b, 2c) isotherms of samples SAx-250 and resultant PSDs (1P, 2P).
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in the obfuscation of the two, initially distinct pore regions. A
mechanistic explanation for this is that in the case of SA0.5-T,
the principal route of porosity expansion comes via the for-
mation of new pores by simple oxidation of as yet non-porous
carbon, resulting in pores centred at ca. 8 Å but without
significantly disturbing the ultramicropores previously formed
by carbon gasification. Due to the relative increase in the
quantity of K in the synthesis of SA1.0-T, the cation is able to
infiltrate ultramicropores and via this intercalation expands
them, resulting in the merging of the two previously distinct
pore size regions.

The variation in porogen/C ratio for SAx-T carbons with
increasing x is relatively large. Comparing PSDs of NCx carbons

(Fig. 3(1P, 2P)) facilitates the observation of changes in porosity
when the changes in porogen/C ratio are relatively small (see
Table 2). Unsurprisingly, the N2/H2 calculations again show
little difference between each of the three samples apart from
an indication of higher overall pore volume for NC0.9.

On the other hand, there is a gradual migration of the second
PSD maxima into the supermicropore region as porogen/C is
increased, accompanied by a broadening of this peak. This again
is a result of the oxidative effect of the (Na+) cation leading to PSD
broadening. While the maximum O2 adsorption for NC0.9 and
NC0.7 carbons is almost twice that of NC0.0, this is not indicated
in the PSDs in the range displayed. This is because the increased
porosity that causes this feature is in the macropore region.1

Fig. 3 Fits to N2/H2 (1a, 1b, 1c) and O2/H2 (2a, 2b, 2c) isotherms of samples NCx and resultant PSDs (1P, 2P).
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These inconsistencies in porosity development according to
the two dual isotherm methods are further illustrated by the
calculated total pore volumes, as well as the pore volume
arising from micropores and ultramicropores (Table 3). Classi-
cal calculations from N2 isotherms alone reveal much smaller
overall pore volumes for all samples as well as lower propor-
tions of micropores compared to their dual-fit 2D-NLDFT
counterparts for NCx and SAx-T carbons. This is because, firstly
N2 alone cannot probe the smallest of ultramicropores,4,5 thus
up to 32% of total pore volume (relative to N2/H2 analysis) is
unaccounted for. Secondly, single point and t-plot calculations
do not account for chemical and energetic heterogeneity of the
internal pore surface unlike the 2D-NLDFT models.16 Addition-
ally, determination of total- and micropore volume by classical
methods is notoriously unreliable. For example, the single-
point pore volume determination relies on the isotherm pos-
sessing an obvious plateau.1 As discussed above, these plateaus
do not strictly exist for the N2 isotherms of the SA0.0-T samples.
As such, significant errors may arise using single-point
methods.

On the other hand, the dual O2/H2 fit predicts a much higher
proportion of both micropores and ultramicropores than N2/H2

for SA0.0-T carbons. Again, this is likely a result of poor
diffusion of N2 into ultramicropores, which limits their detec-
tion. For the so-called activated carbon samples, N2/H2 shows
roughly similar proportions of ultramicroporosity compared to
the aforementioned biochars, while O2/H2 shows drastic
decreases. The latter picture from O2/H2 seems more likely
due to known mechanisms of porosity development by KOH.
Interestingly, estimates of percent microporosity are fairly
consistent for calculations of both sets of isotherms for
SA0.5-T and SA1.0-T samples indicating that N2 diffusion
limitations are not so prevalent in supermicropores.

For NCx carbons, both overall pore volumes and absolute
and percentage micropore volumes are relatively consistent
across the two dual isotherm techniques. The most significant
difference is in the absolute and percentage micropore volume,
especially for samples NC0.0 and NC0.7. This again is an
indication of the diffusion limitations encountered during

measurement of N2 isotherms on these samples. While this
difference in percent ultramicropore volume is 11% for these
two samples, NC0.9 shows identical proportions of ultramicro-
pores for both methods. In fact, the percentage of micropores, is
the most similar here too – within 2%. While the broadening of
the PSD with increasing porogen/C ratio from principally
ultramicroporous into the supermicropore and larger regions
is evident when using both techniques, this is far more obvious
according to analysis of O2/H2 isotherms.

Interestingly, all three measures of porosity agree on one
matter – that is, when comparing the relative contribution of
the different pore width regions between SAx-T samples with
the same KOH : SD ratio (x), but varying hydrothermal carboni-
zation temperature (T). The hydrothermal carbonization tem-
perature does not seem to affect what percentage of pores are
made up by micropores and ultramicropores. However, total
pore volumes do vary with T; in the case of the activated
carbons SA0.5-T and SA1.0-T, hydrothermal carbonization at
300 1C can increase Vt by up to 30% at KOH:SD ratio 1.0
according to O2/H2 NLDFT calculations. The apparent differ-
ence decreases when classical techniques are used, and in the
case of SA0.5-T, dual O2/H2 analysis shows an increase in Vt of
only 6% as T increases from 250 to 300 1C. The two dual
isotherm 2D-NLDFT analyses nonetheless tend to show similar
differences in Vt, so perhaps this discrepancy is a result of the
relative robustness of DFT methods. On the other hand, the
biochars show the opposite trend, with Vt decreasing when T is
raised to 300 1C. This is only by a small amount (7–14%)
compared to the value derived from dual isotherm calculations,
but it is evident nevertheless. This decrease in porosity of
biochars with hydrothermal carbonization temperature is likely
a result of a correlated decreased O/C content in the hydrochar,
as well as an increase in the diameter of the characteristic
microspheres.42 The latter phenomenon means that there is an
increase in the proportion of stable hydrophobic aromatic
moieties (in the core) relative to the more easily activated
hydrophilic groups in the shell of the hydrochar microspheres.
This compositional change is known to increase so-called
activation resistance and therefore can result in a less porous

Table 3 Total (Vt), micropore (Vmic), and ultramicropore (Vumic) pore volumes of SAx-T and NCx carbons determined using classical and dual-isotherm
NLDFT calculations. Classical volumes determined using the single-point and t-plot methods for Vt and Vmic, respectively. NLDFT calculations employed
dual-fitting of isotherms to respective 2D-NLDFT, heterogeneous surface kernels. Numbers in brackets indicate percentage of pore volume made up by
pores in the given pore width subregion

Sample

Pore volume/cm3 g�1

N2 classical Dual N2/H2 NLDFT Dual O2/H2 NLDFT

Vt Vmic Vt Vmic Vumic Vt Vmic Vumic

SA0.0-250 0.25 0.13 (50%) 0.29 0.22 (78%) 0.16 (54%) 0.26 0.23 (90%) 0.18 (68%)
SA0.0-300 0.17 0.10 (57%) 0.25 0.20 (79%) 0.14 (56%) 0.24 0.22 (90%) 0.17 (67%)
SA0.5-250 0.37 0.32 (87%) 0.44 0.42 (97%) 0.26 (60%) 0.50 0.49 (98%) 0.15 (30%)
SA0.5-300 0.44 0.38 (85%) 0.50 0.47 (95%) 0.29 (58%) 0.53 0.48 (91%) 0.21 (39%)
SA1.0-250 0.45 0.37 (83%) 0.51 0.47 (92%) 0.26 (52%) 0.54 0.50 (92%) 0.20 (37%)
SA1.0-300 0.54 0.44 (81%) 0.63 0.58 (92%) 0.32 (50%) 0.70 0.63 (89%) 0.29 (41%)
NC0.0 0.16 0.14 (90%) 0.23 0.22 (99%) 0.15 (65%) 0.22 0.21 (95%) 0.16 (76%)
NC0.7 0.21 0.16 (77%) 0.35 0.25 (70%) 0.16 (47%) 0.38 0.24 (65%) 0.14 (58%)
NC0.9 0.28 0.22 (80%) 0.45 0.31 (69%) 0.20 (44%) 0.40 0.28 (71%) 0.13 (44%)
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carbon upon pyrolysis.43–45 Additionally, when KOH is included
during hydrothermal carbonization it catalyses the breakdown
of the activation-resistant lignin45–47 which may further explain
the improvements in porosity for T = 300 1C.

3.3.1. Comparison to single fit. When PSDs are derived
from two isotherms simultaneously, the SAIEUS software
accounts for pore regions that are apparent in both isotherms.
As an example, consider an adsorptive A which probes pores
between 3 and 7 Å while adsorptive B can probe pores larger
than 5 Å. For a sample which has some pores of width B5–7 Å,
SAIEUS will not simply add the PSDs from A and B within the
full range of widths, but instead takes into account this overlap.

It is interesting therefore to compare PSDs derived through
single and dual fits to isotherms as in Fig. 4. Further, the
agreement between single and dual fits is interesting in terms
of the degree to which a sample is activated, as such a low
activation sample (SA0.0-250, Fig. 4(1a–c)) and highly activated
sample (SA1.0-250, Fig. 4(2a–c)) were investigated. Single fit
PSDs were calculated using identical parameters to those used
in dual fitting, except that the maximum pore width for H2 was
limited to 10 Å. Of the three individually fit adsorptives, only H2

produces a bimodal PSD similar to that found in dual fits, while
N2 and O2 both show a single maximum at or above 7 Å. It
appears that the position of the first maximum for H2 (B4 Å)
corresponds almost exactly in all cases to that found in dual
isotherm PSDs. On the other hand, the shape and position of
the second maximum (45 Å) appears to be some combination
of the two single-isotherm PSDs. This is most apparent in the
case of SA0.0-250 (Fig. 4(1b, 1c)). Conversely in the case of
SA1.0-250 (Fig. 4(2b, 2c)) the position and shape of the second

maximum in the dual fit is approximately the same that of the
sole N2 or O2 peak. These observations suggest that as PSD
broadens with increasing degree of activation the fitting algo-
rithm is able to rely more on individual isotherms for different
sections of the PSD, i.e. H2 for pores 3–7 Å, N2 or O2 for pores
47Å. Whereas for so-called biochar samples, as the second
maximum is lower than 7 Å

3.4. Three-way fit analysis

In order to further understand discrepancies between O2/H2

and N2/H2 analyses, the 2D-NLDFT heterogeneous surface
kernels were simultaneously fit to all three (O2, N2, H2) iso-
therms for some samples. In particular, the aim here is to
compare the quality of fit according to the degree of activation
in each sample. The fits and PSDs achieved by this method are
compared for SA0.0-300 and SA1.0-300 in Fig. 5. When the fits
are examined using a logarithmic relative pressure axis
(Fig. 5(1b, 2b)), it is very apparent that the fit is extremely poor
for SA0.0-300, particularly in the low pressure region. While
individual O2/H2 and N2/H2 analyses for SA0.0-300 had trouble
with isothermal points below P/Po = 10�4 (see Fig. S3(1b, 2b),
ESI†) this low quality of fit is very pronounced for the three-way
fit in the entire low pressure, (i.e. micropore) region of the
isotherm.

On the other hand, the three-way fit for SA1.0-300 is much
more satisfactory. It is also of note that for both of these
samples the fit to the H2 isotherm is always good, indicating
that the uncertainties are a result of disagreements between the
N2 and O2 isotherms rather than H2. As for the PSDs, while peak
positions for SA1.0-300 are essentially the same as those seen in

Fig. 4 Individual fits to O2, N2 and H2 isotherms for SA0.0-250 (1a) and SA1.0-250 (1b) and resultant PSDs from individual N2 and H2 (1b, 2b), and O2 and
H2 (1c, 2c) isotherms. Corresponding dual fits overlaid for comparison (1b, 1c, 2b, 2c).
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either of the dual isotherm analyses (Fig. S3(1f, 2f), ESI†) the
same is not apparent for SA0.0-300.

To summarise, while there is consistency between O2 and N2

fits for more highly activated samples, this is not true for less-
activated, so-called biochar samples. In other words when
probing ultramicropores, O2 and N2 produce different PSD
results, which can be attributed to the poor diffusion of N2

into smaller pores. As porosity broadens into the supermicro-
pore region, pores can accurately be measured by either
adsorptive.

4. Conclusions

This study compares porosity in biochars and carbons activated
using alkali metals as determined by two methods of dual
isotherm analysis, namely using the adsorptive pairs N2/H2 and
O2/H2. In particular, the reliability of using N2 in such analyses
is called into question due to evident diffusion limitations in
carbon samples with a low degree of activation (biochars) or
where the smallest pores (ultramicropores) are prevalent. As
these diffusion limitations are not present for carbons activated
to a higher degree using Na+ or KOH, we conclude that the
problems are associated with the size of pores found in
biochars. Indeed, when using O2 (which penetrates these pores
with much less difficulty) PSDs derived using the dual isotherm
2D-NLDFT method are centred at widths below 7 Å, i.e. in the

ultramicropore region. Theoretically, improved ultramicropore
penetration by N2 could be achieved either by allowing the
system to equilibrate for longer times at low pressure, or by
measuring the isotherm at a higher temperature. These mod-
ifications would however be impractical as in the first case
the duration of isotherm measurements would be excessive.
As for increasing temperature, this would require use of a
different cryogen and/or higher pressures for ‘total’ isotherm
measurement. This proves impractical on current, standard
porosimetric sorptometers while the use of O2 and H2 requires
the trivial task of attaching an additional cylinder to the
sorptometer.

Furthermore, using O2 and H2 gives a more realistic picture
of porosity development with increasing degree of oxidative
chemical activation as carbons are activated with an increasing
amount of porogen. That is, as the ratio of porogen/C is
increased we consistently observe a broadening in the PSD
for samples derived both from sodium carboxymethyl cellulose
and sawdust. This is in contrast to results derived using N2 and
H2 wherein despite increases in overall porosity with increasing
porogen/C ratio, there is little change in the widths of pores at
higher levels of activation. Indeed, for some sample sets a
contraction in pore width is observed as the amount of activat-
ing agent is increased. The narrative given by PSDs derived
using N2 and H2 cannot be accounted for by current under-
standing of mechanisms of porosity development during oxi-
dative chemical activation. The subtle effects of increasing

Fig. 5 Simultaneous fit of O2, N2, and H2 isotherms of SA0.0-300 (1a, 1b) and SA1.0-300 (2a, 2b) using x-axis in linear (1a, 2a) and logarithmic (1b, 2b)
scales, as well as PSDs determined from the three-way fit (1c, 2c). Fits determined using same same parameters as in dual fits, i.e. identical upper and
lower pore limits, and l = 4.
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amounts of porogen on the fine pore structure of these carbons
is only detectable by the highly sensitive methods used in this
work. Such sensitivity means that it is paramount to select the
appropriate adsorptives for the material.

Finally, attempts at fitting the 2D-NLDFT heterogeneous
surface kernels simultaneously to all three isotherms gives very
poor fits to the O2 and N2 isotherms for biochars. In theory, due
to the similar size of these adsorptives, fitting these two
isotherms together should be facile. This lends further cre-
dence to the notion that there is in fact an inconsistency in the
porosity which is probed by these two adsorptives. As these
problems are not present for more highly activated samples, it
is clear that above a certain pore width, O2 and N2 are equally
able to probe the porosity of such carbons. In other words O2

penetrates pores in the ultramicropore region to a much greater
extent.

Thus, we suggest that for carbons with a low degree of
activation, N2 is an inadequate probing gas for determination
of porosity as it does not adequately probe ultramicropores.
When determining PSDs and other textural quantities for such
carbons it is therefore advisable to look to non-traditional
adsorptives such as O2. This logic should also be extended to
the use of adsorptives when attempting to understand the
development of porosity in carbons as the amount of activating
agent is increased. Further, the understanding of porosity in
non-carbonaceous ultramicroporous materials (such as CMPs)
or carbonaceous materials with richer surface functionality
may benefit from a similar analysis.
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6.4. FURTHER ANALYSIS

6.4 Further analysis

Publication I contains only the PSDs from the analysis of the SAx.xx -250

and SAx.xx -300 series as well as NCx.x -800 series for x.x in the range 0.0

to 0.9. Since publication, dual isotherm analyses of SA0.50-200, SA1.00-

200 and NC1.2-800 has been completed. A discussion of the results follows

here, particularly in relation to the utility of dual isotherm analyses on

monitoring PSD development with changes in sample preparation condi-

tions.

As discussed in section 5.1, the classically derived porosities of samples

synthesised from sawdust (SD) with identical KOH:SD ratios, do not vary

significantly with temperature. Nonetheless, it is interesting to compare

such results using different porosimetric techniques. The PSDs and asso-

ciated fits are displayed in the appendix, figures C.13, C.14. While the

dual O2/H2 fits do appear to show small shifts in the position of the second

maximum in the PSD for SA0.50-HHH samples with hydrothermal impreg-

nation temperature (see figure C.13(2P)), this is not evident for SA1.00-

HHH samples (figure C.14(2P)). Indeed it could be concluded that the dual

N2/H2 fits show just as much variation in the position of the second maxi-

mum. Thus, the PSD broadening observed in Publication I according to

dual isotherm O2/H2 analysis is apparently only associated with KOH:SD

ratio, as opposed to hydrothermal impregnation temperature.

A comparison of the trends in apparent surface area with hydrothermal

carbonisation temperature (Thtc) as determined by the BET method on an

N2 isotherm,24 as well as via fitting of 2D-NLDFT-HS kernels to N2, O2,

H2 isotherms and dual fitting to N2/H2, O2/H2 pairs is shown in figure 6.3.

For samples derived with both KOH:SD ratios of 0.50 and 1.00, the 2D-

NLDFT method consistently shows a minimum in apparent surface area
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6.4. FURTHER ANALYSIS

Figure 6.3: Trends in surface area with hydrothermal impregnation tem-
perature Thtc of SD-derived carbons, as determined via the BET method
as well as from fitting of 2D-NLDFT-HS kernel to H2, N2, O2 isotherms as
well as dual-fitting to N2/H2 and O2/H2 pairs. Subfigures (a) and (b) are
for KOH:SD ratios of 0.50 and 1.00 respectively.
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6.4. FURTHER ANALYSIS

at Thtc of 250 °C. This is in contrast to ABET,N2 which shows a maximum

at this temperature for KOH:SD of 0.50, and a consistent decrease with

temperature when the ratio is 1.00. Thus this discrepancy in the trend is

likely a result of the inadequacy of the BET method for determining sur-

face area in microporous materials, rather than an artefact of the nature

of N2 adsorption. Namely, the BET method relies on the formation of a

monolayer in order to accurately quantify surface area, which is not pos-

sible in micropores as the probe molecule kinetic diameter is of the same

order as the distance between pore walls (i.e. the pore width, w).18,25–27

Furthermore, the nature of the adsorption is uncertain, as it is unknown to

what degree the probe molecule is adsorbed on each of the pore walls in the

(apparently) slit-shaped pores.18,24 NLDFT-derived porosity, and in partic-

ular surface area determination does not have these assumptions that are

unsuitable for highly microporous materials. Indeed, the kernel of model

isotherms used in the 2D-NLDFT-HS method28 is specifically designed for

and suited to this kind of material.

Of further interest are the relative apparent surface areas determined by

each probe molecule using the 2D-NLDFT-HS method. O2 and N2 single

fits give approximately similar values and are in a similar range as those

derived using ABET . Simultaneously dual isotherm O2/H2 and N2/H2, as

well as single isotherm H2 derived areas match well with one another, but

give significantly higher values than the previously mentioned methods.

This further confirms that the use of H2 as a probe molecule allows for the

penetration of pores inaccessible to the larger O2 and H2 as was mentioned

in Publication I. The similarity in apparent surface areas derived using

H2 alone, with the dual fit methods for a KOH:SD ratio of 0.50 is striking,

indicating that all relevant porosity is accessible by H2 for these materials.

There is greater discrepancy when KOH:SD is increased to 1.00, probably
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6.4. FURTHER ANALYSIS

a result of PSD broadening through more aggressive action of the porogen,

and thus creating porosity accessible to N2 or O2 but which will not be

filled by H2 at pressures up to 1 bar.

In section 5.2, a surprising reduction in total porosity for x.x of 1.2 was

discussed. That is, while increasing the degree of substitution (DS) of Na

from 0.7, to 0.9 porosity increases (ABET and Vt), but these metrics reduce

again when DS is increased further to 1.2 (see table 5.4). This drop in

overall porosity is also accompanied by small reductions in % microporos-

ity, and the trend occurs regardless of activation temperature. The more

advanced techniques detailed in this chapter should give more detail as to

the changes in porosity, and as such the PSDs and associated isotherms

and fits are shown in figure 6.4. This is of course a reproduction of figure

3 in Publication I, but with the inclusion of NC1.2-800 (referred to as

NC1.2 in the publication).

The analysis performed using dual N2/H2 porosimetry (see figure 6.4(1P))

indicates that the reduction in porosity for NC1.2-800 is associated with a

decrease in the size of the peaks in the PSD relative to NC0.9-800. That

is, there is no significant shift in in the position of the maxima but simply

a reduction in overall porosity associated with both of these maxima. This

is consistent with the overall conclusion in Publication I, in that N2/H2

analysis doesn’t show variation in pore widths with degree of activation.

On the other hand, O2/H2 analysis (see figure 6.4(2P)) shows a contraction

in the breadth of the PSD for x.x of 1.2. Indeed, the position of the second

maximum is the same as that for NC0.0-800.

In section 5.2 it was suggested that the trends in porosity were a result of

competitive pore forming processes; while pore formation was dominated by

formation of cross-links at DS of 0.7 and 0.9, oxidative chemical activation

120



6.4. FURTHER ANALYSIS

Figure 6.4: Fits to N2/H2 (1a, 1b, 1c) and O2/H2 (2a, 2b, 2c) isotherms
of samples NCx.x -800 (for all values of x.x from 0.0 to 1.2), and resultant
PSDs (1P, 2P).

began to take on a larger role at DS of 1.2. In the case of NC0.0-800, no

cross-link formation can occur thus porosity is formed via gasification. The

contraction in PSD for NC1.2-800 shown by O2/H2 analysis indicates that

this higher quantity of Na present during pyrolysis results in the destruction

of cross-links and thus of the broader pores that are associated with their

formation. The porosity that remains is that formed solely via gasification
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as present in the Na-free samples. On the other hand, the information given

by N2/H2 analysis indicates that there is a loss in porosity that is much

more mechanistically difficult to explain. Perhaps the reduction in size of

the second maximum could simply be put down to of pore collapse via

overactivation, but this ought to be associated with much more significant

increase in mesoporosity which is not present here. It is much more difficult

to derive nuanced, logical hypotheses on these pore formation mechanisms

from the N2/H2 analysis.

6.5 Summary & future work

Porosimetry performed using O2 shows promise in more accurate determi-

nation of PSD, and porosity in general in ultramicroporous carbons. In

particular, simultaneous fitting of the respective 2D-NLDFT-HS kernel to

O2 and H2 isotherms consistently reveals a bimodal PSD. While this is

also present for dual fits to N2 and H2, the O2/H2 method seems to show

broadening in the PSD with increasing degree of activation which is not

present in analysis performed using the former pair. These results ought to

inform the selection of porosimetric adsorbates for highly ultramicroporous

carbons. Furthermore, the results from dual isotherm analyses give further

insights into potential mechanistic details of the somewhat unusual pore

formation mechanisms in the turbostratic carbons reported in chapter 5.

There was an attempt to fit three isotherms (N2, O2, and H2) to their

respective 2D-NLDFT-HS kernels simultaneously which proved fruitless.

This gave poor fits to the experimental data, especially for carbons with a

low degree of activation. This may indicate the difficulty N2 has in penetrat-

ing the smallest of ultramicropores and thus its limited utility in measuring
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porosity at these pore widths. However, three-way fits may indeed prove to

be useful in the future in particular for materials with greater PSD hierar-

chy. For example, a simultaneous fit to SF6, O2 and H2 isotherms (at −50,

−196 and −196 °C respectively) would minimise the overlap of accessible

pores for each of the three adsorbates, as the dk is 5.50Å, so excludes the

smallest of ultramicropores. This analysis may however not be necessary

and the same information could be gleaned by using SF6 and H2, which

would minimise the overlap of pore sizes accessible to both adsorbates In

addition, SF6 has a zero quadrupole moment compared to O2’s of 0.155

which ought to reduce errors produced by carbon surface heterogeneity.

123



6.6. PUBLICATION I SUPPORTING INFORMATION

6.6 Publication I Supporting Information: Con-

firmation of pore formation mechanisms

in biochars and activated carbons by dual

isotherm analysis

Contribution of the author: The author performed all synthesis and

instrumental analysis of samples in the work, analysed the results and

wrote the manuscript.

Note: For this publication, the sample names are slightly different. The

variable x.xx in SAx.xx-HHH samples is truncated to x.x, i.e. SA0.5-250

in the publication is equivalent to SA0.50-250 in chapter 5. As for NCx.x-

TTT samples only samples with TTT of 800 °C are examined, thus NC0.9

is identical to NC0.9-800 in chapter 5.
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Table S1: Gravimetric yields and residual mass after TGA of samples described in this work 

Sample Yield / wt.% TGA residual / wt.% 

NC0.0 20 0.3 
NC0.7 16 0.3 
NC0.9 16 0.8 

SA0.0-250 15 0.0 
SA0.5-250 11 0.0 
SA1.0-250 10 0.1 
SA0.0-300 26 0.0 
SA0.5-300 10 0.3 
SA1.0-300 9 0.2 

 

 

  



 
Figure S1: O2, N2, and H2 isotherms at 77 K on SAx-250 (column a) and SAx-300 (column b) for 

KOH:SD ratios of 0.0, 0.5, and 1.0 – rows 1, 2, 3 respectively. 

  



 

Figure S2: O2, N2, and H2 isotherms at 77 K on NC0.0 (a), NC0.7 (b), and NC0.9 (c). 

  



 

Figure S3: Dual fits of N2/H2 (column 1) and O2/H2 (column 2) isotherms for carbons SA0.0-250 
(a), SA0.0-300 (b), SA0.5-250 (c), SA0.5-300 (d), SA1.0-250 (e), and SA1.0-300 (f). 

  



 

Figure S4: Dual fits of N2/H2 (column 1) and O2/H2 (column 2) isotherms for carbons NC0.0 (a), 

NC0.7 (b), and NC0.9 (c). 

 

  



 

 

 

Figure S5:   Fits to N2/H2 (1a, 1b, 1c) and O2/H2 (2a, 2b, 2c) isotherms of samples SAx-300 and 
resultant PSDs (1P, 2P) 
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Abstract

For the optimal exploitation of porous materials in environmentally relevant

physisorption applications, the relationship between widths of pores within

the adsorbent and uptake capacity for the adsorbate in question must

be well understood. As these applications typically utilise the pressure-

dependency of adsorption, an understanding of the optimal pore size for

uptake of the adsorbate as a function of pressure is required. Current meth-

ods for investigating this relationship are currently limited by (i) reliance on

computational modelling to approximate the result, (ii) only investigating

this problem at a few discrete pressures, and often (iii) using the unsuit-

able measure of the ‘average’ pore width. This work seeks to address all

three of these inadequacies with the python Porosity Uptake Correlator; a

software that uses experimental DataSets composed of gravimetric uptake

isotherms and Pore Size Distributions (PSDs) of a group of samples that

are compositionally similar, yet with diversity in terms of their porosity.

Porosity (of all samples) within some pore size range is correlated to up-

take of the adsorbate at a given pressure via linear regression. This process

is then repeated for all defined pore size ranges and pressures, yielding a

relationship between porosity within pores within some width range and

association with improved uptake of the adsorbent (defined by the Pearson

coefficient, r2).

In Publication II, pyPUC was applied to the uptake of CO2 on tur-

bostratic carbons, which gave some novel insights into this adsorption pro-

cess. Firstly, while ultramicropores are very important for low pressure

CO2 uptake, at pressures above 1.0 bar, their influence diminishes signifi-

cantly. However there is an indication that the traditional division of mi-

cropores into ultramicropores and supermicropores at 7.0Å may not truly
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have physical significance to CO2 uptake. Finally, the comparative investi-

gation of the utility of N2, O2, and H2 as well as the pairs N2/H2, and O2/H2

as porosimetric probes for the exploration of the porosity- and pressure-

dependent CO2 uptake relationship shows that traditional N2 porosimetry

can be improved on as a predictor for low-pressure CO2 uptake in these ma-

terials. pyPUC shows promise in providing similarly nuanced conclusions

in future applications with other adsorbate-adsorbent pairs.
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7.1 Rationale for pyPUC

It is more reasonable to target a range of pore sizes as the optimum for

uptake of an adsorbent at a given pressure, than to use a singular pore

size. As mentioned in the previous section, values for this optimum pore

size range are determined via modelling, and then confirmed experimen-

tally.1–5 This means that the question “What is the optimum pore size

range for uptake of this adsorbate by my material, at this pressure?” is

never really asked by experimentalists. Furthermore, the lower limit of the

range of optimum pore sizes is never considered. It is reasonable to expect,

for example that at very high pressures ultramicropores have minimal con-

tribution to the uptake capacity of CO2 by carbons. The python Porosity

Uptake Correlator (pyPUC) developed in this work aims to provide a sim-

ple way for researchers to determine the relationship between porosity of

a material within some range of pore sizes to uptake of an adsorbate, as

a function of pressure. pyPUC does not claim to give a definitive answer

to this question, but provides a thorough analysis of this relationship, in

terms of a linear regressions between experimentally derived porosity within

some range of pore widths, and uptake at some pressure. As the author

hopes this project to be critiqued, developed, and built on by the general

community of adsorption researchers all code is open source.∗

It has been widely reported that low-pressure (<1.0 bar) CO2 uptake in

turbostratic carbons is strongly related to ultramicroporosity.5–8 However,

generally in these reports assessment of ultramicroporosity is performed

via N2 porosimetry, and as mentioned in chapter 6 and further explored

in Publication I this technique is insufficient for elucidating PSDs in the

ultramicropore region.9–11 Presser added to this technique by using Ar and

∗Source code available on github.
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CO2 (−196 and 0 °C respectively) isotherms to measure pores smaller than

10Å and found that pores smaller than 8Å were most significant for CO2

uptake at 1.0 bar, but this decreased with decreasing pressure.5

While results from dual fitting of 2D-NLDFT kernels to O2 and H2 isotherms

in Publication I show finer detail in the porosity development in car-

bons with increasing degree of activation as compared to conventional N2

porosimetry, there is as yet no information on whether this has any signif-

icance on CO2 uptake. As such, comparisons of the relationship between

porosity (as derived classically from N2 isotherms and from dual fits to O2

and H2 in different pore width regions) and CO2 uptake are shown in figure

7.1. While microporosity from dual O2/H2 measurements shows an advan-

tage over the classical measurements in terms of surface area, this is not

reflected when pore volume is examined (see figure 7.1(a1, a2)). However if

microporosity determined using dual O2/H2 porosimetry is subdivided at

the traditional point of 7.0Å (figure 7.1(b1, b2)), ultramicropore surface

area becomes significant at pressures <0.2 bar. On the other hand, ultra-

micropore volume does not influence CO2 uptake any more than micropore

volume even at very low pressure.

The inconsistent results in terms of surface area and pore volume mentioned

above may simply indicate the relative magnitude of the effects which sur-

face area and pore volume of a material have on adsorption capacity. In-

deed, previous reports have only considered the relationship of pore volume

below some pore width with CO2 uptake.5–8 This may be because surface

area appears to have a relatively small influence on low pressure CO2 up-

take12–15. However, when the PSDs are subdivided using the variable local

minimum technique (see section 6.2), the results for both surface area and

pore volume are far more consistent as shown in figure 7.1(c1, c2). In other

words, both surface area and pore volume in region 1 - that is the pores
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7.1. RATIONALE FOR PYPUC

Figure 7.1: Comparison of r2 values derived from the linear regression of
porosity as determined by different techniques and within differing pore
width ranges against the gravimetric uptake (loading) of CO2 as a func-
tion of pressure. Linear regressions performed with using cumulative PSDs
and CO2 uptake isotherms of samples from section 6.2. Column (1) shows
porosity in terms of surface area, and (2) in terms of pore volume. The clas-
sical microporosity values in (a1) and (a2) are derived using t-plot, whereas
the total porosity is derived using the BET and single point methods for
surface area and pore volume respectively.
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7.1. RATIONALE FOR PYPUC

of widths smaller than the local minimum - are strongly associated with

CO2 uptake at all pressures below 1 bar. In fact r2 values are highest at all

pressures using this variable local minimum technique than for any of the

other techniques shown in this figure. This indicates that these bimodal

PSDs may have some physical significance to the low-pressure uptake of

CO2.

In summary, these results indicate that the use of different sorptives can

give radically different relationships between PSD and CO2 uptake as a

function of pressure. This shows further applications of the pyPUC project,

as the validity and utility of different porosimetric probes can be thoroughly

investigated in their utility for determining optimum pore size range for

CO2 uptake. While initial results are not conclusive, it appears that dual

isotherm porosimetry may be important for understanding the relationship

between pore size and CO2 uptake. While the variable local minimum

method is impractical, subdividing the micropore region at 6.0Å may be

more applicable to low pressure CO2 uptake. This is further investigated

in Publication II, section 3.2.
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7.2. PUBLICATION II

7.2 Publication II: Brute force determination

of the optimum pore sizes for CO2 uptake

Contribution of the author: The author came up with the concept

of the pyPUC software, designed and implemented it, and performed all

analyses. A portion of the experimental work necessary to create DataSet

1, and all experimental work for DataSet 2 was also done by the author.

The author wrote the paper in its entirety.
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Brute force determination of the optimum pore sizes for
CO2 uptake†

L. Scott Blankenship,a∗ Nawaf Albeladi,ab‡ Thria Alkhaldi,ac‡ Asma Madkhali,ad‡ and Robert
Mokayaa

Porosity, and in particular pore size is the one of the most important considerations in the devel-
opment of porous carbons for CO2 capture. Current methods for determining the optimum pore
size for adsorption of CO2 either make very broad assumptions (in computational studies), or are
not sufficiently thorough (in experimental studies). Herein we present a brute force, first principles
method for determining the range of pore sizes, Ω, best suited to adsorption of a given sorptive at
a range of pressures. This is then used to determine Ω for CO2 in a broad pressure range according
to N2 porosimetry. The analysis is then extended to other porosimetric sorptives and combinations
thereof to assess their efficacy in determining Ω for CO2.

1 Introduction
Porous carbons have been extensively investigated for their po-
tential use in gas storage and/or capture applications, in partic-
ular related to energy storage applications including for alterna-
tive fuels such as H2 and CH4 or for CO2 capture.1–9 A material’s
capacity for a particular sorptive is known to be related to the
porosity of the material, and in particular the pore width plays an
important role.5,10–21 Pore entrances for sorption of some gas at
a given pressure and temperature must be large enough for the
molecule in question can diffuse into it. This lower limit to the
so-called pore size range is not necessarily solely determined by
the size of the molecule; for example while N2 has a nominal ki-
netic diameter (dk) of 3.60 Å , it has been observed that at -196 ◦C
in biochars this molecule diffuses extremely slowly into pores of
width 4 Å .22–24 On the other hand, adsorption can be improved
by optimising the interactions between parallel pore walls and ad-
sorptive molecules. That is, when the distance between pore walls
is sufficiently small adsorbed molecules are affected by physical
attraction to both walls, which increases the heat of adsorption
and thus the retention of molecules within the pores.25,26 This
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00.0000/00000000.
‡ These authors contributed equally to this work.

is particularly significant at low pressures where the adsorbate-
adsorbent interactions dominate.13,15,27–34 It follows therefore,
that there is a range of optimum pore sizes for adsorption of any
given molecule at some pressure and temperature.

There have been several attempts to determine the optimum
pore size for given sorptives under some conditions. In general,
the approach to this has been to either identify the ‘ideal’ pore
size, i.e. a single width such as 6 Å for H2 with slight varia-
tions depending on temperature and pressure.12,28 An alternative
method is to propose larger regions, i.e. an optimum pore size
range (herein referred to as Ω);15,35,36 for H2 it has been reported
that ultramicropores, i.e. pores of width <7 Å are ideal.20,31

These regions or single widths are determined via purely com-
putational methods or from experimentally determined uptakes
and pore size distributions (PSDs). Computational methods at-
tempt to determine the uptake of the sorptive in an idealised
sorbent with pores of a single width via DFT or GCMC meth-
ods.5,12,37 Whereas experimental data can be used to perform-
ing linear regressions of uptake at a given pressure against pore
volume in a certain range (usually all pores below some maxi-
mum).11,13,15,17,35,38 By the latter method, Presser et al deter-
mined (N=24) that at 1.0 bar, pores in activated carbons of width
<8 Å are most strongly associated with gravimetric CO2 uptake,
while this reduced to 5 Å for uptake at 0.1 bar. Pores larger than
10 Å , as well as the oft-used parameter of average pore size were
shown to be poor predictors of uptake at these low pressures.13

Average pore size can however be useful when compared against
so-called uptake density (uptake per unit surface area). For ex-
ample, Masika et al found that uptake density of H2 (1 bar, -196
◦C) reduced drastically as average pore width increased from 10
to 20 Å .16
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Current experimental approaches to determining Ω are limited
in that they typically only consider a small set of possible Ωs,
which is informed by theoretical data, and only at one or two
pressures. Furthermore, the lower limit of the Ω is not typically
varied – the assumption being that pores larger than the diame-
ter of the sorptive will always be strong contributors to sorptive
uptake under all conditions. As for computational studies, not
only is the use of materials having a single pore width unrealistic
for amorphous porous carbon, it is difficult to account for factors
such as surface chemical and energetic heterogeneity and varia-
tion in pore geometry. Thus we present the python Porosity Up-
take Correlator (pyPUC); a combined, iterative experimental and
computational approach to Ω determination. Regressions are per-
formed using experimental data between all possible Ωs at a large
range of pressures and used to determine the Ω at each pressure.
Both the range and increment of the possible Ωs and pressures
can be easily adjusted to give an extremely fine level of detail.
As a demonstration, pyPUC is applied to the determination of Ω
for CO2 uptake in amorphous carbons at 25 ◦C where porosity is
determined from N2 sorption isotherms obtained at -196 ◦C. The
relative efficacy of H2, O2, and N2 (-196 ◦C) isothermal porosime-
try as well as dual fit N2/H2 and O2/H2 analyses is then assessed
for their ability to predict Ω for CO2 in highly ultramicroporous
carbons.

2 Methods

2.1 pyPUC

The pyPUC software requires both uptake isotherms (υ) for the
adsorptive in question, and cumulative PSDs (π) for a set of
porous samples. Firstly, a model isotherm is fit to each experi-
mental isotherm in υ using the pyGAPS adsorption isotherm pro-
cessing framework, via the modelling package initially developed
in pyIAST.39,40 These model isotherms are converted to point
isotherms according to some user-defined pressure range and
increment. Thus, discrete loadings are determined for all sam-
ples at identical pressures, and is stored in the so-called loading
DataFrame (Dυ ).

Next, from π the apparent pore volume (V ) or surface area (S)
of each sample between the minimum and maximum pore width
(wmin and wmax, respectively) is determined via;

V =V (wmax)−V (wmin),

S = S(wmax)−S(wmin)

(1)

This is repeated across all pairs of wmax and wmin prescribed by the
user, thus generating a parameter DataFrame (Dπ ). The number
of parameters calculated Nπ is thus related to the number of pore
widths defined in the calculation Nw by;

Nπ =
1
2

Nw!
(Nw −2)!

(2)

Thereafter, linear regressions are determined between every
row of Dυ and Dπ to give the correlation DataFrame (Dc), i.e.
Dc shows how well each pore width range in Dπ correlates to the
loading of the sorptive on the sample at each pressure in Dυ . Each
row of Dc contains the Pearson coefficient (r2), slope (m) and in-

tercept (c) of the regression. Finally, the best correlation at each
pressure is found simply through the maximum r2 value41 for a
given pressure after the exclusion of regressions giving a negative
slope. Thus, the Ω associated with uptake of the sorptive at each
pressure is given.

2.2 Carbon synthesis

Carbons were synthesised by pyrolysis of various biomasses and
synthetic polymers either alone or with the aid of a porogen. In
all cases they were washed after synthesis to remove any non-
carbonaceous matter. Synthetic summaries are provided in for
DataSet 1 (33 samples) and DataSet 2 (12 samples) in tables S1.1
and S2.1 respectively.

2.3 Isotherm measurement and processing

All raw experimental isotherms measured as described below are
available in the electronic supplementary information as human-
and machine-readable .aif files.42 N2, O2, and H2 isotherms
for determination of PSDs were measured at -196 ◦C on a Mi-
cromeritics 3flex porosimeter at pressures up to P0 for N2 and O2
and 1013 mbar for H2. PSDs were determined using the appropri-
ate SAIEUS software with the 2D-NLDFT heterogeneous surface
kernel(s), in order to adequately account for chemical and ener-
getic heterogeneity. Within SAIEUS it is possible to select an ap-
propriate fitting parameter, λ 43–45 which controls the roughness
of the PSD. λ was selected to provide the most realistic differen-
tial PSD based on known properties of carbons, and in all cases
was between 2.5 and 5.0 and kept constant for carbons derived
from the same precursor (see tables S1.1 and S2.1). Isotherms
and derived PSDs can be found in figures S1.6-S1.10 and S2.4-
S2.12.

Gravimetric CO2 uptakes were measured on gravimetric anal-
ysers provided by Hiden; either the Xemis analyser at 25 ◦C
(0-40 bar) or the IGA at 18 ◦C (0-20 bar) for DataSet 1
and 2 respectively. Fits were attempted with Langmuir,46,47

Double Site Langmuir (DSLangmuir),47 Triple Site Langmuir
(TSLangmuir),47 Guggenheim-Anderson-de Boer (GAB),48–50

Freundlich,51 Dubinin-Raduschkevich (DR)52 and Toth53 theo-
retical isotherms using pyGAPS (see section 2.1). The best fit was
then selected by minimum root mean square error (RMSE). CO2
isotherms as well as their best fits and details thereof can be found
in figures S1.1-S1.5 and S2.1-S2.3

3 Results and Discussion

3.1 From N2 isotherms only

We first present the use of pyPUC to determine Ω according to
porosity derived from isotherms of the "traditional" porosimetric
molecule, N2. This is to establish the validity of this brute force
method and to compare results derived in this way to those re-
ported in the literature. A set of 33 carbon samples were used in
this section.

3.1.1 DataFrame preparation.

The 33 activated carbons and biochars used in the initial analy-
sis have varied PSDs in the range 3.6-100 Å (by pore volume)
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Fig. 1 : ΩV (a) and ΩS (b) at each pressure, i.e. optimum wmax and wmin plotted against pressure. The shaded area is thus the Ω in each case.

according to fits to N2 isotherms with the 2D-NLDFT heteroge-
neous surface kernel (see figures S1.6-S1.10). It was possible
to fit model isotherms to the experimental CO2 isotherms in the
full range 0.10-40 bar with a maximum root mean square error
(RMSE) of 0.168 (figure S1.1-S1.5), although fits were slightly
poorer for some isotherms at low pressures, notably aP-2800,
aP-2900 and aP-3700 (figure S1.1(b2, b3, b5), respectively). It
should be noted, that while a wide range of model fits were at-
tempted, only DSLangmuir, TSLangmuir and Toth models pro-
vided the best fits to the experimental isotherms. DSLangmuir
was by far the most common best fit, while Toth was only used
for two samples. The model isotherms were output as 40 points
in the range 0.1-40 bar defined using a base-10 logarithmic incre-
ment between points to give Dυ . Similarly, Dπ was calculated us-
ing a base-10 logarithmic increment to give 100 w values between
3.6 and 100 Å. Determination of Dc therefore required 198 000
linear regressions, which were used to determine the Ω at each
of the 40 pressures defined in Dυ in terms of V and S i.e. ΩV and
ΩS respectively. A more detailed calculation, using a Dπ of 500
values between 3.6 and 500 Å was also performed in order to as-
certain the effect of increasing level of detail on the calculated Ω.
This calculation took almost 7 days each for ΩV and ΩS compared
to the original calculation which was completed within 24 h and
results are not significantly different. As such this data was not
used as the basis of the study. A comparison can be seen in figure
S1.11.

3.1.2 The optimum pore size region, Ω.

Figure 1 shows ΩV (a) and ΩS (b) in the pressure range studied.
As expected, in both cases the range of Ω broadens with increas-
ing pressure. This shows the positive effect on high pressure CO2
uptake of hierarchical PSDs. It is also notable that for both V
and S while wmax increases almost constantly, there are basically
only two values for wmin, starting at 3.6 Å and then increasing to

around 7.0 Å at some pressure. In other words, there is a pressure
range in which ultramicropores are strongly associated with CO2
uptake. This range is up to 7.4 and 3.4 bar for V and S, respec-
tively.§ At 0.10 bar, wmax is approximately 8 Å and increases to
17 and 11 Å for V and S, respectively once Ω begins to exclude
the ultramicropores. That is, with increasing pressure supermi-
cropores have an increasing influence on CO2 uptake. The fact
that the pressure range wherein wmin is 3.6 Å is much smaller
for S relative to V may be a result of reduced influence of Lon-
don interactions between the carbon surface and the sorptive as
pressure increases. Increased pressure means that multilayer ad-
sorption, and thus interactions between CO2 molecules becomes
more dominant.

Once Ω begins to exclude ultramicropores, there is a sharp in-
crease in wmax. As a result, ΩS includes both supermicropores and
small mesopores after 6 bar. Conversely, ΩV remains strictly in the
supermicropore region until 13 bar. Again, this seems to be a re-
sult of an indication of the difference in the how surface area vs
pore volume improve adsorption of CO2. That is smaller pores re-
sult in improved sorptive-sorptive interactions, while larger pores
provide more surface for CO2 to interact with. This is further
exhibited by the large increase in wmax up to 100 Å for ΩS at
16 bar which does not exist for ΩV . Of course, this upper limit
for ΩS is not real but represents the upper limit of wmax estab-
lished in the determination of Dπ . Nevertheless, these results
may inform design of porous carbons for different applications;
for example a carbon with high porosity below 8.0 Åis best suited
for low pressure capture of CO2, whereas carbons for so-called
pressure-swing adsorption (PSA) should have hierarchical micro-
mesoporous PSDs with minimal porosity below 8.0 Å. This con-
firms previous reports.13,15,27,54,55

§ In the more detailed calculation (see figure S1.11) this limit is found to be slightly
lower.
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Fig. 2 : CO2 uptake, U vs pore volume, VΩ (column a) and surface area, SΩ column (b) in Ω, at 0.10 (row 1), 1.0 (row 2), 10 (row 3), and 40 (row
4) bar.
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Fig. 3 : Change in
dU
dVΩ

(a1) and
dU
dSΩ

(a2) with P, and in a linearised form (b1) and (b2).

3.1.3 Relative strength of correlations.

Figure 1, however does not tell the full story as it presents each
of the Ωs as equal. That is, there is no consideration of relative
Pearson coefficients (r2), which is presented in figure 2. While
positive correlations were established for each pressure in ques-
tion, r2 ranges from 0.57 at 0.10 bar (figure 2 (a1)) to 0.88 at
40 bar (figure 2 (a4)). Indeed, r2 steadily improves with increas-
ing pressure and this trend is shared both for the volume and
surface area of pores within Ω, i.e. VΩ and SΩ respectively. The
relatively poor fit at low pressure may be a result of the impre-
cision of PSDs derived from N2 isotherms in the ultramicropore
region.22,24,34 In addition, as mentioned before fitting of models
to CO2 isotherms to P < 1.0 bar was in some cases less successful
than for higher pressures thus there may be inaccuracies in the
determined gravimetric uptake at such pressures.

3.1.4 Effect of increasing pressure on influence of Ω on CO2
uptake.

Figure 2 also shows the approximate relationship between uptake
at the pressure (U) in question and pore volume or surface area

within the Ω in the form
dU
dVΩ

or
dU
dSΩ

, as derived from the lin-

ear regression. It is thus possible to predict the effect of increas-
ing pore volume within the Ω on CO2 uptake at that pressure,
i.e. increasing volume of pores of width 3.6-8.3 Å by 1 cm3 g−1

ought to result in an increase in uptake of 1.7 mmol g−1 CO2 at
0.1 bar, whereas the same increase in pore volume in the range
6.2-30 Å (approximately the supermicropore and small mesopore
region) results in an improvements in CO2 uptake at 40 bar of
18 mmol g−1. If we examine slopes of fits in figure 2, (column
b), a similar pattern appears, with an increase in surface area of
1000 m2 g−1 in pores between 3.6 and 8.3 Å corresponding to
a meager 0.57 mmol g−1 improvement in CO2 uptake compared
with an increase in uptake of 11 mmol g−1 at 40 bar when surface
area in pores of width 8.3-100 Å increases by the same amount.

Furthermore, a clear positive, semi-logarithmic trend is ob-

served between
dU
dVΩ

and P, i.e. it takes the form of a gas ad-

sorption isotherm (see figure 3). A similar transform to that used
in determination of a Langmuir isotherm46 demonstrates a strong
relationship of the form;

dU
dVΩ

=
P

mP+ c
(3)

where the slope m is 0.054 cm3 mmol−1 with an r2 of 0.997. The
intercept, c does not have any physical significance as it ought to
be a multiple of CO2 uptake at 0 bar, and thus should be zero. Its
non-zero value is likely a reflection of the relatively high uncer-
tainty in the relationship between U and V at pressures below 1
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bar. A similarly strong fit (r2 = 0.980) can be observed for
dU
dSΩ

by

the same treatment as in equation 3, where m = 93 m2 mmol−1.

However the relationship between
dU
dSΩ

P and P is not exactly lin-

ear. Nevertheless, it is clear that with increasing pressure, im-
provements in ΩV or ΩS correspond to rapid improvements in
U at low pressures, but these improvements diminish at higher
pressures. This is likely a result of a reduction in enthalpy of ad-
sorption with increasing adsorbate loading.

3.1.5 Association of arbitrary pore-size regions with uptake.

While sections 3.1.2, 3.1.3, and 3.1.4 discuss Ω, i.e. the abso-
lute best pore size for CO2 uptake at a given pressure (according
to our methods), experimentally targeting porosity of amorphous
porous carbons within such precise limits (e.g. 3.6-9.2 Å at 1
bar) is unlikely to be practicable. Besides, these limits are ’fuzzy’,
in that the next best pore size region to Ω typically has a simi-
lar r2 value at the pressure in question. It is useful therefore to
examine the dependence of r2 as determined in the Dc on pres-
sure within specific pore size regions, as shown in figure 4. For
brevity, these results are discussed and displayed in terms of pore
volume only. The traditional division of nanopores separates mi-
cropores into so-called ultramicropores (<7 Å) and supermicrop-
ores (7-20 Å). As shown in figure 4(a1) ultramicropores are not
particularly strongly associated with CO2 uptake at any pressure,
although r2 does improve at low pressures - in contrast to pre-
vious reports.13,15 On the other hand, supermicroporosity does
appear to correlate fairly strongly (0.6 < r2 < 0.8) with uptake
at pressures between 10 and 40 bar. This analysis also shows that
mesoporosity does not show any particularly strong relationship
with a carbon’s ability to capture CO2 at any pressure below 40
bar - the maximum r2 is only 0.52. That is not to say that meso-
pores are not important for high pressure CO2 adsorption, indeed
as discussed in 3.1.2, both ΩV and ΩS at 40 bar include small
mesopores, in addition to supermicropores, with r2 of 0.88 and
0.84, respectively.

In section 3.1.2 and figure 1 we see that at lower pressures Ω
is approximately 3.6-10 Å. Therefore, a reasonable alternative to
the traditional subdivision of micropores at 7 Å could be at 10 Å.
As shown in figure 4(a2), pores of width <10 Å do indeed show
improved correlation with CO2 uptake at relatively low pressures
with r2 reaching 0.79 at 2.9 bar. Conversely the larger subdi-
vision, i.e. between 10 and 20 Å does not show improvements
relative to the supermicropore designation, and has much poorer
correlations at high pressures. Expanding this pore size region
to include all pores above 10 Å does not significantly improve r2

values in the pressure range used in this study. In other words it
appears that pore size regions to target for high (10-40 bar) and
medium (<10 bar) pressure uptake overlap, with the former be-
ing pores above 7 Å , and the latter below 10 Å. Low pressures
(<1 bar) require even smaller pores of widths less than 8-9 Å (see
figures 1 and 2(a1-2, b1-2)).

Figure 4(b1 and b2) show the effect of a broadening pore size
region on the relationship between r2 and P, with a fixed lower
limit of 3.6 and 7.0 Å respectively. These lower limits corre-
spond to the two values of wmin mentioned in 3.1.2. In both cases

Fig. 4 : Dependence of r2 on pressure within different pore size regions
by pore volume, i.e. ultramicropores, supermicropores and mesopores
(a1); pores of width <10, 10-20, >10, and >20 Å (a2); increasing wmax
with a fixed wmin of 3.6 (b1) and 7.0 Å (b2).
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small increases in wmax have a strong effect on the pressure at
which correlation is strongest for the pore size region. However
at higher values of wmax, this discrepancy is reduced. For example
pores of width 7.0-31 and 7.0-90 Å have their strongest associ-
ation (r2 ≈ 0.85) with CO2 uptake at 40 bar. This corresponds
roughly to ΩV at 40 bar (figure 2(d1)) and shows that at high
pressures larger pores may not significantly effect adsorption of
CO2. It is interesting to note that very narrow pore size ranges
i.e. 3.6-4.7 and 3.6-6.2 Å (figure 4(b1)) do not show any signif-
icant relationship to CO2 uptake, in fact r2 never exceeds 0.27
for either of these pore size regions, so any variation in r2 here is
essentially meaningless. That is, there appears to be a lower limit
to pore size that positively effects uptake at pressures of 0.10 bar
and greater which is around 8.1 Å.

3.2 Highly ultramicroporous carbons
We recently reported on relative improvements in precision of
PSD determination by use of dual fits to O2 and H2 isotherms rel-
ative to N2 and H2.34 This was particularly relevant to so-called
biochars and carbons activated with small amounts of porogen,
both having a high proportion of ultramicropores. The rationale
being that N2’s poor diffusion into ultramicropores meant that
PSDs, especially at the smaller end of the micropore region, are
imprecise. In addition, when NLDFT kernels were fit to N2, O2
and H2 isotherms individually there were notable discrepancies
in derived PSDs, which were more evident for the more ultra-
microporous carbons.34 In the previous section it was noted that
the Pearson coefficient for Ω was very low at low pressures, which
may be a result of imprecise PSDs for DataSet 1 in the ultramicro-
pore region. It is useful therefore to examine the relative results of
Ω determination using PSDs from single N2, O2 and H2 isotherms
as well as from dual kernel fitting. The following sections exam-
ine PSDs from these sorptives and combinations thereof in the
determination of optimum porosity in the 12 carbons in DataSet
2. Synthetic details for these samples can be found in table S2.1.

3.2.1 Analysis using PSDs from single isotherm H2, N2, and
O2 fits.

CO2 uptake isotherms, their fits, and PSDs from the three sorp-
tives can be found in figures S2.1-S2.3 and S2.4-S2.6. A compari-
son of ΩV derived using each of the three isotherms (i.e. Ωsorptive

V )
in question in the pressure range 0.10-20 bar can be found in fig-
ure 5.¶ It is clear that no single sorptive is providing a reasonable
ΩV for DataSet 2 throughout the prescribed pressure range. In
particular, ΩV from N2 (ΩN2

V ) isotherms (figure 5(a1)) gives the

unreasonable conclusion that up to 2.1 bar ΩN2
V is constant at

around 5.8-6.3 Å. This is both a surprisingly narrow range, and it
is unlikely that there would be effectively no broadening of ΩN2

V

with increasing P up to this point. Similarly, after 2.1 bar ΩO2
V (fig-

ure 5(a2) drops to a very narrow, relatively constant range (ap-
proximately 10-11 Å). This may simply be an effect of the minimal
improvements in CO2 for these carbons above 2 bar (see figures

¶ Results for Ωsorptive
S are sufficiently similar to not require a separate discussion here.

A comparison is displayed in figure S2.13.

Fig. 5 : ΩV calculated from DataSet 2 using PSDs derived from N2
(a1), O2 (a2), and H2 (a3) isotherms as well as corresponding r2 values
(b).
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S2.1-S2.3), which is attributable to the very minimal porosity of
these carbons in the supermicropore and mesopore regions (see
figures S2.4-S2.6).34 As such discussions of these analyses are
best limited to uptakes at P < 2 bar.

For analyses using both O2 and H2 there is a broadening in ΩV

with increasing P at relatively low pressures which is not present
according to N2 analysis. In addition, as shown in figure 5(b), r2

is lower at all pressures for correlations derived using ΩN2
V data

compared to ΩO2
V and ΩH2

V . While ΩO2
V data shows the best cor-

relations in general, r2 from ΩH2
V data is greater at 0.10 and 0.13

bar. In other words, for this set of carbons, porosity accessible to
CO2 is best determined using H2 isotherms up to 0.13 bar, and
thereafter (up to around 2 bar) using O2 isotherms. This follows
from the standpoint of H2 having access to - and thus predicting
the presence of - pores of widths as small as 3.0 Å, while the lower
limit for O2 is 3.6 Å. Thus the contribution of pores of widths less
than 3.6 Å to low pressure CO2 uptake can only be accounted for
using H2 porosimetry, yielding ΩH2

V = 3.3-5.9 Å. At 0.17 bar and
above, pores above 6.0 Å appear to become more heavily utilised
for CO2 adsorption according to relative magnitudes of r2. The
upper limit of porosity measurable by H2 at -196 ◦C is unknown,
however it is usually said to be between 8.0-10 Å.22,24 This ex-
plains why results for ΩH2

V become less reasonable at pressures
above 0.3 bar; H2 porosimetry is unsuitable for prediction of CO2
uptake at these pressures. Indeed, in determination of PSDs for
from H2 isotherms, wmax was set to 10 Å.

Figure 6 presents further information on the relative efficacy of
the three sorptives in measuring pores of widths below some limit
(wmax), and the relationship between pores of these widths and
CO2 uptake between 0.10 and 2.0 bar. It is striking that when
wmax is set at 5.0 or 6.0 Å, only H2 porosimetry provides rea-
sonable correlations (r2 > 0.60) at any pressure. Indeed, in the
case of O2 (see figure 6(b)) r2 is zero at all pressures and thus
cannot be displayed within the figure. Strong correlations only
begin to be shown when wmax is set to 10. PSDs derived from O2
isotherms do show porosity in the ultramicropore region, thus it
may be concluded that the ultramicropores accessible to O2 are
not important for CO2 uptake, while those ultramicropores acces-
sible to H2 do contribute to CO2 uptake. The latter statement can
be accounted for by the fact H2 has access to pores undetectable
by O2. Similar rationale can be applied to the plot for N2 (figure
6(a)). When wmax is increased past 10 Å, r2 vs P plots become
very similar in the case of calculations made using both N2 and
O2 derived PSDs. This indicates that there is little measurable im-
provement in CO2 adsorption by broadening the PSD past 10 Å,
however this may simply be a result of the relatively narrow PSDs
present in these samples.

In summary, examination of Dc for DataSet 2 with each of the
three porosimetric sorptives shows that low pressure (<2.0 bar)
CO2 uptake is improved by increasing volume in pores below
10 Å. In addition, N2 is consistently outperformed by O2 and/or
H2 at measuring porosity appropriate for CO2 uptake. However,
while porosity as determined by O2 improves CO2 uptake at pres-
sures above 0.13 bar, H2 is needed to determine optimum porosity
for uptake at ultra-low pressures. It is therefore logical to consider

Fig. 6 : Comparison of dependence of r2 on pressure with increasing wmax
as determined using PSDs from N2 (a), O2 (b), and H2 (c) isotherms.

PSDs as determined via dual isotherm analysis as a way to extend
the range of pressures at which optimum pore size for CO2 can
be accurately determined.

3.2.2 Analysis using PSDs from dual isotherm N2/H2 and
O2/H2 fits.

Fitting the 2D-NLDFT heterogeneous surface kernel to H2 simul-
taneously with N2 or O2 allows the calculation of the range of the
PSD in the range 3.0-500 Å. Thus, using these dual-fit PSDs in
the calculation of Dc and Ω should allow for consideration of the

8 | 1–12Journal Name, [year], [vol.],
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affinity of all pores in this range for CO2 in the defined pressure
range. Figure 7 compares ΩV and ΩS from single isotherm (N2
and O2) fits to those obtained by dual fitting with H2. In all cases,
the Ω vs P plot for the dual fit (Figure 7(b1-4)) appears more rea-
sonable than the corresponding plot for single fit (Figure 7(a1-
4)), especially when P < 1.0 bar. In the case of ΩN2/H2

V the im-
provement over single fit is principally in that the breadth of pore
sizes (approx. 3.0-8.0 Å) in ΩN2/H2

V below 1.0 bar is much more

realistic than for ΩN2
V . There is however no broadening within this

region with increasing pressure, unlike for ΩN2/H2
S which may be a

result of the nature of adsorbate-adsorbent relative to adsorbate-
adsorbate interactions as highlighted in section 3.1.2. In addition
to the relationship between Ω and P being more realistic in terms
of both surface area and pore volume, the r2 is consistently better
for both ΩN2/H2

V (c1) and ΩN2/H2
S (c2) than their single-isotherm

PSD counterparts. That is to say, that extending the range of ac-
curate, measurable porosity well into the ultramicropore region
yields improved certainty in the determination of optimum poros-
ity for CO2 uptake.

r2 values for ΩO2/H2
V and ΩO2/H2

S only shows noticeable im-
provements at pressures below 0.30 bar compared to their sin-
gle isotherm counterparts (figure 7(c3-4)). This again indicates
the importance of porosity penetrable by H2 alone in the adsorp-

tion of CO2 at low pressures. For ΩO2/H2
V (figure 7(b3)) this cor-

responds to a significantly smaller range at low pressures, with
pores in the range 3.6-4.2 Å being most associated with CO2 up-
take at 0.10 bar, compared to 6.1-8.3 Å for ΩO2

V (a3). Broadening

in ΩO2/H2
V is also briefly apparent as P increases to 0.13 bar, but

falls to an unrealistically narrow range again quickly. On the other
hand ΩO2/H2

S (figure 7(b4)) gives the most physically reasonable
result as it broadens consistently with increasing P. Furthermore,
we see three distinct values of wmin of 3.5, 6.3, and 8.8 Å. The lat-
ter two values reflect the results shown in figure 1, indicating that
the use of dual O2/H2 isotherms gives information on the pres-
sures at which the influence of the smallest of ultramicropores on
CO2 uptake is greatest, that is below 0.30 bar.

The utility of dual isotherm porosimetry with H2 as one of the
probes in CO2 porosity uptake correlations is further emphasised
on examination of the dependency of r2 on P with broadening
PSDs (see figure 8). In the case of the corresponding plots for sin-
gle isotherm fits (figure 6) H2 was the only probe molecule that
provided strong correlations where wmax is 5.0 or 6.0 Å. While
dual N2/H2 porosimetry (figure 8(a)) provides some improve-
ments for these narrow pore width ranges compared to single
isotherm N2 (figure 6(a)), the most significant improvements are
for O2/H2 relative to O2. Indeed, for all values of wmax between
5.0 and 7.0 Å there are reasonable r2 values (>0.50) (figure 8(b))
at some pressure, with wmax = 5.0 Å showing the greatest im-
provement relative to the its single isotherm counterpart. In fact,
the plot for 5.0 Å shows improvement even relative to its corre-
sponding plot from single isotherm H2 porosimetry (figure 6(c)),
as r2 does not fall below 0.50 at pressures below 5.0 bar. In other
words, while H2 porosimetry shows that pores of width less than
5.0 Å have a reasonable association with CO2 uptake at 0.10 bar
only, combined O2/H2 porosimetry shows that this continues to

Fig. 8 : Comparison of dependence of r2 on pressure with increasing
wmax as determined using PSDs from dual N2/H2 (a) and O2/H2 (b)
isotherms.

much higher pressures.
It appears therefore that dual O2/H2 porosimetry may give a

more nuanced and reasonable picture of porosity relevant to CO2
uptake within samples in DataSet 2 as compared to both dual
N2/H2 analysis as well as PSDs from single sorptives. In par-
ticular, if we compare results from O2/H2 analysis to the tradi-
tional N2 analysis it is interesting that the presence of microp-
ores of width <5.0 Å according to the former figure 8(b)) are at
least as important as micropores in general according to the lat-
ter for CO2 uptake at very low pressures (see figures 8(b) and
6(a), respectively). While more investigation is necessary to de-
termine the precise reasons for the differences in results given by
dual isotherm O2/H2 and the other methods measurement of the
porosity most relevant to CO2 uptake in highly ultramicroporous
carbons, it remains clear that both the certainty of these results
from the former and their correspondence with accepted theory
of gas adsorption in pores is better.

4 Conclusions
pyPUC shows promise in its ability to thoroughly and definitively
elucidate the relationship between porosity within some pore size
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range, and uptake of a gas at some pressure. We have examined
its utility in determining the optimum pore size region in terms of
pore volume or surface area (ΩV or ΩS) for CO2 capture in car-
bons between 0.10 and 40 bar. More than broadly confirming re-
ports by previous experimental and theoretical studies, this work
gives a much higher level of precision concerning the relationship
between Ω and P. Furthermore, it is possible to approximately
predict the the increase in CO2 uptake achieved by increasing
porosity within the Ω. Apart from optimum pore sizes ranges, we
also find the relationship between pores within arbitrary width
ranges on CO2 uptake.

In addition this method allows facile, comprehensive compari-
son of such results using different isothermal porosimetric meth-
ods for PSD determination. This is particularly relevant to highly
ultramicroporous carbons, wherein the utility of N2 has been
called into question. Here, we show that dual isotherm analy-
sis, and in particular O2/H2 analysis improves our predictions of
CO2 uptake especially at very low pressures.

The pyPUC method can be easily expanded to be used for cal-
culations related to the uptake of other sorptives, under different
conditions, and with other variables (e.g. surface chemistry) ac-
counted for. Results from our methods may help improve the
design of porous materials for a wide range of adsorption appli-
cations.

Acknowledgements
We are thankful to the EPSRC (Low-Dimensional Materials & In-
terfaces DTP) for a studentship for LSB. In addition, LSB thanks
Paul Iacomi for the development of pyGAPS, and assistance with
implementation of some of its features in pyPUC as well as to Has-
san Akhtar who assisted and advised on some of the code. The
use of the University of Nottingham’s Augusta HPC service was es-
sential to the completion of this work. We thank the government
of the Kingdom of Saudi Arabia for funding PhD studentships for
NA, TA and AM. RM thanks the Royal Society for a Royal Society
Wolfson Research Merit Award.

Author Contributions
L. Scott Blankenship: Conceptualization, Methodology, Soft-
ware, Formal Analysis, Data Curation, Investigation, Writing –
Original Draft, Visualization
Nawaf Albeladi: Investigation
Thria Alkhaldi: Investigation
Asma Madkhali: Investigation
Robert Mokaya: Validation, Resources, Writing – Review & Edit-
ing, Funding acquisition

Conflicts of interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to
influence the work reported in this paper.

Notes and references
1 M. Sevilla and R. Mokaya, Energy & Environmental Science,

2014, 7, 1250–1280.

2 T. C. Drage, J. M. Blackman, C. Pevida and C. E. Snape, Energy
& Fuels, 2009, 23, 2790–2796.

3 M. G. Plaza, S. Garcia, F. Rubiera, J. J. Pis and C. Pevida,
Chemical Engineering Journal, 2010, 163, 41–47.

4 A. Altwala and R. Mokaya, Energy & Environmental Science,
2020, 13, 2967–2978.

5 S. Biloé, V. Goetz and A. Guillot, Carbon, 2002, 40, 1295–
1308.

6 M. Beckner and A. Dailly, Applied Energy, 2016, 162, 506–
514.

7 J. Juan-Juan, J. Marco-Lozar, F. Suárez-García, D. Cazorla-
Amorós and A. Linares-Solano, Carbon, 2010, 48, 2906–
2909.

8 K.-S. Lin, A. K. Adhikari, K.-C. Chang, C.-L. Chiang and C.-H.
Wang, Journal of Nanoscience and Nanotechnology, 2014, 14,
2700–2708.

9 Q. Zhao, F. Wu, K. Xie, R. Singh, J. Zhao, P. Xiao and P. A.
Webley, Chemical Engineering Journal, 2018, 336, 659–668.

10 J. Alcaniz-Monge, M. A. de la Casa-Lillo, D. Cazorla-Amorós
and A. Linares-Solano, Carbon, 1997, 35, 291–297.

11 D. Lozano-Castello, D. Cazorla-Amoros, A. Linares-Solano and
D. F. Quinn, Carbon, 2002, 40, 989–1002.

12 I. Cabria, M. J. López and J. A. Alonso, Carbon, 2007, 45,
2649–2658.

13 V. Presser, J. McDonough, S.-H. Yeon and Y. Gogotsi, Energy
& Environmental Science, 2011, 4, 3059–3066.

14 W. Zhao, V. Fierro, C. Zlotea, E. Aylon, M. Izquierdo, M. La-
troche and A. Celzard, International Journal of Hydrogen En-
ergy, 2011, 36, 11746–11751.

15 M. Sevilla, J. B. Parra and A. B. Fuertes, ACS Applied Materials
& Interfaces, 2013, 5, 6360–6368.

16 E. Masika and R. Mokaya, The Journal of Physical Chemistry
C, 2012, 116, 25734–25740.

17 Z. Geng, C. Zhang, D. Wang, X. Zhou and M. Cai, Journal of
Energy Chemistry, 2015, 24, 1–8.

18 B. Adeniran and R. Mokaya, Chemistry of Materials, 2016, 28,
994–1001.

19 Y.-K. Choi and S.-J. Park, Bulletin of the Korean Chemical Soci-
ety, 2016, 37, 830–834.

20 G. Sethia and A. Sayari, Carbon, 2016, 99, 289–294.
21 T. K. Das, S. Banerjee, P. Sharma, V. Sudarsan and P. U. Sastry,

International Journal of Hydrogen Energy, 2018, 43, 8385–
8394.

22 J. Jagiello, J. Kenvin, A. Celzard and V. Fierro, Carbon, 2019,
144, 206–215.

23 D. Grau-Marin, J. Silvestre-Albero, E. O. Jardim, J. Jagiello,
W. R. Betz and L. E. Peña, Carbon, 2020, 157, 495–505.

24 J. Jagiello, J. Kenvin, C. O. Ania, J. B. Parra, A. Celzard and
V. Fierro, Carbon, 2020, 160, 164–175.

25 D. H. Everett and J. C. Powl, Journal of the Chemical Soci-
ety, Faraday Transactions 1: Physical Chemistry in Condensed
Phases, 1976, 72, 619–636.

26 J. Jagiello and M. Thommes, International Conference on Car-
bon for Energy Storage and Environment Protection, 2005.

Journal Name, [year], [vol.],1–12 | 11



27 N. P. Wickramaratne and M. Jaroniec, Journal of Materials
Chemistry A, 2013, 1, 112–116.

28 M. De la Casa-Lillo, F. Lamari-Darkrim, D. Cazorla-Amoros
and A. Linares-Solano, The Journal of Physical Chemistry B,
2002, 106, 10930–10934.

29 K. R. Matranga, A. Stella, A. L. Myers and E. D. Glandt, Sepa-
ration Science and Technology, 1992, 27, 1825–1836.

30 S. Reljic, E. Jardim, C. Cuadrado-Collados, M. Bayona,
M. Martinez-Escandell, J. Silvestre-Albero and F. Rodríguez-
Reinoso, in CO 2 Adsorption in Activated Carbon Materials,
2021, pp. 139–152.

31 N. Texier-Mandoki, J. Dentzer, T. Piquero, S. Saadallah,
P. David and C. Vix-Guterl, Carbon, 2004, 42, 2744–2747.

32 Z. Tan and K. E. Gubbins, Journal of Physical Chemistry, 1990,
94, 6061–6069.

33 C. M. Simon, J. Kim, D. A. Gomez-Gualdron, J. S. Camp, Y. G.
Chung, R. L. Martin, R. Mercado, M. W. Deem, D. Gunter
and M. Haranczyk, Energy & Environmental Science, 2015, 8,
1190–1199.

34 L. S. Blankenship, J. Jagiello and R. Mokaya, Available at
SSRN 3946228, 2022.

35 J. Li, B. Michalkiewicz, J. Min, C. Ma, X. Chen, J. Gong, E. Mi-
jowska and T. Tang, Chemical Engineering Journal, 2019, 360,
250–259.

36 S.-Y. Lee and S.-J. Park, Journal of Colloid and Interface science,
2013, 389, 230–235.

37 S. Hlushak, Physical Chemistry Chemical Physics, 2018, 20,
872–888.

38 G. Sethia and A. Sayari, Carbon, 2015, 93, 68–80.
39 P. Iacomi and P. L. Llewellyn, Adsorption, 2019, 25, 1533–

1542.
40 C. M. Simon, B. Smit and M. Haranczyk, Computer Physics

Communications, 2016, 200, 364–380.
41 K. Pearson, Proceedings of the Royal Society of London, 1895,

58, 240–242.
42 J. D. Evans, V. Bon, I. Senkovska and S. Kaskel, Langmuir,

2021, 37, 4222–4226.
43 P. C. Hansen, SIAM review, 1992, 34, 561–580.
44 P. C. Hansen and D. P. O’Leary, SIAM Journal on Scientific

Computing, 1993, 14, 1487–1503.
45 P. Hansen, in The L-curve and its use in the numerical treatment

of inverse problems, ed. P. Johnston, WIT Press, Southampton,
2001, pp. 119–142.

46 I. Langmuir, Journal of the American Chemical Society, 1916,
38, 2221–2295.

47 I. Langmuir, Journal of the American Chemical society, 1918,
40, 1361–1403.

48 E. A. Guggenheim, Applications of Statistical Mechanics, Ox-
ford Clarendon Press, 1966.

49 R. B. Anderson, Journal of the American Chemical Society,
1946, 68, 686–691.

50 J. H. de Boer, The Dynamical Character of Adsorption, Oxford
Clarendon Press, 1953, vol. 76.

51 H. Freundlich, Zeitschrift für Physikalische Chemie, 1907, 57,
385–470.

52 B. Bering, M. Dubinin and V. Serpinsky, Journal of Colloid and
Interface Science, 1966, 21, 378–393.

53 J. Tóth, Journal of Colloid and Interface Science, 1994, 163,
299–302.

54 M. E. Casco, M. Martínez-Escandell, J. Silvestre-Albero and
F. Rodríguez-Reinoso, Carbon, 2014, 67, 230–235.

55 M. Sevilla, A. S. M. Al-Jumialy, A. B. Fuertes and R. Mokaya,
ACS Applied Materials & Interfaces, 2018, 10, 1623–1633.

12 | 1–12Journal Name, [year], [vol.],



7.3. SUMMARY & FUTURE WORK

7.3 Summary & Future Work

The pyPUC method is a thorough, intuitive, and assumption-less route to

understanding the relationship between adsorbent pore size and physisorp-

tive uptake capacity of some adsorbate. It expands upon both purely com-

putational and purely experimental methods by performing a broad anal-

ysis of the correlation (via the Pearson coefficient, r2) of porosity within

pores of some range of widths and adsorbate uptake at some pressure. Its

utility has been demonstrated in Publication II with CO2 on turbostratic

carbons, with porosity derived from N2 isotherms as well as by comparing

results derived using PSDs from different porosimetric adsorbates.

The relationship between CH4 uptake in turbostratic carbons and pore

size is one of the least well understood in the field of small gas molecule

capture and storage.1,16–18 This problem should be considered a priority

for the use of pyPUC - indeed as CH4 is a non-polar molecule and larger

than CO2,19,20 results from this analysis should be less influenced by carbon

surface chemistry and very small ultramicropores and thus may provide a

simpler understanding of the relationship between pore size and pressure-

dependent gas uptake. Similarly pyPUC ought to be applied to H2 storage;

while the relationship between pore size and H2 uptake capacity is perhaps

one of the best understood, the analysis could provide some interesting

insights. However, this could be problematic in that the general consensus

is that optimum pore size for H2 uptake is 6.0Å2,21 so porosity ought to be

probed by a small sorptive like H2 - it could be considered unreasonable to

determine porosity with the same molecule for which the materials’ uptake

capacity is being assessed.

pyPUC currently only considers the uptake capacity in the derivation of

the Ω. In the future, pyPUC should be expanded to include isosteric heat
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7.3. SUMMARY & FUTURE WORK

of adsorption qst as a variable. While qst is typically determined using the

Clausius-Clapeyron method,22,23 the analysis could perhaps be made more

efficient by employing the Whittaker method which has been shown to yield

comparable results and only requires a single isotherm.24,25 pyPUC could

then be used to derive a relationship between porosity in some range of

pore sizes and qst.
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7.4. PUBLICATION II SUPPORTING INFORMATION

7.4 Publication II Supporting Information: Brute

force determination of the optimum pore

sizes for CO2 uptake
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S1 DATASET 1

S1 DataSet 1
Sample code: PP(xxx)-yTTT
Where PP denotes precursor(s); see table below. xxx is used in the case of mixed precursors and denotes the ratio (in %) of second precursor to first. y is weight
ratio of KOH:precursor. TTT is the activation temperature in ◦C.

Table S1.1 Synthetic information and PSD fitting parameter, λ for samples in dataset 1

Prefix Number of samples Precursor Notes λ
aP 7 Air carbonised (400 ◦C) prickly pear 2.5
PUxxx 11 Potassium Hydrogen Phthalate (P), Urea (U) 1 h carbonisation at T 4.0
aT 9 Air carbonised (350 ◦C) hookah tobacco 3.5
hC 3 Hydrothermally carbonised (350 ◦C) used cigarette butts Hydrochar not washed 4.0
hD 3 Hydrothermally carbonised (250 ◦C) used cigarette butts Hydrochar washed 4.0
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S1 DATASET 1

Figure S1.1 CO2 uptake isotherms and fits in the range 0-40 and 0-1 bar, column (a) and (b) respectively for samples aP-2700, aP-2800, aP-2900,
aP-3700, aP-3800, aP-4700, aP-4800 in order in rows (1-7).
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S1 DATASET 1

Figure S1.2 CO2 uptake isotherms and fits in the range 0-40 and 0-1 bar, column (a) and (b) respectively for samples PU000-800, PU025-800,
PU025-700, PU025-800, PU025-900 in order in rows (1-5).
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S1 DATASET 1

Figure S1.3 CO2 uptake isotherms and fits in the range 0-40 and 0-1 bar, column (a) and (b) respectively for samples PU050-600, PU050-700,
PU050-800, PU050-900, PU100-800, PU100-900 in order in rows (1-6).
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S1 DATASET 1

Figure S1.4 CO2 uptake isotherms and fits in the range 0-40 and 0-1 bar, column (a) and (b) respectively for samples aT-2600, aT-2700, aT-2800,
aT-2800, aT-4600, aT-4700, aT-4800, aT-6600, aT-6700, aT-6800 in order in rows (1-9).
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S1 DATASET 1

Figure S1.5 CO2 uptake isotherms and fits in the range 0-40 and 0-1 bar, column (a) and (b) respectively for samples hD-4600, hD-4700, hD-4800,
hC-4600, hC-4700, hC-4800 in order in rows (1-6).
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S1 DATASET 1

Figure S1.6 Fits to N2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential PSDs (column
c) for samples aP-2700, aP-2800, aP-2900, aP-3700, aP-3800, aP-4700, aP-4800 in order in rows (1-7).
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S1 DATASET 1

Figure S1.7 Fits to N2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential PSDs (column
c) for samples PU000-800, PU025-800, PU025-700, PU025-800, PU025-900 in order in rows (1-5).
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S1 DATASET 1

Figure S1.8 Fits to N2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential PSDs (column
c) for samples PU050-600, PU050-700, PU050-800, PU050-900, PU100-800, PU100-900 in order in rows (1-6).

10



S1 DATASET 1

Figure S1.9 Fits to N2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential PSDs (column
c) for samples aT-2600, aT-2700, aT-2800, aT-2800, aT-4600, aT-4700, aT-4800, aT-6600, aT-6700, aT-6800 in order in rows (1-9).
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S1 DATASET 1

Figure S1.10 Fits to N2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential PSDs (column
c) for samples hD-4600, hD-4700, hD-4800, hC-4600, hC-4700, hC-4800 in order in rows (1-6).
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S2 DATASET 2

Figure S1.11 Comparison of ΩV when Dπ is calculated from 3.6-100 and 3.6-500 Å using 100 and 500 widths, respectively.

S2 Dataset 2
Sample code: PPy.y-(HHH)
Where PP denotes precursor(s); see table below. y.y s the ratio of porogen (KOH or NaOOCCH2) to precursor. HHH is only used for SD samples, and signifies the
hydrothermal carbonisation temperature. More detailed information found in original paper. 1

Table S2.1 Synthetic information and PSD fitting parameter, λ for samples in dataset 2

Prefix Number of samples Precursor Notes λ
NC 4 Sodium carboxymethyl cellulose y.y determined by degree of substitution 3.5

SD 8 Eucalyptus sawdust
at weight ratio defined by y.y prior to activation
Prepared by hydrothermal carbonisation with KOH 4.0

13



S2 DATASET 2

Figure S2.1 CO2 uptake isotherms and fits in the range 0-20 and 0-1 bar, column (a) and (b) respectively for samples NC0.0, NC0.7, NC0.9, and
NC1.2 in order in rows (1-4).
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S2 DATASET 2

Figure S2.2 CO2 uptake isotherms and fits in the range 0-20 and 0-1 bar, column (a) and (b) respectively for samples SA0.0-250, SA0.0-300,
SA0.5-200, SA0.5-250, SA0.5-300 in order in rows (1-5).
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S2 DATASET 2

Figure S2.3 CO2 uptake isotherms and fits in the range 0-20 and 0-1 bar, column (a) and (b) respectively for samples SA1.0-200, SA1.0-250,
SA1.0-300 in order in rows (1-3).
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S2 DATASET 2

Figure S2.4 Individual fits to H2, N2, and O2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant
differential PSDs (column c) for samples NC0.0, NC0.7, NC0.9, and NC1.2 in order in rows (1-4).
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S2 DATASET 2

Figure S2.5 Individual fits to H2, N2, and O2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant
differential PSDs (column c) for samples SA0.0-250, SA0.0-300, SA0.5-200, SA0.5-250, SA0.5-300 in order in rows (1-5).
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S2 DATASET 2

Figure S2.6 Individual fits to H2, N2, and O2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant
differential PSDs (column c) for samples SA1.0-200, SA1.0-250, SA1.0-300 in order in rows (1-3).

19



S2 DATASET 2

Figure S2.7 Dual fits to N2, and H2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential
PSDs (column c) for samples NC0.0, NC0.7, NC0.9, and NC1.2 in order in rows (1-4).
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S2 DATASET 2

Figure S2.8 Dual fits to N2, and H2 isotherms isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant
differential PSDs (column c) for samples SA0.0-250, SA0.0-300, SA0.5-200, SA0.5-250, SA0.5-300 in order in rows (1-5).
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S2 DATASET 2

Figure S2.9 Dual fits to N2, and H2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential
PSDs (column c) for samples SA1.0-200, SA1.0-250, SA1.0-300 in order in rows (1-3).
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S2 DATASET 2

Figure S2.10 Dual fits to O2, and H2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential
PSDs (column c) for samples NC0.0, NC0.7, NC0.9, and NC1.2 in order in rows (1-4).
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S2 DATASET 2

Figure S2.11 Dual fits to O2, and H2 isotherms isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant
differential PSDs (column c) for samples SA0.0-250, SA0.0-300, SA0.5-200, SA0.5-250, SA0.5-300 in order in rows (1-5).
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S2 DATASET 2

Figure S2.12 Dual fits to O2, and H2 isotherms with logarithmic (column a) and linear (column b) relative pressure scale, and resultant differential
PSDs (column c) for samples SA1.0-200, SA1.0-250, SA1.0-300 in order in rows (1-3).
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S2 DATASET 2

Figure S2.13 : ΩV (column 1) and ΩS (column 2) calculated using PSDs N2 (row a), O2 (row b), and H2 (row c) isotherms as well as corresponding
r2 values (row d).
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Chapter 8

Conclusions & Outlook

The work detailed in this thesis investigated the synthesis of turbostratic

carbons to be utilised for CO2 capture, firstly developing the understand-

ing of carbons derived from Used Cigarette Filters (UCFs) (see chapter 4)

based on the authors previous work detailed in Publication V and Pub-

lication VI. It was found that the removal of the wrapping paper on the

Used Cigarette Filter (UCF) is likely an essential step in the production of

carbons with the extremely high porosities via activation using KOH, and

associated gravimetric H2 capacities seen in Publication VI. Furthermore,

retaining the wrapping paper in the precursor resulted in high levels of ir-

removable inorganic material left in the derived turbostratic carbons. The

resultant hierarchically porous, medium surface area carbons were found

to have reasonable CO2 uptake capacity nonetheless and such materials

may have further application in Pressure Swing Adsorption (PSA) appli-

cations. In addition, a series of carbons activated without the use of any

external porogen were produced, and these materials appear to be highly

ultramicroporous, though the analytic techniques used in the chapter are

insufficient to yield precise and accurate data concerning porosity within
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this pore width range.

Inspired by assertions that impregnated contaminant porogens in UCFs

may provide a degree of porosity that is higher than expected from KOH

activation alone, in chapter 5 this so-called impregnation technique was

further explored. This was done via the hydrothermal impregnation of

KOH into sawdust (SD) prior to pyrolytic activation, as well as by the

pyrolysis of sodium carboxymethyl cellulose (NC). The relationship be-

tween porosity of the derived samples and their activation conditions was

of great interest. In particular, highly ultramicroporous carbons can be

synthesised via both methods explored in this chapter. Such porosity pre-

viously been shown to be useful for low-pressure CO2 capture. However

what is more interesting is the relationship between porosity of- and the

synthetic conditions used- to form these novel carbons. In particular, while

in general carbons derived from SD are essentially entirely microporous,

at a sufficiently high KOH:SD ratio the derived material becomes almost

entirely mesoporous. This change in PSD is also accompanied by an large

reduction in density, resulting in an unprecedentedly diffuse turbostratic

carbon. The NC-derived samples showed unusual trends in the relation-

ship between porogen:precursor ratio and porosity, in that maximisation

of porosity appears to occur for an Na:C atomic ratio of 1.2 (correspond-

ing to a degree of substitution (DS) of the sodium carboxymethyl group

of 0.9). As the precursor is polymeric with carboxyl sidechains, it can be

expected that cross-links may form at some point during synthesis thus

yielding porosity independently from the oxidative action of Na and Na-

containing compounds. The aforementioned breakdown in porosity indi-

cates that these two pore forming processes may be competitive; at higher

Na:C ratios oxidative chemical activation destroys porosity previously pro-

duced via cross-link formation.

141



The synthesis-based chapters 4 and 5 give way to further routes of inves-

tigation with respect to routes to microporous carbons for small molecule

adsorption. In particular, the reason for the difficulty in removal of inor-

ganic contaminants in Used Cigarette Filter (UCF)-derived carbons ought

to be further investigated, as the extensive washing steps used are common

and have been found to be overwhelmingly successful in the community

of researchers working on activated carbons. Indeed, the metals identified

ought to be very water soluble. Routes to understanding the stubbornness

of these species include use of other solvents to remove them, as well as

in-depth electron microscopic techniques to understand if and whether the

metal clusters are ‘stuck’ inside the pores. Additionally, understanding of

the mechanisms of porogenesis in the materials described in chapter 5 ought

to be fully elucidated, perhaps via thermal kinetic studies, in situ electron

microscopy, and/or analysis of volatiles released during the pyrolytic pro-

cesses.

In terms of analytical methods what is clear from both of the synthetic

chapters is that the traditional method of porosimetry as derived from N2

isotherms measured at −196 °C is insufficient, in that N2 does not appear

to easily diffuse into the ultramicropores present in many of the materials

previously described. As such, chapter 6 details the investigation of alterna-

tive porosimetric probes, namely H2 and O2. While these probe molecules

have been investigated prior to this work, this chapter showed that only the

simultaneous fit of the 2D-NLDFT heterogeneous surface (2D-NLDFT-HS)

kernel to both isotherms was able to give a precise and reasonable descrip-

tion of the subtle PSD broadening as associated with increased porogen

concentration. This may be related to the fact that both O2 and H2 seem

to have less trouble diffusing into these extremely small pores. Apart from

this, H2 has been confirmed to probe porosity that, as a result of restrictive
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pore openings is not accessible to the larger O2 and N2 molecules. As the

low pressure adsorption of small, environmentally-relevant molecules such

as CO2 is supposed to be associated with the presence of ultramicropores,

the accurate understanding of porosity within such pores is vital and as

such the work in chapter 6 ought to inform how porosity is measured in

turbostratic carbons. In future these techniques should be exploited on a

series of porous crystaline materials with varying PSDs, but with signifi-

cant porosity which is poorly accessible to N2 at −196 °C. Crystallographic

data can then be compared to porosities determined as a result of NLDFT

kernel fitting to each of these isotherms and pairs thereof. This will give an

indication of the accuracy of each of the isothermal porosimetric techniques

which is not possible to achieve on the turbostratic materials studied in this

work.

Chapter 7 seeks to thoroughly investigate the association of pore width

with CO2 uptake as a function of pressure. In order to meticulously in-

vestigate this relationship, a small piece of software known as the python

Porosity Uptake Correlator (pyPUC) was produced. Starting with an ex-

perimental dataset of gravimetric CO2 uptake isotherms and PSDs from

a set of turbostratic carbons, pyPUC performs linear regressions between

porosity of pores with some range of widths, and CO2 uptake at a given

pressure. This process is repeated for all pore width ranges and all CO2

uptakes. As a result, a statistically optimal pore width range can be de-

termined for uptake of CO2 at a given pressure. It was confirmed that the

optimum pore width range broadened with increasing pressure, but this

seems to be more associated with an increase in the upper limit, that is

at higher pressures CO2 uptake becomes associated with larger and larger

pores. However, past some pressure ultramicropores become insignificant

to CO2 uptake. As mentioned in the previous paragraph, N2 porosime-
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try is inadequate for probing the smallest of ultramicropores. pyPUC was

also able to determine that the understanding of the relationship between

low-pressure CO2 uptake and ultramicroporosity is best described using

dual isotherm O2/H2 porosimetry. That is, the r2 values for correlations

between uptake of CO2 at ∼1 bar or less and the optimum pore size range

are best using this porosimetric method. pyPUC has much more potential,

in particular for the investigation of the poorly understood relationship be-

tween CH4 adsorption and pore size. In addition, the software can easily

be adapted to incorporate other variables such as surface chemistry and

heat of adsorption into the understandings of the relationships determined.

In summary, this thesis presents multiple novel methods for the produc-

tion of highly ultramicroporous turbostratic carbons, and investigates im-

provements to the porosimetric methodology used in their characterisation.

Furthermore, a computational tool (pyPUC) has been created, which has

helped in the thorough elucidation of the relationship between CO2 uptake

and pore size. This work raises interesting questions as to the nature of

pore formation mechanisms in these materials, while pyPUC should provide

a means and philosophy by which to investigate the adsorption capacity-

porosity relationship in porous materials in general.
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Publication III: Modulating the

porosity of carbons for improved

adsorption of hydrogen, carbon

dioxide, and methane: a review

Contribution of the author: The author designed and performed the

literature review and wrote the manuscript.
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Modulating the porosity of carbons for improved
adsorption of hydrogen, carbon dioxide, and
methane: a review

L. Scott Blankenship * and Robert Mokaya *

Porous carbons provide a low-cost route to a highly stable material for the adsorption of various gases.

In particular, activated carbons (ACs) and zeolite templated carbons (ZTCs) show promise in their ability

to capture and store environmentally relevant small molecules such as hydrogen, carbon dioxide and

methane. Indeed biogas upgrading and methane storage are already partially commercialised. While

ZTCs offer precise control over porosity, ACs have the advantage of being easy to synthesise from a

wide range of sources. This review examines state-of-the-art techniques to control the porosity of both

ACs and ZTCs in order to fine-tune their ability towards the capture and storage of various gases under

different pressure and temperature applications.

1. Introduction

The current climate and ecological emergency threatens all life
on planet earth, and is largely caused by incessant anthropo-
genic emissions of greenhouse gases. The resultant climate

change, which is already causing extreme weather events and is
threatening mass extinction, is well underway but the full
extent of effects of the climate crisis are yet to come.1,2 In order
to keep within the temperature limits prescribed by the Paris
Agreement,3 it is necessary not only to drastically reduce global
net greenhouse gas (GHG) emissions by reducing consumption
and transitioning to ‘green’ energy sources but also to capture
CO2 and CH4 in the interim.3–6 Although bioremediation of
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carbon capturing ecosystems has a great role to play in the
offsetting of GHG emissions, it is insufficiently expedient to
keep up with the reduction in emissions necessitated by both
the aforementioned Paris Climate Agreement and the UK’s
limited goal of achieving net zero emissions by 2050.3,6–8

These factors necessitate development of novel, low cost CO2

capture technologies.9 Additionally the global economy must
rapidly transition away from fossil fuels as vehicular energy
sources and towards cleaner, renewable fuels such as natural
gas (CH4) and H2.10–12 Although natural gas is not a carbon
neutral fuel, it is produced sustainably from the breakdown of
biomass and releases much less CO2 and other pollutants than
other fossil fuels.13,14 As for H2, the sole product of its combus-
tion is water making it a carbon-neutral fuel at the point of
use.10 The difficulty with storing or capturing CO2, CH4 and H2

is that they all exist in the gas phase under ambient conditions.
As a result, the challenge becomes both economic and practical –
how these gases can be stored and transported in a cost and space-
efficient way.10,14–22 Currently, industrial CO2 capture is achieved
principally through reaction with liquid amines in the presence of
water to form aqueous ammonium bicarbonates,23,24 while com-
mercial technologies for the storage of natural gas/CH4 and H2 rely
on compression or liquefaction.10,14,18,20–22,25 The cost of liquid
amine capture is principally a result of its relatively low CO2

capacity as well as energy requirements for regeneration of the
amine from the ammonium bicarbonate. Though compression or
liquefaction of gaseous fuels does not come with the same
regeneration issues present in chemical capture of CO2, it is
plagued by the high energy costs of maintaining the high pres-
sures and/or low temperatures required.14,20 In the case of com-
pressed gases the weight of sufficiently robust containers needed
to maintain these pressures is very high, leading to energy losses
for on-board applications.22

Promising alternative methods of gas storage involve
chemical (chemisorption) or physical (physisorption) adsorp-
tion onto a suitable solid material. Physisorption has the
distinct advantage over chemisorption of facile regeneration
of the adsorbate by decreasing pressure or increasing tempera-
ture. Microporous adsorbents such as Metal Organic Frame-
works (MOFs),26–28 porous polymers,29 Porous Inorganic
Membranes,30 and zeolites31–33 present possible storage solu-
tions but have the disadvantage of relatively high cost of
production and/or finite lifecycles due to thermal instability
or undesirable reactivity with contaminants such as water. On
the other hand, porous carbons provide a storage medium that
is relatively inexpensive to produce and extremely thermally
and chemically stable.18,20,34 Furthermore, the porosity of
carbons can be tailored to be selective for specific adsorbates
and adsorption conditions.20,35–37

Porous sorbents are actually already beginning to see some
commercial use in the capture/storage of small molecules. This
is particularly evident for CH4, which is already being used as
an on-board fuel.38–42 It is principally stored via compression
(CNG) or liquefaction (LNG).38,39 However, adsorbed natural
gas (ANG) is now competitive with the CNG and LNG as a result
of the much higher energy density than CNG, and is already

commercially available.43,44 As pressures required for ANG are
significantly lower than those for CNG, ANG infrastructure is
less costly.38,40,45,46 Additionally, adsorption of CH4 poses a
much lower safety risk relative to compression and improves
overall efficiency at point of use.12,46 Due to its low cost,
activated carbons are used as the adsorbents in on-board
applications as well as at fuelling stations.43,44 Additionally,
porous carbons are in commercial use for the upgrading of
biogas (typically B60% CH4) by selective removal of H2O, CO2

and H2S resulting in improved CH4 concentration of over
98%.44,47,48 The principal problem with porous materials for
this application is imperfect selectivity resulting in so-called
methane slip, wherein some methane is lost to the sorbent.48–50

In theory this problem can be mitigated by finely tuning pore
widths and/or surface chemistry.

Porous carbons fall into four main categories; activated
carbons, carbonised frameworks, templated carbons, and
carbide-derived carbons.51 Of these, the simplest to produce
are activated carbons, which in the case of so-called chemical
activation, require simple heating of a carbonised (typically
graphitic) material with an activating agent to generate pores.
In fact, the initial carbonisation step can be performed simulta-
neously with the so-called activation step.20,52 The perceived
disadvantage of this technique is that the amorphous nature of
the product means tuning of the pore size can be difficult.
Framework carbonisation involves pyrolysis of an already por-
ous organic material such as an aerogel or other polymer
network.53–55 Templating is one of the newer techniques and
is performed by depositing a carbon rich material onto some
inorganic template (typically silicas or zeolites) with the desired
pore size and surface area, followed by heat treatment in order
to form a graphenic crystalline structure within the template
pores, before removing the template.34,51,56 Finally carbide-
derived carbons, which use metal carbides as starting material,
allow for tuning of porosity at the atomic level. This is possible
as suitable carbides are selected according to their lattice
spacing, wherein removal of the metal counterion generates
pure carbon with pore channels whose size is determined by
the precursor’s lattice geometry.57–59 Broadly, porous carbons
for small molecule gas adsorption should be microporous and
have high surface area and pore volume.18,60–63 Although it is
possible to achieve porous carbons with such characteristics via
any of the aforementioned routes, by far the most popular
methods are activation and templating using zeolites and as
such these form the subject of this review. For both of these
processes, the challenge is tuning the porosity of resultant
carbons to optimise uptake performance for specific adsorbates
and/or adsorption conditions; in the case of activated carbons
(ACs) this centres on techniques to narrow the pore size
distribution (PSD),20 whilst with zeolite templated carbons
(ZTCs) improvements come via more improved replication of
the template structure.34,56

Gas uptake and molecular selectivity of ZTCs and ACs can
also be improved chemically by introducing, as dopants, moi-
eties with affinities for the targeted adsorbate.63–68 This review
however, focuses on improvements in physisorption of small
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gas molecules by porous carbons achieved by tailoring the size,
shape, and abundance of pore channels available to the adsor-
bate. Any reference herein to doping of the carbon structure
with heteroatoms is made in the context of the effect on pore
structure.

2. Synthesis of porous carbons

Methods for synthesizing porous carbons can be split up into
two broad groups; top-down or bottom-up. A top-down method
takes an existing carbon or carbonaceous material and devel-
ops porosity in it by etching away material; this process is
commonly known as activation.20 Conversely, bottom-up meth-
ods consist of constructing the carbon structure from its
building blocks in such a way that voids or pores are formed,
often with the use of a porous template. Such templates include
mesoporous silica,69,70 micro-phase separated block copolymers71

or even MOFs,72,73 however perhaps the most well-known micro-
porous templates are zeolites where the product of such a process
is known as zeolite-templated carbon (ZTC).34 Bottom-up synthesis
can also occur in the absence of a template, for example via the
direct carbonization of organic crystals.74

2.1. Activation of carbon-rich precursors

Activation, here meaning the development of porosity in a
carbon precursor, can be achieved by either physical or
chemical means. Physical activation is a two-step process
whereby the precursor is first pyrolised at 400–900 1C in an
inert atmosphere, in order to increase carbon content. There-
after the sample is exposed to an oxidizing gas at 350–1000 1C
in order to develop pores. Chemical activation however, can
take place in a single step wherein the carbon precursor is
mixed with an activating agent - also known as a porogen (such
as alkali metal hydroxides, H3PO4, or ZnCl2), then pyrolised at
450–900 1C.20 Precursors can essentially be any organic matter,
and include biomass such as wood,75,76 fruit seeds,35,77 grass,78

and refined biopolymers.79 The degree of activation, i.e. the
extent of porosity development, can be improved by pre-
carbonisation of the precursor.80–82 Newer forms of carbon
such as templated carbons, nanotubes, and carbide derived
carbons (CDCs) have also been activated to improve their
porosity.83–88

It should be noted that physical activation can be achieved
without addition of an oxidising gas because volatile compo-
nents of the precursor are converted to (among other things)
oxidising gases on pyrolysis resulting in the development of
small micropores. In the case of biomass carbonisation in the
absence of a porogen, porosity and structure are maintained in
the resulting so-called biochar material.89–91

2.1.1. Physical activation. As mentioned above, the first
step in physical activation is pyrolysis of the precursor in an
inert atmosphere (typically under nitrogen). This removes the
majority of volatiles from the precursor as well as carbonizing
it. By-products of the pyrolysis are burned off by the oxygen in
the activating agent (CO2, air or steam) during the gasification

step, which results in opening of some larger, closed pores.
Further pores in the micropore region are developed as the
porogen burns off less stable parts of the carbon skeleton. The
porosity of the resultant activated carbon is dependent on the
composition of the precursor, choice of activating agent and
temperature used at both steps. For a given activating agent-
precursor pair, porosity development is generally improved by
increasing activation temperature.20,92–94 However, this comes
with a broadening in the PSD, which is undesirable for gas
uptake applications at low pressure.63,95–97 Such broad porosity
can nonetheless be useful in high pressure or so-called
pressure-swing applications.35,98–101

Activation with CO2 and steam generally result in higher
yields than using air as a porogen. This is because the reaction
between carbon and oxygen in the air is highly exothermic and
leads to a much faster reaction, burning off more of the
carbon.20 This does however mean that much lower tempera-
tures are required for activation using air, as compared to CO2

and steam.52,102,103 Steam and CO2 are nonetheless the pre-
ferred physical activating agents due to the aforementioned
problems with air.20 Steam is generally characterised as the
more reactive porogen of the two, requiring lower activation
temperatures than CO2.92,104,105 There is however still some
disagreement as to what type of porosity is developed by each
activating agent.105–108

2.1.2. Chemical activation. Chemical activation is favoured
for the production of porous carbons for use in small gas
molecule storage as it results in high surface area carbons
whose porosity is primarily in the micropore region. Further-
more, this microporosity can be tailored via experimental
conditions to be within a narrow pore size range. In addition,
the process is more efficient than physical activation as syn-
thesis usually occurs in a single, low temperature step and
results in higher carbon yields.20,109

Chemical activating agents can be divided into two groups
according to their activation mechanism; the first group are
dehydrating agents such as H3PO4 and ZnCl2 wherein the
dehydration of the carbonaceous structure, triggered by the
action of the activating agent leads to the formation of cross-
linkages.110,111 This in turn triggers condensation of the struc-
ture around the activating compound and its hydrates. Pore
size is thus limited by size of these compounds. Further, the
breadth of the PSD is a function of the variation in molecular
sizes of the activating agent and its hydrates. For example,
activated carbons produced using ZnCl2 have narrow PSDs as
structural condensation occurs around ZnCl2 and its hydrates
which are of similar size.112 On the other hand, H3PO4 is
converted to molecules with a broader range of sizes such as
H4P2O5 and H13P11O34 resulting in a heterogeneous PSD,
regardless of activating conditions.113

Despite the ubiquity of KOH as a porogen in the literature, the
mechanism of activation is a matter of some debate.20,109,114–121

Nonetheless, there is a broad agreement that pore formation
occurs via three principle processes:20,109,114–116,118 (i) chemical
activation wherein redox reactions between K compounds and the
carbon framework occur; (ii) formation of the physical activating
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agents CO2 and H2O which induce gasification of carbon to further
develop porosity; (iii) the intercalation of metallic K between
graphitic sheets. Washing of the sample removes both intercalated
K as well as K oxides and carbonates, resulting in a permanently
porous carbon. There is inconsistent evidence on the exact nature
and validity of processes (i) and (iii). For example, work by Linares-
Solano indicates that (i) occurs directly via the oxidation of carbon
by KOH (eqn (1)).116,117

6KOH + 2C - 2K + 3H2 + 2K2CO3 (1)

On the other hand, Otowa et al. argue that KOH first dehydrates
to form K2O and H2O (eqn (2)), and C is oxidised by H2O
(eqn (3) and (4)).115

2KOH - K2O + H2O (2)

C + H2O - CO + H2 (3)

CO + H2O - CO2 + H2 (4)

As for (iii), some researchers accept that above 700 1C K2CO3

and K2O is reduced by C to form metallic K,20,116 and indeed
there is some evidence that this reaction can occur and
furthermore that K can intercalate with graphite.122,123 How-
ever, the formation of metallic K is not observed industrially.
It should also be noted that the mechanisms discussed above
preclude the consideration of heteroatoms. There is evidence,
for example that for nitrogen-rich precursors cyanide com-
pounds can be produced during activation with KOH.124,125

In the case of NaOH activation, the mechanism is believed to be
similar (and just as ill-defined), however there is no evidence
that Na can intercalate as in (iii).117,119

Chemical activation using KOH is noted for the distinct
advantage of giving a higher degree of control over the PSD as
compared with other activating agents.20,79,126,127 Though PSDs
for carbons derived using small amounts of KOH or NaOH are
typically narrow, significant broadening occurs with increasing
MOH/precursor ratio.128–130 For applications in which high
porosity materials with narrow PSDs are required, alkali metal
carbonates and bicarbonates as well as oxalates show signifi-
cant promise.131–134 These porogens have been shown to be
significantly less corrosive than their hydroxide counterparts,
yet produce materials with significant surface area, particularly
in the micropore region,135–138 and are discussed in more detail
in Section 4.1.1.

While oxidative chemical activation is heavily favoured in
the literature due to its ability to produce carbons with extre-
mely high surface areas, it comes with the disadvantage of
resulting in significant loss of material. Dehydrating agents are
non-destructive thus result in much higher yields. In addition,
it has been shown that air, as opposed to an inert gas may be
used in such scenarios, for example Fierro et al. produced
carbons from lignin activated with H3PO4 at temperatures up
to 600 1C.139,140

Pre-carbonisation methods. The porosity of carbons can be
improved by subjecting the precursor to an initial carbonisation
step before activation. This results in the partial graphitisation of

the material and increases the carbon content, accompanied by
a reduction in concentration of heteroatoms. This means that
fewer oxidising gases are released upon activation resulting in
more controlled activation and thus a narrower PSD, less pore
collapse and generally higher surface area. Carbonaceous matter
can exist in carbonised form such as coal, pitch or tar and can be
converted to high surface area activated carbon in a single
step.141–143 Alternatively, biomass can be hydrothermally carbo-
nised by heating in water under high pressure to generate
carbonaceous matter composed of microspheres which possess
a hydrophobic core and hydrophilic shell, of which the latter is
more susceptible to chemical activation.144–147 Another route is
so-called air- or flash carbonisation, which is achieved by briefly
interrupting the inert atmosphere used during pyrolysis by
injection of air into the system.35,80,81

2.1.3. Microwave activation. Conventionally the thermal
treatment(s) of precursors in a chemical and/or physical activa-
tion process is achieved via convective and conductive heating
of the sample in a fixed bed. This can result in uneven heating
of the sample, and thus inconsistency in pore structure across
the derived AC. To mitigate this the heating is usually accom-
plished via a slow continuous ramp, and with a long isothermal
period (the dwell time), which result in the activation lasting
several hours. The use of microwave radiation as a heat source
provides more even heating and thus much faster activated
carbon synthesis; reaction times are on the order of a few
minutes.148 It has been shown that pyrolysis and/or activation
using microwaves result in ACs with textural properties similar
to those derived via conventional methods.67,149,150

2.1.4. Physicochemical activation. In some cases the por-
osity of ACs derived via chemical activation using dehydrating
agents can be extended by physical activation. The initial
dehydration step causes development of micropores, while
subsequent treatment with steam or CO2 produces larger
pores.52 This results in a broader and/or multimodal PSD,151,152

which is particularly suited to methane/natural gas storage.
2.1.5. Carbon molecular sieves. Molecular sieves are a class

of porous materials with very narrow PSDs, which make them
useful in gas separation applications wherein species are
separated according to their size.153–157 These materials are
derivatives of porous materials such as silicates and
zeolites.154,158,159 While activated carbons typically have hetero-
geneous PSDs, if they are synthesised or adapted to change pore
entrance dimensions to a single pore size they are known as
carbon molecular sieves (CMSs).157,160 Prior to the explosion in
ZTC research, templated carbons were often referred to as
CMSs,69 however the term is now restricted to non-templated
carbons with narrow PSDs. On an industrial scale, CMSs are
typically synthesised by depositing pyrolytic carbon at the
mouth of the pores in activated carbons, resulting in uniform
pore entrances.160–162 This results in so-called bottle-neck
pores, wherein the pore entrance is narrower than the main
pore channel.157 CMSs can also be synthesised directly by
activation of an appropriate precursor(s) under precise conditions.
Suitable porogens include nitric acid or oxygen and initial activa-
tion is followed by a final heating stage.163 Suitable precursors
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include polymers, some coals, and woody biomass such as peach
stones or coconut shells.156,157,161,163 Alternatively, pore entrance
uniformity can be encouraged by mixing a precursor with a binder
prior to pyrolysis.164

2.2. Templating onto porous zeolitic structures

Zeolites are three-dimensional uniform microporous crystalline
framework structures. For aluminosilicates, the structure is
based on silica networks where some of the Si4+ cations are
replaced by Al3+, resulting in an overall negative charge for the
framework. Cations such as Na+, H+ or NH4

+ reside within the
framework pores to balance the charge.154,165,166 More than
40 naturally occurring zeolites are known to exist,167 and while
theoretical zeolites number in the thousands168 only ca. 200
have thus far been synthesised.169 The aforementioned unifor-
mity of zeolitic micropores means they are interesting in their
own right as gas sorption and separation materials.32,33,170

However, the chemical and thermal stability (under inert con-
ditions) of some zeolites is lower than that of activated carbons.
Interest in using zeolites as sacrificial templates for the pre-
paration of porous carbons arises from a desire to improve the
structural ordering of highly stable but totally amorphous
porous carbon materials. ZTCs provide a route to uniformly
porous graphenic microporous solids with porosity and thermo-
chemical stability comparable to that of activated carbon.171 In
addition, this regularity in structure leads to greater scope for
functionalisation of the carbon surface.34,172

These improved characteristics necessitate more precise
synthesis conditions. ZTCs can be divided into three types
according to how graphenic the overall structure is, which is
connected to the degree of replication of the template’s pore
channels ranging from type-I where near complete template
replication is achieved, to type-III where the pore structure
bears little resemblance to its template and possesses a high
degree of graphene stacking. Type-II ZTCs are formed when the
template is partially replicated, but there is still a high degree of
graphiticity due to deposition of carbon on the outer surface of
the template.34 The structural uniformity of the zeolite can only
be conferred on the resultant ZTC (i.e. a type-I ZTC) when the
template’s pore structure is composed of large 3D channels.173–175

Specifically, pore entrances should contain a minimum of 12 O
atoms in the prototypical Si–O–Si ring which forms the zeolite
channel opening to allow for uniform pore filling by the carbon
monomer without risking pore blocking.34,176 Smaller pores or
low dimensional pore networks always result in a disordered,
graphitic structure (type-III) more akin to activated carbons.
As most natural zeolites have small pore entrances, they typically
yield poorly ordered ZTCs. To achieve type-I ZTCs, sufficient
carbon monomer must be inserted evenly into the zeolite pores
and allowed to polymerise before carbonisation. Thus two heating
stages are required to achieve discrete, uniform graphenic
structures.34 Carbonisation of the monomer without poly-
merisation can lead to partial uniformity with some graphene
stacking (type-II) with a mixture of graphitic and graphenic
ordering, while failure to achieve even distribution of monomer
is likely to result in no replication of the template structure.

As type-I ZTCs typically have the highest degree of porosity
(ABET 4 2100 m2 g�1)177 precise selection of zeolite, monomer,
and activation conditions is vital for producing a ZTC with
adventitious porosity for small molecule physisorption.

2.2.1. Liquid impregnation. Introduction of a carbonac-
eous precursor into zeolite pores can be achieved by simply
inserting a carbon-rich liquid monomer into the channels.
By heating the zeolite/monomer mixture, and with assistance
from the catalytic action of the zeolite template, polymerisation
occurs resulting in a zeolite–polymer composite. This is then
carbonised by heating in an inert atmosphere. The most com-
monly used liquid monomer is furfuryl alcohol (FA),88,174,178–182

due to its ease of insertion into pores.34 However other monomers
such as acrylonitrile,174 saccharides,183,184 and ethylene di-
amine185 have also been studied as precursors. ZTCs derived via
liquid impregnation (LI) typically poorly replicate the zeolite
structure (resulting in a type-III structure) as it is difficult to insert
sufficient precursor into the pores.34 Dissolved polymers such as
lignin,186,187 and a co-polymer of sulfonic and maleic acids188

have also been used as carbon precursors but the resultant ZTCs
have relatively low surface area and poorly replicate the zeolite
pore structure. This is likely a result of inadequate pore penetra-
tion due to the size of precursor molecules relative to that of the
pore entrance.34

2.2.2. Chemical vapour deposition. In order to overcome
the problem of inadequate pore penetration during ZTC syn-
thesis presented by the liquid impregnation method, chemical
vapour deposition (CVD) can be used.34,171 Introduction of
sufficient carbon into the pores is achieved by using a small,
unsaturated organic molecule in the gas phase such as
methane,189 short-chain alkenes,64,179,190–193 acetylene194,195 or
acetonitrile.61,64,83,179,182,190,196–198 CVD must be conducted at a
temperature below the decomposition temperature (B600 1C)
of the carbon source in order to maximise pore channel
structure replication in the ZTC. This initial step results in
the zeolite-catalysed conversion of the CVD source into dis-
connected polyaromatic hydrocarbons (PAHs). A second heat-
ing step at elevated temperature (4800 1C) is needed to
carbonise the PAHs and fully connect the pore network.
Removal of the template without the second heat treatment
step can result in a poorly connected (type-III) ZTC structure
upon template removal.34,56 Improvements in porosity have
been reported by incorporating two temperatures stages into
the CVD step.190,195

2.2.3. Two-step method. ZTCs may also be constructed
using LI followed by CVD, which offers some improvement in
porosity relative to using either step alone.179,180 Porosity
improvements are likely a result of more uniform pore filling
by two or more carbon sources used in the steps.34 FA is most
commonly used as the LI precursor in this method as it
provides good pore penetration. This is then followed by CVD
using acetonitrile,179,190,199 ethylene,61,179,180,182,190 or other
small unsaturated hydrocarbons.200–203 Larger precursor mole-
cules which would not normally produce good zeolite replica-
tion in an LI (such as lignin) or CVD (such as benzene) process
can be employed in a combined process, resulting in improved
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textural characteristics relative to ZTCs produced via either
CVD or LI alone.187,204,205

2.2.4. Template removal. In order to remove the zeolitic
framework after the synthesis, it is typically necessary to wash
with HF or some combination of HF washing and HCl
reflux.34,182,192,193,206 The use of HF is impractical for industrial
synthesis due to safety issues. Hedin and co-workers found that
template removal could be achieved with a combination of HCl
and NaOH for a silicoaluminophosphate-templated carbon,
however this is likely due to less chemical robustness compared
to a pure aluminosilicate framework.207 NaOH has been shown
to be at least partially effective in desilicating zeolites, so does
show some promise for removal of actual zeolite templates
from ZTCs,208 and has been attempted on a few occasions.176,209–211

Moon et al. found that washing with hot NaOH followed by
HCl resulted in complete removal of Al, but left residual Si in the
resultant ZTCs.210 Ryoo and co-workers found the ash content
of the carbon could be reduced to as low as 2.0 wt% with a
combination of NaOH and HCl washing. This result however
is constrained to zeolite-beta which has a higher proportion of
Si–O–Si bonds which are more easily dissolved in NaOH. On the
other hand, zeolite-X and -Y with significantly higher Al content are
more resistant to dissolution in NaOH and HCl. Even in the case of
zeolite-beta templated carbon, an HF/HCl wash significantly out-
performs NaOH and HCl, resulting in an ash content of 0.5 wt%.211

Template dissolution with NaOH–HCl on the other hand produces
more oxygen-rich carbons,209,211 and may result in slight reductions
in overall porosity of ZTCs relative to those washed in HF.211

3. Textural characteristics for gas
storage applications

Desirable textural characteristics for gas storage are dependent
on the adsorptive, temperature and pressure of interest. Fig. 1
and 2 show how different pressures can affect the optimal
textural characteristics of carbons. A summary of relevant
properties of common gaseous sorptives is shown in Table 1.
In the literature, measurements are commonly taken at 25 1C
for H2, CO2, and CH4 while �196 and 0 1C are also typical for

H2 and CO2 respectively.14,16,20,212,213 A series of isotherms at
various temperatures for a given adsorbate-sample pair may
also be reported to allow determination of isosteric heats of
adsorption.214 The pressure range used in isotherm measure-
ment may depend on sample porosity; adsorption will typically
plateau at relatively low coverage for samples with low surface
area thus the upper pressure used need not be very high.
Typical reports include data up to B40 bar for CH4 and CO2,
while H2 uptake is more commonly measured up to B100 bar.
Of particular interest is the adsorption at 1 bar, however lower
pressure such as 0.15 bar are also used for selectivity calcula-
tions especially in CO2 uptake studies. Increases in surface area
and pore volume generally improve a sample’s uptake of an
adsorbate by supplying adsorbed molecules with more surface
to interact with and greater volume to fill, respectively. This
is however limited by pore size, which can differentiate an
adsorbent as a good candidate for storing one gas but not
another.63,91,215–217 As such, more detailed measures of porosity
such as pore size distribution (PSD) and average pore size are
used. Furthermore, low pressure adsorption of CO2, CH4 and H2 is
dominated by micropores, and thus micropore surface area and
volume is typically reported alongside the total values.218

3.1. Pore size

If pore width is less than the diameter of the adsorptive (see
Table 1), adsorption will not occur within the pore – indeed
even pores with diameters slightly greater than that of the
molecule’s kinetic diameter (dk) can lead to extremely slow
diffusion at low temperatures, meaning that equilibrium may
take a long time (hours) to achieve.52,225,226 Additionally, opti-
mum pore size has an upper limit due to the improvements in
adsorption from field overlap when pore walls are sufficiently
close together.

For small molecules like H2, CO2, and CH4 (dk = 2.89, 3.30,
and 3.80 Å respectively),154,222,223 this means that highly micro-
porous materials are the most suitable for physisorption (see
Fig. 1). Optimal pore size for adsorption of a given molecule
is proposed to be that which can hold two layers of the
molecule.212,217,227 Fig. 1 shows how average pore size affects

Fig. 1 Uptake densities of (a) H2 at 1 bar and �196 1C, (b) CO2 at 1 bar and 25 1C, and (c) CH4 at 65 bar and 25 1C on carbons79,194,219 as a function of
average pore size.
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the uptake density of gases under some standard adsorption
conditions. For H2 this means that ultramicropores are the
dominant pore structure for storage at atmospheric pressure,60

while optimum pore width is generally agreed upon to be
6 Å.212,216 Maximum hydrogen uptakes can be achieved by
samples wherein the PSD is narrow,95 and centred around the
optimum pore width; this is true at both cryogenic and ambient
temperatures.212,228 There is also evidence that hydrogen and
methane preferentially adsorb on carbon slit pores rather
than cylindrical pores,229–231 which may give ACs an advantage
over ZTCs.

To adsorb CO2 under ambient conditions it is generally
agreed that the best carbonaceous sorbents have the majority of
their pores smaller than 8 Å, and distributed narrowly62,63,96,97,219,232

(see Fig. 1) but slightly higher and lower limits have also been
experimentally demonstrated.233,234 This limit decreases with
decreasing pressure – at 0.1 bar, pores of 5 Å have the biggest
contribution to adsorption of CO2.97,227 This is particularly
applicable for post-combustion industrial capture applications

wherein it is necessary to remove CO2 from a mixture of gases
(B75% N2). To achieve the selectivity necessary for such
applications, adsorbents require ultramicropores as small as
3.5 Å to prevent the ingress of larger molecules.235,236 At higher
pressures the optimum pore size progressively increases into
the supermicropore and small mesopore region.62,97,136,234,237

At such pressures, the PSD can broaden without harming
overall uptake.66,126,227,238 In fact, high pressure CO2 capture can
be harmed by excessive microporosity as overall pore volume
needs to be maximized for optimal molecular packing.237

Determination of the optimum pore size for methane sto-
rage appears to have yielded less conclusive results than that
for H2 and CO2. Computational estimates range from 11 to
15 Å.217,239,240 Through optimization experiments, Biloé et al.
propose 15 Å as the optimum,241 whereas other studies seem to
suggest that optimal micropore width depends on whether the
porous carbon is intended for gravimetric or volumetric
storage.

3.2. Surface area

High pressure adsorption is much less dependent on pore size,
and available surface area (ABET) begins to dominate as a
predictor of gas uptake capacity (Fig. 3e and f). In particular,
Bénard and Chahine determined that cryogenic hydrogen storage
capacity increases by approximately 1 wt% per 500 m2 g�1.242

However, the degree of influence of ABET on H2 uptake
posited in the eponymous Chahine rule has been recently
disputed by Kusdhany and Lyth who found via a multivariate
analysis that a 500 m2 g�1 increase in surface area corresponds
to at most a 0.24 wt% increase in hydrogen uptake.243 None-
theless high surface area remains an important factor in
determining high pressure H2 storage capacity in carbons,
with the best performing carbons possessing surface areas
approaching 4000 m2 g�1.82,98,178,220,238,244–247 Similarly, in
the case of CO2 and CH4 capture and storage, increased surface
area is generally associated with improved gravimetric
uptake.14,35,131,132,194,248–255 However, depending on the prevail-
ing pressure, CO2 capture is much less dependent on surface
area, and having pores of the appropriate size is more
important.132,244,252,256 In fact recent work by Jing Cui et al.
suggests that excessive volumetric surface area results in poor
selectivity of CO2 over N2, a metric which is vital in many
industrial applications.257 Furthermore, gravimetric surface
area is becoming a less interesting variable for CH4 storage
because it does not correlate well to volumetric capacity.18,35,258

As such, metrics like packing density and volumetric surface
area (surface area density, see Fig. 1) are often cited in lieu of or
as well as the traditional gravimetric value.35,194,259

3.3. Pore volume

Pore volume generally correlates to surface area, and thus
increases in pore volume are typically associated with increases
in gas adsorption capacity. Of course, the strength of the
relationship between pore volume and surface area is affected
by the size of the pores in question, i.e. an ultramicropore will
contribute much less pore volume than a mesopore of identical

Fig. 2 H2 uptake of carbons at �196 1C and 1 bar (a) and (b) or 20 bar (c)
and (d) as a function of BET surface area (a) and (c) or micropore volume
(b) and (d).79,82,83,196,220,221

Table 1 Physical properties of commonly stored gas molecules as well as
relevant molecules for porosimetry measurements154,222–224

Species dk/Å Tb/1C m

H2 2.89 �252 0.260
CO2 3.30 �78a 2.139
CH4 3.80 �161 0.000
N2 3.64 �196 0.697
O2 3.46 �182 0.155
Ar 3.40 �186 —

dk = kinetic diameter, Tb = boiling point, m = quadrupole moment.
a Sublimes.
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surface area.20,234,260 If a sample is mostly microporous and has
a high total pore volume, this indicates that there are lots of or
very deep micropores within the sample. Such a sample is
advantageous for small molecule adsorption, especially at lower
pressures. As such, (percentage) micropore volume rather than
total pore volume is likely a better predictor for H2, CO2 or CH4

uptake (Fig. 2–4).14,18,20,34,68,257,261

3.4. Measuring porosity

Unlike for crystalline materials, the porosity of ZTCs and ACs
cannot be easily determined using diffractive techniques such
as XRD. Additionally, due to the size of pores needed for small
molecule sorption, use of electron microscopy is not a parti-
cularly accurate technique for determining porosity. Thus,
sorptometric porosimetry remains the main method for deter-
mining specific surface area, pore volume and pore size of
carbons.

3.4.1. Choice of adsorptive. Sorptometry of carbons is
typically performed by measuring nitrogen isotherms at
�196 1C. While subcritical argon is recommended as the best
adsorptive by the IUPAC,218 such measurements are uncom-
mon in the literature due to its impracticality and relatively
highcost of such measurements with respect to using nitrogen.
Unfortunately, cryogenic nitrogen isotherms are the source of
two errors in pore width measurement. Firstly, nitrogen does

not readily diffuse into so-called ultramicropores (of width
o7 Å). This means that in order to attempt to measure these
pores, extremely low relative pressures must be used, on the
order of B10�8. However, under these conditions diffusion
occurs extremely slowly, in fact equilibrium may not ever be
achieved.225,262 As a result, many studies have opted out of
using low pressure nitrogen isotherms, but instead probe
ultramicropores using CO2 isotherms at 0 1C.62,102,226,263–267

CO2 isotherms do however have an upper detectable pore size
limit under these conditions as condensation will not be achieved.
Thus, the combination of these two isotherms can be used to
produce a better picture of micropore sizes above 4 Å.

Secondly, nitrogen’s relatively high quadrupole moment224

can confound measurements on samples containing polar
moieties as is the case for many activated carbons. Polar groups
affect the orientation of nitrogen with respect to the surface –
this results in the actual cross-sectional area of the molecule
differing to that which is used in calculations of textural
parameters such as ABET. This is even more problematic
for CO2 as it is more polar than N2.224,268 As such, dual gas
adsorption techniques may also employ O2 and H2 (at �196 1C)
which both have lower quadrupole moments than N2.225,268,269

H2 has the added advantage of being smaller than CO2 thus
improving the lower pore size limit to B3 Å.225

3.4.2. Calculations
Classical. Historically, measures of porosity were determined

via individual manipulations and/or calculations from the raw
isotherm.

(i) Surface area: Stephen Brunauer, Paul Hugh Emmett, and
Edward Teller expanded Langmuir theory to account for multi-
layer adsorption, which occurs at higher pressures and tem-
peratures. The eponymous BET surface area, ABET, is calculated
by first determining the total quantity of gas adsorbed, Q, and
from this calculating Qm, the quantity of gas in the monolayer

Fig. 3 Trends in BET surface area and percentage micropore volume with
CO2 uptake capacity of carbons78,80,81,135,237,238,244,248 at 0.15 bar (a) and
(b), 1 bar (c) and (d), and 20 bar (e) and (f).

Fig. 4 Trends in CH4 uptake with gravimetric (a) and (b) and volumetric (c)
and (d) porosity of carbons35,131,258 at 35 bar and 25 1C.
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using the following equation;

1

Q
P0

P
� 1

� � ¼ c� 1

Qmc

P

P0

� �
þ 1

Qmc

where the BET constant, c, is derived from the heat of adsorp-
tion of the first and subsequent layers (E1 and EL);

c ¼ e
E1�EL
RT

A measured isotherm can be transformed in accordance with
the BET equation allowing for the determination of Qm from a
linear portion of the plot, selected according to the Rouquerol
criteria.270,271 Thus ABET is determined using the adsorption
cross-section, s, and mass of the adsorbate, a;

ABET ¼
QmNAs

a

Despite its ubiquity, the theoretical backing of ABET does not
robustly describe the surface area of all materials, particularly
in the case of materials having very small pores as so-called
multilayer adsorption is not relevant here.218,271 In addition,
the model does not account for surface chemical or energetic
heterogeneity, and as such s may differ at different points on
the surface.218,225,272 As a result ABET should not be considered
a ‘true’ value for the surface area of porous carbons. Never-
theless if applied consistently and correctly, (i.e. selecting the
relative pressure range as ascribed by the aforementioned
Rouquerol criteria),218,271 ABET provides the ‘apparent’ surface
area for microporous materials, which is a useful metric for
comparing the porosity of different, related samples. This is in
contrast to the much simpler typical criteria used to select the
pressure region for determination of ABET in mesoporous,
macroporous or nonporous materials, wherein the range is
typically between 0.05 and 0.30.

It should be noted however that manual application of the
Rouquerol criteria can be extremely inconsistent when applied
by different people. In a round-robin study, the Fairen-
Rodriguez group found that the manually determined ABET

from the same isotherm could differ by more than 7000 m2 g�1.
Furthermore, even when applied correctly the Rouquerol method
can yield multiple acceptable pressure regions for an isotherm.
They therefore propose an algorithmic approach to determine of
the optimal Rouquerol range and thus the valid BET area.273

(ii) Pore volume: is typically measured using the quantity of
gas adsorbed at the isothermal plateau and at relative pressure
approaching 1, as by this point the pores are considered to be
fully filled by the adsorbate. As this method only uses one point
on the isotherm, it is known as the single-point pore volume
calculation.218 This method is not applicable to all isotherms,
as some do not exhibit a plateau.

(iii) Microporosity: there are various classical methods used
for this, the first of these being the t-plot method which relies
upon comparison of the experimental isotherm with that of a
standard adsorbent under the same analytical conditions.274

This of course relies on an appropriate standard, which is not
always available. Furthermore this method may give inaccurate

micropore volumes for samples that contain significant
mesoporosity,275 in some cases yielding negative values for
microporosity.276 Further developments include the aS, Dubinin–
Astakhov (DA) and Dubinin–Radushkevich (DR) plots.274,277 These
methods utilise a transformation of the isotherm to yield a
roughly linear plot. The slopes and intercepts of such plots can
then be used to calculate micropore volume and surface area.

(iv) Pore size: methods are available for determination of a
pore size distribution such as H–K (Horváth–Kawazoe) and BJH
(Barrett, Joyner and Halenda) from an N2 isotherm in the
micropore and mesopore region, respectively. The former relies
on the assumption that pores of some width fill at a certain
relative pressure, which in turn is calculated using molecular
potentials. The latter method uses the isotherm’s desorption
branch to relate the amount of N2 removed from pores at
decreasing relative pressure to pore width.278,279 Whatever the
method, PSDs can be displayed in cumulative or differential
form and according to either surface area or pore volume. Once
the PSD is achieved, determination of an average pore width is
trivial.

Density functional theory. Classical models for pore structure
determination rely on parameters including (but not limited to)
the monolayer capacity of the adsorbent, as well as the adsor-
bate–adsorbent interaction. Additionally, they make use of
potentially false assumptions such as that the adsorbate
behaves as a two-dimensional ideal gas (in the case of
the Horvath–Kawazoe model). Conversely, Density Functional
Theory (DFT), when applied to porosity, makes use of statistical
modelling of adsorbate–adsorbate and adsorbate–adsorbent
interactions specific to a system determined by pore size, pore
geometry, nature of the adsorptive and temperature. A set of
theoretical isotherms is generated according to the specific
variables of the system under examination, where each indivi-
dual, theoretical isotherm is calculated for an idealized adsor-
bent having a single pore width. This library of calculated

isotherms is known as the kernel, N
P

P0
;W

� �
which can be

used in conjunction with the experimental isotherm, N
P

P0

� �
to

yield a pore size distribution as a function of pore width,
f (W);274

N
P

P0

� �
¼
ðWmax

Wmin

N
P

P0
;W

� �
f Wð Þ dW

This data can be displayed in terms of differential or cumula-
tive pore volume and surface area, and as such can be used to
determine textural quantities traditionally calculated via classi-
cal methods.215,266 Recent reports indicate that gas uptake may
be better predicted using porosity determined according to DFT
rather than classical methods.280,281 DFT methods have also
been employed in recent years to combine isotherms deter-
mined using two separate gases to yield a single PSD.91,225

It is useful to compare measures of porosity derived using
DFT methods to those using classical methods. In terms of pore
volume, Jagiello et al. reported that both total and micropore
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volume of a set of biochars and activated carbons as deter-
mined using the single-point and DR methods respectively,
were essentially the same as those found using DFT.91 This was
shown to also be true for micropore volumes.282 Villarroel-
Rocha et al. found broad agreement between values of micro-
pore volume in microporous materials derived using the DR,
t-plot, aS and DFT methods.275 However, this is not true in the
application of these methods to all isotherms; DFT and t-plot
methods show greater disagreement the further the isotherm
deviates from type-I.275,276

3.5. Grain density

While gravimetric measures of porosity have historically been
the metric associated with gas uptake increasingly, high volu-
metric capacity is desired in applications such as methane
storage,127,260,283 as well as CO2 capture.174,284,285 Various
studies have shown that grain density is a good predictor of
H2, CH4 and CO2 capacity, provided that this is balanced with
appropriate pore size as well as high surface area and pore
volume.35,81,143,178,182,194,255,284,286 Grain density, d may be
calculated according to

d ¼ 1

rs
þ VT

� ��1

where rs is the skeletal density determined via helium pycno-
metry and VT is the total pore volume.35 Alternatively it can be
measured directly by packing the sample at high pressure.127

Determination of grain density allows for the derivation of
volumetric equivalents to surface area and pore volume, which
are typically calculated gravimetrically. These can be used as
further metrics to assess volumetric gas uptake (see Fig. 4).

4. Controlling porosity

While the achievement of reasonable porosity in carbons for
small gas molecule adsorption is relatively well established,
various methods for fine control over various textural para-
meters are under constant development. Of particular recent
interest in the literature are methods to improve volumetric as
opposed to gravimetric porosity so as to optimise volumetric
capacity for applications such as on-board storage.

4.1. Activated carbons

4.1.1. Choice of activating agent. KOH is the primary
reagent used for synthesis of activated carbons intended for
physisorption of small molecules as it yields superior carbons
with high surface area and pore volume, a high degree
of microporosity and tuneable PSD.20,79,127,220,233,249,287–289

Nonetheless, physical activating agents such as CO2 and
steam,77,249,260,288,290 as well as other ‘traditional’ chemical
agents such as ZnCl2, H3PO4 and NaOH continue to be
explored.152,252,287–289,291,292 A summary of textural properties
of carbons derived using a variety of activating agents is
presented in Table 2. Recently Chao Ge et al. have produced
moderate surface area (up to 865 m2 g�1) carbons by CO2-
activation of polyurethane films at 1000 1C, with CO2 capacity
of ca. 3 mmol g�1 at 1 bar and 0 1C. It should be noted however
that this uptake is not realistic, as post-combustion capture is
unlikely to take place at 0 1C, so we can expect significantly less
uptake at more realistic temperatures (425 1C).293 In addition,
this uptake is likely significantly improved by the high
N-content of this carbon. The uptake of the CO2-activated
carbon was dwarfed by NaOH- and KOH-activated samples
reported in the same work, which have superior microporosity.288

While KOH can produce extensive microporosity, for some
applications this may not be as relevant; Yueqin Song et al.
produced activated carbons from coconut shell charcoal using
both KOH and H3PO4 as activating agents. Despite the KOH-
activated sample having a surface area triple that of its H3PO4-
activated counterpart, their gravimetric methane capacity at
1 bar and 10 1C was nearly identical at 4.1 and 4.0 mg g�1

respectively.287 The narrow PSD associated with KOH-activation
at KOH/precursor mass ratio o2 can also be achieved using
ZnCl2, however surface area and pore volume of such samples
tend to be relatively low.112,152 Indeed, the ultrahigh surface
areas accompanied by extreme microporosity required for H2

storage at high pressures (440 bar) can only be readily
achieved by activation with KOH. Conversely, the multiplicity
of CO2 adsorption applications under different pressure and
temperature conditions means that a greater variety of textural
characteristics are useful for CO2 capture on activated
carbons.61,220,221,237,294 Thus, when ‘alternative’ chemical acti-
vating agents are reported that yield lower surface area materials,
the suggested application is typically some form of CO2 capture

Table 2 Porosity of recently reported carbons derived using a variety of porogens, and gravimetric gas uptakes where available

Porogen Precursora ABET
b Vt

c %Vmic
d Se Uf Ref.

CO2 Graphite oxide 908 3.08 3 CO2 (1, 0) 1.6 249
KOH Cigarette buttsg 4310 2.09 82 H2 (20, �196) 9.4 82
K2CO3 Polyacrylonitrile 1250 0.64 89 CO2 (1, 30) 2.4 252
KHCO3 Glucoseg 2210 0.97 84 138
Potassium oxalate Sawdustg 1470 0.71 73 CO2 (1, 25) 4.4 135
NaOH Polyacrylonitrile 1020 0.57 89 CO2 (1, 30) 2.2 252
NaNH2 Polyacrylonitrile 833 0.36 94 CO2 (1, 30) 1.8 252
H3PO4 Coconut shell 304 CH4 (1, 10) 0.3 287

a Precursor description. b BET surface area (m2 g�1). c Total pore volume (cm3 g�1). d Percent microporosity by volume. e Adsorbate measured
(values in brackets are pressure (bar) followed by temperature (1C)). f Uptake in mmol g�1 except for H2, which is wt%. g Precursor was converted to
hydrochar prior to activation.
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(see Table 2).75,135,232,252,288 As an example, a recent paper by
Weiwei Shi and co-workers found that activating ammonium
citrate with CuCl2 generates carbons were with hierarchical pore
structure, albeit almost exclusively (up to 94%) in the micropore
region. The authors’ hypothesis is that coordination between Cu2+

ions and organic moieties is one of the driving forces for porosity
development. Reasonable CO2 capacity of 4.21 mmol g�1 was
achieved at 1 bar and 25 1C.295

The success of group 1 metal hydroxides as activating agents
for highly microporous carbons has led to the exploitation of
other hydroxides, as well as salts of potassium and sodium as
porogens.232,252,288,296,297 Theoretically a gentler activating
agent, Ca(OH)2-activation yields carbons with much lower sur-
face areas and a lower degree of microporosity than KOH under
identical conditions.288 Taylor found that careful selection of
conditions may produce carbons with pore volumes exceeding
1 cm3 g�1, with the majority of this coming from mesopores.296

Although microporosity is low, activation at 800 1C yields
carbons whose micropores are dominated by pores around
8 Å, thus achieving moderate CO2 capacity of up to 2.3 mmol g�1

at 1 bar and 25 1C.296 Similarly, Singh et al. reported that the
activation of polyacrylonitrile with NaNH2 yields carbons with low
overall porosity development, but a higher concentration of pores
centred at 7 Å when compared to carbons activated with NaOH
under similar conditions. This indicates that when using NaNH2 as
an activating agent much of the porosity is likely formed via Na
intercalation, rather than redox reactions – in contrast to what
happen with NaOH as activating agent.252

While KOH has been identified as a uniquely superior
activating agent, its corrosive nature qualifies it as an aggres-
sive reagent in activated carbon synthesis, thus resulting in low
yields. As the majority of the microporosity comes about via the
intercalation of potassium ions into graphitic layers as opposed
to corrosive action of the hydroxide counterion, gentler anions
such as carbonate,232,298 and bicarbonate,138,299 have been
shown to give improved yields, resulting in high surface area
carbons with tuneable porosity. For example, Sevilla and
Fuertes produced KHCO3-activated carbons from glucose
hydrochar with surface areas of 2000 m2 g�1 with more than
80% microporosity. Porosity development is lower than that for
an equivalent amount of KOH under similar conditions
because the initial pore formation process – the oxidation of
C by K2CO3 – requires temperatures in excess of 700 1C, while
KOH can oxidise C at much lower temperatures.138 On the
other hand, Xia and co-workers use of an acetate counterion
has shown that a contributing factor to pore formation may be
hydrogen bonding between polar moieties within the biomass
and the activating agents.297

Another promising ‘gentle’ potassium activating agent is
potassium oxalate (PO).131,135–137,300,301 The activation mecha-
nism proceeds principally via gasification of K2CO3 at or below
800 1C, resulting in carbons that are almost exclusively micro-
porous. Therefore activating with PO allows a high degree of
control over sample porosity – Aljumialy and Mokaya found
that pore volume of sawdust-derived carbons could be reliably
increased within the micropore region by increasing activation

temperature. Interestingly this improvement in overall porosity
had little effect on pore sizes. When the activation temperature
is increased to 900 1C, oxidative etching of the carbon surface
begins,135,136 which results in mesopore formation without
the collapse of the previously formed micropores, producing
carbons with a hierarchical pore network optimised for
moderate pressure (20 bar) CO2 storage (18 mmol g�1 excess
uptake). The highly microporous (490% microporosity) car-
bons produced at lower temperatures achieve CO2 capacity of
4.3 mmol g�1 at room temperature and ambient pressure.135

Lee et al. achieved similarly high degrees of microporosity
(approaching 100%) in the PO activation of carbonized corn
husks (CCH). Quite unusually, increasing quantities of PO lead
to greater development of ultramicropores. Methane capacity
was optimised (7.75 mmol g�1 at 35 bar and 25 1C) at PO/CCH
ratio of 3 as a result of highest surface area as well as
hierarchical pore structure including ultramicropores.131

Mixing method. Chemical activating agents may be com-
bined with the precursor material either through physical
mixing35,135,255,302 or by impregnation with a dissolved
agent.75,288,290,295,303 The latter technique, so-called solution
impregnation, is followed by a drying step to remove the solvent
prior to activation. The perceived advantage of solution impreg-
nation over solid mixing is that the activating agent is more
evenly distributed, thus resulting in more consistent porosity
throughout the material. Nevertheless, PSDs of carbons derived
using the physical mixing technique show narrow PSDs indi-
cating that an impregnation and drying step may not strictly be
necessary.80,82,135 There is, unfortunately, a dearth of literature
comparing the porosity of carbons derived using the two
techniques. However, in 2018 Boujibar et al. reported activated
carbons synthesised using KOH and NaOH via both solution
impregnation and physical mixing. In terms of surface area, the
KOH-activated samples showed improvements of 20% when
physical mixing was employed but these gains reduced the
proportion of microporosity. Conversely, surface area of NaOH-
activated samples were 25% greater using solution impregna-
tion over physical mixing, though the former samples had a
much broader PSD. Despite the differences in textural proper-
ties attained through these two mixing techniques, CO2 uptake
at 25 1C and 1 bar does not significantly differ between the two
sample sets, implying that both impregnation and solid mixing
can be effectively used to balance overall porosity development
and level of microporosity for gas adsorption.292

Combined activating agents. While chemical activating agents
provide highly microporous samples which are suited to H2

storage and low pressure CO2 capture, other applications such
as high pressure CO2 capture require so-called hierarchical or
multimodal pore structures wherein most or all microporosity
is retained but further porosity is generated in the mesopore
region. Caturla et al. achieved this in 1991 by subjecting a
ZnCl2-activated carbon to physical activation using CO2.112

Using both a chemical and physical activating agent has
become known as physicochemical activation. Since then other
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researchers have produced activated carbons via a simulta-
neous physicochemical method, wherein during the pyrolysis
of a mixture of precursor and chemical activating agent the
flow of inert gas is interrupted with a physical activating
agent.152,287,304,305 In fact, Hu and Srinivasan reported that
simultaneous physicochemical activation using ZnCl2 and
CO2 is more effective for formation of mesopores than an
equivalent sequential activation.304 KOH and H3PO4 have also
been used as the chemical porogen in conjunction with CO2

although it appears that using KOH makes the material more
resistant to mesopore development.305,306 Table 3 gives exam-
ples of the porosity of carbons derived through single and two
step-activations.

Physicochemical activation is not limited to broadening of
PSDs; for example Song et al. explored the sequential physico-
chemical activation of coconut shell charcoal using H3PO4 and
steam and found that steam treatment at 800 1C produced
carbons with twice the surface area of those activated with
H3PO4 alone. In contrast to earlier carbons produced using
ZnCl2 and CO2, the majority of new porosity development was
in the micropore region, with 80% of surface area from pores of
width 4.5–6.5 Å. This sample achieved 58% higher gravimetric
CH4 uptake at 1 bar and 10 1C compared to a conventionally
activated equivalent.287 Adlak et al. reported similar improve-
ments in both overall surface area and microporosity for
carbons activated using KOH and steam simultaneously. This
could be a result of the dissolution of K compounds in steam,
which results in greater mobility of the activating agent through
the sample and thus further activation via intercalation.290

The porosity of carbon can also be modulated by adding a
so-called mediator to the precursor-activating agent mixture.
The mediator is a species that is not in itself an activating

agent, but produces activating species as it breaks down during
pyrolysis, which can then work in conjunction with the activa-
ting agent to produce multimodal porosity. An early example of
a mediator is the use of melamine by Fuertes and Sevilla in
the KOH-activation of hydrochars. Samples synthesised using
melamine had higher surface areas than their conventionally
activated counterparts, which came about through the devel-
opment of mesopores. These mesopores purportedly originate
from gasification by volatile nitrogen compounds released
upon the decomposition of melamine.307 Indeed, there are
other notable instances of volatiles from nitrogenous com-
pounds having an activating effect.221,308 Further work revealed
that surface areas above 3200 m2 g�1 could be achieved by this
method, with optimal porosity for cryogenic H2 storage at 20
bar, and room temperature CO2 capture at 40 bar, achieving
uptakes of 7 wt% and 21 mmol g�1, respectively.244 By swapping
KOH for the gentler PO, CO2 uptake at 40 bar was improved to
almost 40 mmol g�1 due to a broad, continuous PSD spanning the
ultramicropore and small mesopore region.136 More recently
Hu et al. reported the use of sodium alginate as a mediator in
conjunction with KOH to prevent the over-activation of carbons
derived from a variety of biochars.309 The pyrolysis of sodium
alginate had previously been shown to produce non-porous
carbons.308 On pyrolysis the mediator broke down to produce
Na2O which appears to have restricted porosity development and
limited the PSD to the micropore region accompanied by further
development of ultramicropores. As a result, H2 storage capacity
at 1 bar and �196 1C was improved by up to 87% from 1.37 wt%
to 2.56 wt%.309

Self-activation. In recent years, research interest has turned
to precursors that can develop porosity via pyrolysis without the

Table 3 Comparison of porosity and gas uptake of activated carbons derived via activation in one or two activation steps

Precursor Porogena ABET
d Vt

e %Vmic
f Sg Uh Ref.

Coal ZnCl2 (500) 1530 0.69 61 152
ZnCl2 (500) and CO2 (950)b 1820 0.97 44

Coconut shell S (unknown) 875 CH4 (10, 1) 0.2 287
S, then KOH (600)c 961 0.3

Coconut shell S (unknown) 875 CH4 (10, 1) 0.2 287
S, then H3PO4 (500)c 304 0.3

Oil palm shell H3PO4 (450) 615 0.28 93 CH4 (30, 1) 0.7 306
H3PO4 (450), then CO2 (855)c 642 0.28 93 1.1

Neem woodi KOH (800) 764 0.44 81 290
KOH (800) and S (800)b 963 0.55 87

Starchj KOH (800) 3000 1.4 77 307
KOH (800) and M (800)b 3280 2.4 45

Sodium alginate HNO3 (750), 444 0.21 CO2 (25, 1) 2.0 308
HNO3 (750) and H3PO4 (750)b 1740 1.6 4.5

Cellulosej KOH (700) 1280 0.68 84 H2 (�196, 20) 4.2
KOH (700) then KOH (700)c 2470 1.18 81 5.7

Sawdust PO (800) 1270 0.52 96 136
PO (800) and M (800)b 3090 1.8 66

Melon seedsi KOH (600) 1140 0.41 100 H2 (�196, 1) 1.4 309
KOH (600) and NaA (600)b 2310 0.89 96 2.6

a First and second steps. Activation temperature (1C) in parenthesis, S = steam, M = melamine, PO = potassium oxalate, NaA = sodium alginate.
b Simultaneous activation. c Sequential activation. d BET surface area (m2 g�1). e Total pore volume (cm3 g�1). f Percentage microporosity by
volume. g Adsorbate gas (CH4, CO2 or H2); values in parenthesis are measurement temperature (1C) and pressure (bar), respectively. h Gravimetric
uptake in mmol g�1, except for H2, which is wt%. i Precursor was pyrolysed before porogenesis. j Precursor was hydrothermally carbonised before
porogenesis.
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assistance of an external activating agent. As previously men-
tioned, so-called biochar is derived through physical self-
activation of biomass to produce microporous carbons,89–91

through the release of oxidising gases such as CO2 and H2O upon
biomass pyrolysis.310,311 Under typical conditions, the bulk of these
oxidising gases are removed from the sample due to a flow of N2 or
Ar before they can develop significant porosity. Xia and Shi found
that long, harsh pyrolysis of kenaf core in a closed system allowed
the oxidising gases to react more with the carbonised biomass to
form pores, resulting in mesoporous carbons with surface areas
approaching 2500 m2 g�1. Carbons with hierarchical pore struc-
tures were produced when temperature and dwell time were
limited to 1000 1C and 10 h respectively.312

Precursors or additives with high nitrogen contents are often
employed to produce N-doped carbons for use in CO2 capture.
However, nitrogen also has a part to play in porosity develop-
ment in the mesopore region. Sevilla et al. found that
polypyrrole-derived carbons gave higher than expected surface
area for the activation conditions.126 Later work confirmed that
by increasing the N concentration by use of an additive, the
porosity of microporous carbons could be extended into the
mesopore region, resulting in higher H2 and CO2 storage
capacity. This effect is presumed to come about due to the
gasification of the carbonaceous structure by volatile
N-compounds.244,307 Similar effects have also been reported
by Ariharan et al. for precursors containing phosphorous.313,314

Self-activation may also have had a part to play in the
unusual temperature-porosity relationship of a series of
cigarette butt-derived KOH-activated carbons. It is supposed
that the unexpectedly high surface area (4300 m2 g�1) of highly
microporous sample activated at 600 1C may be a result
of metal contaminants within the cigarette butt that assist
KOH in the activation process. Such textural properties resulted
in unprecedented hydrogen storage capacity of 8.1 wt% at
�196 1C and 20 bar.82 This idea of activation by contaminants
is supported by a 2018 study by Longxin Li et al. wherein
carbons produced via the simultaneous physicochemical acti-
vation of demineralised coal achieved lower surface areas than
and equivalent carbon from untreated coal.152

Organic salt carbonisation. Organic salts are an interesting
class of so-called self-activating precursors for activated carbon
production. To achieve self-activation, the cation must be a
metal that can take part in chemical activation. Furthermore,
the anion must be both sufficiently rich in carbon, and stable
enough that it does not fully degrade before its cation can cause
it to undergo activation. For example, while PO is interesting as
a so-called gentle porogen, the oxalate (C2O4

2�) anion degrades
to CO3

2� before activation can be achieved, meaning that no
residual carbon remains.133 More bulky precursors such as K,
Na, Ca, Mg, Fe, and Zn salts of citric acid have been success-
fully carbonised to yield carbons with surface areas of at least
500 m2 g�1.315–320 Other notable examples include K, Na, and
Ca gluconate,315,321–323 Na and Ca alginate,315 and potassium
tartrate.324 K salts of polymers such as poly(acrylamide-co-
acrylic acid),325 Na salts of several forms of poly(styrene

sulfonate),326–328 and even a Zn organic framework329 have
been carbonised in order to build on structural voids in the
precursor.

Use of organic salts as self-activation precursors means that
porosity of the carbons is easily tuneable simply by changing
the anion or cation. For example, Sevilla and Fuertes found that
while pyrolysis at 800 1C of potassium gluconate or citrate
yields relatively high surface area and highly microporous
carbons, the equivalent Ca salts produce a greater degree of
mesoporosity in the resultant carbon.315 Pyrolysis of Mg, Zn,
and Fe salts also results in highly mesoporous carbons.318–320

Indeed, mesoporous carbons derived from magnesium citrate and
zinc glycolate have pore volumes in excess of 2.5 cm3 g�1.318,330

The pore structure of carbons derived from Na salts often lie
somewhere in the middle, typically having hierarchical (micro-
porous plus meso- or macroporous) PSDs.321,326–328,331 The
identity of the cation can also affect pore shape, for example
carbonisation of sodium gluconate produces unusually long,
narrow slit-shaped pores, whereas pores in calcium gluconate
derived carbons have a more cellular structure.315,332 On the
other hand, anion composition and structure seems to have a
greater effect on large scale morphological features rather than
the fine pore structure.133 For example, while salts of smaller
anions like gluconate and citrate can be used to produce
regular, sheet-like structures under appropriate conditions,
polymeric salts typically yield carbons with a much lower
degree of structural regularity.315,321,322,326,327,333,334

Despite the easily tuneable porosity of organic salt-
derived carbons, reports on their application as gas storage
media are minimal. By far the dominant application of
such materials appears to be as electrodes for supercapa-
citors,315,316,319,320,330,334,335 however their use as (electro)-
catalysts,319,322,329 as well as ion storage318,331 and battery326,336

materials is well documented. This may be due to the fact that
although microporous carbons can easily be formed from
organic salts, the surface areas of such materials are typically
quite low (o1500 m2 g�1). Of course some gas storage/capture
applications require more hierarchical micro-mesoporous pore
structure, but surface areas of such carbons still seem to be
largely limited to no more than 2000 m2 g�1. A notable exception
to this are some carbons synthesised by Sevilla et al. from
potassium citrate, which when carbonised with urea at 750–
800 1C yields a carbon with surface area of up to 3350 m2 g�1 and
pore volume 42.0 cm3 g�1 which is relatively evenly divided
between meso- and micropores.335 Such a material would be an
interesting candidate for CO2 pressure swing adsorption (PSA)
applications but unfortunately this wasn’t examined by the
authors. The sole instance of an organic salt-derived carbon
being employed in gas storage/capture is that of potassium
hydrogen phthalate (KHP). Uniquely narrow PSDs were achieved
by researchers in the Mokaya group through gentle pyrolysis
conditions producing carbons with a single micropore width.
This is presumably the result of mechanistic differences when K+

(as opposed to the harsher KOH) is the primary activating agent
– that is, activation proceeds solely via intercalation of potassium
ions into the pores. At temperatures above 800 1C, the PSD
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begins to broaden resulting in higher surface area samples
with CO2 capacities up to 4.5 mmol g�1 under ambient
conditions.296,337

4.1.2. Precursor composition. It has been noted that the
composition of the precursor, in particular the (atomic) O/C
ratio, may have a role to play in pore development upon both
chemical and physical activation. Precursors with higher O/C
ratios are typically more susceptible to activation, and therefore
may yield higher surface area carbons.77,135 These increases in
surface area are however accompanied by PSD broadening and
pore collapse, meaning that improvements in microporosity
and thus low pressure storage/capture of small molecules may
be facilitated by starting materials with lower O/C ratios, known
as activation-resistant precursors.35,98 However, activation
resistance may not be a direct function of precursor oxygen
content; more complex factors such as the presence of
specific oxygen containing moieties, the lignin content of
ligno-cellulosic biomass, or the formation of highly stable
composite structures during pyrolysis may confer activation
resistance.80,98,251,338 For example, it has been shown the high
stability of pure lignin, conferred by aromatic structures,
means that is does not readily form pores on pyrolysis without
the use of an activating agent, whereas dehydration reactions
between hydroxyl groups during the pyrolysis of cellulose and
hemi-cellulose confer three-dimensional porosity on the resul-
tant carbon.338 Nonetheless it is possible to tailor pore sizes of
carbons via careful selection of precursors according to their
composition. For example, Pedicini et al. synthesised biochars
from seaweed and wood chips and found that the O/C ratio of
the former was approximately 50% higher than that of the
latter. When activated with KOH, their surface areas were
similar, however the carbons derived from wood chips had a
much greater proportion of micropores.76 Similarly, Park et al.
reported that when ‘upgrading’ commercial activated carbons
by further activation with KOH, the precursor with the higher
O/C ratio produced higher surface area, more mesoporous
carbons whilst lower O/C ratios lead to more microporous,
low surface area carbons. They therefore concluded that pre-
cursors with higher O/C ratios are more suited to synthesis of
carbons for high pressure CH4 storage.254 On the other
hand Altwala and Mokaya investigated the textural properties
and CH4 storage capacity of carbons synthesised from air-
carbonised date seed, having a very low O/C ratio of 0.21.
By increasing the KOH : precursor weight ratio to 2 to 4, it
was possible to retain much of the microporosity whilst dou-
bling the surface area to over 2000 m2 g�1. The authors
attributed the lack of so-called over-activation to the high
activation resistance of carbonised date seeds. Porosity of
carbons could be controlled via temperature or KOH : precursor
ratio towards high gravimetric or volumetric methane capacity
(25 1C and 35 bar) up to 11.4 mmol g�1 and 196 cm3

STP cm�3,
respectively.35

The O/C ratio of a precursor can also be modulated accord-
ing to pre-carbonisation conditions. For example, Zhen Zhang
et al. synthesised a set of precursors by calcining glucose-
derived hydrochar in air at temperatures between 200 and

300 1C, as well as calcining pure glucose at 300 1C, and also
examined non-calcined hydrochar. These precursors differed
most apparently due to the abundance of COOH moieties
present on their surface (so-called ion exchange capacity) which
varied from 0.22 to 3.92 mmol g�1. This corresponds to overall
O/C ratios in the range 0.37–0.45. The authors posit that the
presence of COOH is significant for activation via aqueous
solution impregnation with KOH, as the carboxyl group under-
goes an ion-exchange reaction to form COOK. The closely
bound K+ can thus act as a more effective activating agent than
if it were present in the form of KOH. It was found that the
content of ultramicropores was optimised for the activated
carbon derived from hydrochar calcined at 300 1C, having an
ion exchange capacity of 3.92 (O/C ratio 0.45). This sample
showed the highest ambient (25 1C, 1 bar) CO2 uptake of
4.3 mmol g�1.251

This does not however mean that a pre-carbonisation or
calcination step automatically improves a precursor’s ability to
form carbons with favourable porosity for small molecule
adsorption. Balahmar et al. found that pre-treatment of precursors
by hydrothermal carbonisation had either marginal or negative
effects on the porosity of KOH-activated carbons derived from a
variety of biomasses.339 This may be a function of decreasing O/C
ratio and thus increasing resistance to activation.

A simple way to change precursor composition is simply to
mix two precursors with significantly different compositions.
An example of this is the mixing of polypyrrole (PPY) with
sawdust hydrochar (H) or raw sawdust (SD) which have an O/C
ratio of 0.672, 0.483 and 0.773, respectively (see Fig. 5).
Researchers in the Mokaya group determined that a greater
degree of control over porosity could be achieved by activating
the mixed precursor than by activating any of the three
alone.98,135,221,237 For samples activated with KOH, porosity
was mainly developed in the mesopore region. Increasing
concentrations of H in a PPY–H mixture results in decreased
mesoporosity, which is attributed to the decrease in O/C ratio;
more specifically the mesoporosity is a function of the amount
of PPY in the mixture whereas the mesopore size is increased
with increasing PPY : H ratio.98 However, the same does not
apply to carbons synthesised by from mixtures of PPY and SD,
wherein increased O/C ratio actually results in higher a higher
degree of microporosity and lower porosity over all. This is
attributed to stabilising interactions between aromatic moieties
on PPY and SD which confer resistance to activation.98 On the
other hand, using a gentler activating agent (potassium oxalate)
results in more hierarchical meso–microporous carbons, with
optimised pore structure for high pressure CO2 capture.135 The
appropriate selection of Ppy : H ratio, activating agent and
activation conditions can be used to produce carbons with a
variety of porosities and textural characteristics suited to appli-
cations ranging from low pressure CO2 capture to high pressure
H2 storage.98,135

4.1.3. Compactivation. Compactivation, also known as
mechanochemical activation is a process first reported in
2015 by the Mokaya group, wherein a solid–solid mixture of
precursor and activating agent is compressed into a pellet prior
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to activation. The rationale of this step is to increase atomic
proximity between the precursor and activating agents, in order

to increase activating agent efficiency thus producing higher
surface area carbons without broadening the PSD. In addition,
carbons with relatively high surface areas and pore volumes can
be produced at unusually low activation temperatures.238,248

Table 4 compares the porosity and gas uptake capacity of
materials derived through conventional activation and compac-
tivation. Although a variety of precursors have been tested for
compactivation, thus far materials have only been reported
where KOH is used as an activating agent. Compactivated
samples thus show superior CO2 and H2 capacity over
similar conventionally activated carbons at pressures up to
50 bar.237,238,248 Interestingly due to the high packing density
of compactivated carbons, improvements in CO2 uptake are
more obvious from a volumetric perspective. For example, a
compactivated carbon derived from polypyrrole using KOH at a
ratio of 4 and activation temperature of 800 1C achieved a CO2

uptake of 48 g L�1 at 1 bar and 25 1C; an improvement of 37%
over its conventionally activated counterpart. This increase is
more than triple that of the improvement in gravimetric
uptake.237 The porosity of compactivated carbons remains
highly tuneable, with carbons being produced for either high
or low pressure CO2 capture by simply modulating activation
temperature.81

In 2018 Rambau et al. reported mesoporous compactivated
carbons from used tyre-derived char, however surface areas of
the reported carbons do not approach those in other studies
under similar conditions.340 This may be a result of the char’s
relatively high carbon content and associated resistance to
activation. An alternative explanation is that the compaction
pressure was limited to 10 MPa whereas other studies used up
to 740 MPa. Despite the clear advantages of compactivation for
carbons for gas storage/capture applications there has been
very little published on the topic in the past few years. As such,
there is as yet no information on the effect of compaction
pressure and duration on the porosity of synthesised carbons.

4.2. Zeolite templated carbons

While the synthesis of ZTCs continues to be a popular area of
research,34,172,193,341–344 articles reporting their application in
the adsorption of CO2, H2 or CH4 have dwindled in the past

Fig. 5 Variation of pore volume and micropore percentage (by volume) with
precursor O/C ratio as controlled by mixing in different quantities the
precursors polypyrrole (PPY), sawdust (SD) and sawdust hydrochar (H).
Adapted from work by Balahmar et al. O/C ratio. All samples activated at
800 1C for 1 h.98 O/C ratio determined using weighted sums of the O/C
contents of PPY, H, and SD.

Table 4 Comparison of porosity and gas uptake of carbons derived through conventional activation or compactivation. Values in italics are for
compactivated samples

Precursor Ta db ABET
c Vd vABET

e vVf Pore sizeg gUh vUi Sj Ref.

Sawdust 600 0.94 866 0.46 814 0.43 6.8 4.3 178 CO2 (1, 25) 248
0.95 1066 0.59 1013 0.56 5.9 5.8 242

Polypyrrole 600 0.92 976 0.47 898 0.43 6.8 3.4 136 CO2 (1, 25) 238
0.85 1297 0.64 1102 0.54 5.9 5.5 206

Polypyrrole 800 0.32 3589 2.71 1148 0.87 28 45 638 CO2 (50, 25) 237
0.38 3945 2.92 1499 1.11 34 54 928

Flash-carbonised wood 700 0.89 1280 0.65 1139 0.58 6.5 2.2 129 CO2 (1, 25) 81
0.78 2315 1.08 1806 0.84 7.0 4.0 137

Waste tyres 800 775 0.41 5.8 1.1 H2 (1, �196) 340

a Activation temperature (1C). b Packing density (g cm�3). c BET surface area (m2 g�1). d Total pore volume (cm3 g�1). e Volumetric BET surface area
(m2 cm�3). f Volumetric pore volume (cm3 cm�3). g Pore size taken from centre of most prominent peak in PSD. h Gravimetric uptake, in mmol g�1 for
CO2 and wt% for H2. i Volumetric uptake (g dm�3). j Adsorbate gas (CO2 or H2); values in parenthesis are pressure (bar) and temperature (1C).
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three years. In fact since 2018 there exist only nine journal
articles on the subject of capture/storage of these molecules in
ZTCs.194,256,257,345–350 Furthermore, of these papers two are
based on simulations of hypothetical optimized ZTCs.257,345

While these provide insights into what an optimal ZTC struc-
ture might be for these applications, they do not provide novel
methods for modulating ZTC porosity.257,345 This may be due to
a consensus within the community that the more facile syn-
thesis of ACs leads to materials whose pore geometry is more
suitable for small molecule sorption. Nonetheless the templat-
ing approach provides interesting and unique opportunities for
modulation of porosity for use in storage of H2 as well as CO2

capture. In the case of CH4 however, ZTCs have severe limita-
tions on their volumetric storage capacity meaning that they are
less feasible as ANG sorbents,34,240,351 although there has been
a recent noteworthy attempt to improve volumetric porosity of
ZTCs to this end.194

4.2.1. Choice of reagents. It has long been established that
replication of the zeolite template and thus maximisation of
ZTC porosity requires that the carbon source can easily diffuse
into pore channels. As such the choice of potential carbon
sources is narrowed to small, volatile, unsaturated organics in
the case of carbon introduction via CVD64,179,189–192,195,197,198 while
for LI, furfuryl alcohol is the reagent of choice.88,174,178–182 For
example, in 2010 Xia et al. reported on the effects of the use of
various carbon sources on textural outcomes and template replica-
tions using a combination of both CVD and LI techniques.
Structural replication and porosity were maximised by templating
of zeolite-Y using ethylene in a two-step CVD synthesis. Conse-
quently this carbon with ABET of 2164 m2 g�1, 490% microporos-
ity and a narrow PSD achieved the highest cryogenic (�196 1C) H2

storage capacity in the sample set of 4.9 and 1.9 wt% at 20 and
1 bar, respectively. Carbons derived via a combination of LI and
CVD could approach similar levels of overall porosity and H2

capacity as the aforementioned sample, but at the cost of PSD
broadening and less faithful replication of the zeolitic structure.190

Table 5 illustrates the effects of the use of different templates,
carbon sources, and carbon introduction methods on ZTC
porosity.

In recent years attempts have been made to use alternative
carbon sources such as sucrose. In order to be used for LI the
disaccharide must be dissolved. Wijiyanti et al. produced a ZTC
with moderate surface area (932 m2 g�1) and pore volume
(0.97 cm3 g�1) with hierarchical porosity using sucrose dis-
solved in H2SO4, resulting in a material which allows rapid
ingress of H2 (at 30–50 1C and 1 bar) into the porous
structure.346 While the bulk of the literature has focused on
using pristine carbon sources in synthesis of ZTCs, Musyoka
et al. found that a ‘dirty’ source, namely the pyrolysis gases
from used tyres can be used as a CVD vapour (see Table 5). The
vapour is composed primarily of small aromatic molecules.
When performed following LI templation with furfuryl alcohol
on zeolite-13X, the resulting carbons exhibited higher porosity
(3254 m2 g�1 and 91% microporosity) compared to those
derived using ethylene in the second (CVD) step. Indeed,
carbons produced using tyre pyrolysis vapour as a CVD source
exhibit a narrower PSD than those conventionally-produced
ZTCs. High H2 storage capacity of 2.5 wt% was achieved at
�196 1C and 1 bar.348 Although H2 adsorption was not measured
above atmospheric pressure, both the ZTC textural characteristics
and the trajectory of the reported isotherm indicate this carbon
may be suited to higher pressure applications.

The introduction of nitrogen into the structure of ZTCs is
meant to improve adsorption of small molecules due to
improved adsorbate-adsorbent interactions – typically this is
performed by using a nitrogen-rich carbon source.179,253,353,354

Such methods also tend to have the side-effect of changing the
porosity of the ZTC. For example, Dewi and Widiastuti found

Table 5 Summaries of synthetic procedures, porosity and H2 uptake capacity for selected ZTCs

Template

Carbonisationa

ABET
b Vc

H2 uptake
conditionsd

H2 uptakee

wt% Ref.Step 1 Step 2

NaY FA (LI, 700) PP (CVD, 900) 3590 f�196, 24 5.5 245
13X FA (LI, 700) ET (CVD, 900) 3330 1.66 (1.18) �196, 20 7.3 178
Y ET (CVD, 900) 2000 1.11 (0.83) �196, 1 1.8 190
Y ET (CVD, 900) ET (CVD, 900) 2160 1.26 (0.92) �196, 1 1.9 190
Y FA (LI, 900) 860 0.93 (0.24) �196, 1 0.7 190
Y FA (LI, 900) ET (CVD, 900) 1940 1.18 (0.73) �196, 1 1.6 190
Y Sucrose (LI, 800) 930 0.97 (0.30) 30, 1 0.5 346
Y Sucrose (LI, 800) 1250 0.95 (0.09) 30, 1 1.7 352
Y Sucrose/AN (LI, 800) 1670 2.28 (0.55) 31, 1 3.9 352
13X FA (LI, 700) Tyre pyrolysis vapour

(CVD, 900)
3250 1.72 (1.61) �196, 1 2.5 348

13X FA (LI, 700) ET (CVD, 900) 3340 1.88 (1.72) �196, 1 1.9 348
Clinoptilolite 1 : 5 glucose/urea (LI, 900) 66 0.32 (0.00) 350
Clinoptilolite 2 : 5 glucose/urea (LI, 900) 151 0.36 (0.03) 350
Y ET (CVD, 790) 1930 0.97f (0.73) 193
Y, surfactant templated ET (CVD, 790) 2140 1.59f (0.74) 193

a Carbon source, followed by carbonisation method and, in parenthesis the carbonisation technique (LI or CVD) and temperature (1C); FA =
furfuryl alcohol, ET = ethylene, PP = polypropylene, AN = acetonitrile. b BET surface area (m2 g�1). c Pore volume (cm3 g�1); values in parenthesis
are micropore volume. d Temperature (1C) and pressure (bar) at which H2 uptake was measured. e H2 uptake capacity (wt%). f No total pore
volume reported, thus sum of Vmicro and Vmeso is used.
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that mixing small amounts of acetonitrile into a sucrose solution
prior to its use as an LI carbon source on zeolite-Y resulted in a
ZTC with increased surface area (1250 to 1670 m2 g�1) and
increased microporosity from 5 to 24%. However, with increasing
concentrations of the nitrogen dopant, overall surface area falls to
867 m2 g�1 along with absolute microporosity.352 Similarly,
Rangel-Sequeda et al. have recently shown that increasing the
amount of urea in a urea-glucose mixture resulted in higher
surface area carbons when the mixture was used as an LI agent
on the natural zeolite (clinoptilolite) template.350 While the for-
mer did measure H2 storage capacity and the latter CO2 capture, it
is impossible to disentangle the effects of improved porosity and
chemical doping on the improved uptakes.

Template modification. A major stumbling block with the use
of microporous zeolites as hard templates for carbons is that if
the structure is replicated well, the PSD will invariably be
unimodal. This lack of pore hierarchy can limit the gas sto-
rage/capture capacity of such ZTCs due to slow ingress into
pores. Similarly, problems can arise in the synthesis of ZTCs if
the carbon source cannot easily enter the narrow channels.355,356

Mesopores can be created in zeolites (while retaining micro-
porosity) by the use of surfactant-templating wherein the material
is steamed in order to partially remove aluminium from the
framework357 thus yielding hierarchical templates. Aumond
et al. achieved ZTCs with approximately equal micropore and
mesopore volume by CVD using ethylene on a surfactant-
templated zeolite-Y. The product showed an increase in total pore
volume from 0.97 to 1.59 cm3 g�1 relative to a ZTC derived by
templating on non-treated zeolite.193 Although not measured,
such a material is an interesting candidate for CO2 pressure swing
adsorption applications.

4.2.2. Post-synthetic treatment. In some cases, the porosity
of ZTCs can be modified after synthesis. This can be achieved
by forming composites with some other material, however by
definition the composite’s porosity is then a result of the
structures of both the ZTC and the other material.358,359

On the other hand, Choi et al. found that through thermal
treatment of ZTCs, a contraction in the width of micropores is
produced, associated with loss of structural hydrogen,
improved packing density and decreased gravimetric porosity.
Consequently, volumetric methane capacity (65 bar, 25 1C) was
improved by 7% from 164 to 176 cm3

STP cm�3 on a ZTC
synthesised using BEA as a template, following heat treatment
at 600 1C.194 Other thermal, chemical and pressure treatments
can lead to greater improvements in porosity and therefore
improved gas uptakes.

Densification. Densification, also known as compaction or
pelletisation is a process used to improve the volumetric
storage of small molecules on carbons by compressing the
skeletal structure i.e. increasing the packing density. As early
as 2005, Celzard and Fierro found that increasing the apparent
density of AC powders resulted in an approximately propor-
tional improvement in volumetric methane capacity at 35 bar
and 20 1C. Increases in apparent density did however lead to

reductions in gravimetric uptake, thus densification pressure
should be optimised.360 Early attempts to increase density of
ZTCs utilised so-called hot densification wherein pressures up
to 147 MPa and temperatures up to 300 1C were used in order
to convert the diffuse ZTC powder into a dense, compact
pellet.258,361 While studying the hot densification (300 1C) of
a ZTC derived from zeolite-Y (Na-form), Hou et al. found that
although gravimetric surface area decreased with increasing
compaction pressure, the opposite trend was found when sur-
face area is measured volumetrically.361 Similarly Guan et al.
found that hot densification of a ZTC halved gravimetric
measures of porosity, while doubling their volumetric counter-
parts. As a result, volumetric CH4 storage capacity (at 35 bar
and 25 1C) was improved from 60 to 127 cm3

STP cm�3 for the
pristine and compacted ZTC, respectively.258 Gravimetric por-
osity generally decreases following densification, but to varying
degrees depending on the compaction conditions and nature of
the ZTC.178,182,362 However, a report from Almasoudi et al.
indicates that if compaction pressure is sufficiently low (370 MPa),
gravimetric surface area can increase alongside volumetric poros-
ity resulting in improved gravimetric and volumetric H2

capacity.363 As for pore size, compaction generally leads to the
development of further microporosity and/or shifting of the PSD
and average pore size towards the ultramicropores region as pores
contract under pressure,178,361,363 which may result in improved
low pressure gas uptake. Fig. 6 illustrates the effect of densifica-
tion pressure on various measures of porosity.

More recently, work by Balahmar et al. compared the result
of compacting a ZTC to the compaction of the zeolite scaffold
prior to templation (so-called pre-compaction) on the textural
characteristics and H2 and CO2 storage capacities of the resul-
tant ZTCs. Materials were synthesised on zeolite-13X or -Y
templates using CVD of acetonitrile. It was found that pre-
compaction actually increased gravimetric porosity in terms of
both surface area and pore volume as compared with the
conventional ZTC. Furthermore, packing density increased by
over 50% from 0.53 to 0.82 g cm�3. This resulted in simulta-
neous improvement to gravimetric (11.6 to 13.1 mmol g�1) and
volumetric (271 to 473 v/v) CO2 uptake at moderate pressure
(20 bar and 25 1C). Conversely, post-compaction had almost no
effect on gravimetric storage and showed only mild improve-
ments volumetrically.182 A recent paper by Gabe et al. detailed
the optimisation of densification conditions for a ZTC mixed
with reduced graphene oxide. The authors found that volumetric
H2 storage was doubled at all pressures from 0 to 100 bar, when
the zeolite-Y-derived carbon was subjected to compaction at
150 1C and 145 MPa. The densified composite also has the
advantage of being extremely mechanically robust.364

Activation. The porosity of templated carbons can be
expanded via chemical or physical activation; for example the
porosity of mesoporous carbons formed when using a silica
template can be expanded into the micropore region on activa-
tion with KOH or CO2.61,365,366 With the advent of micro-
porous templated carbons based on zeolites, researchers have
attempted activation to both improve absolute, overall
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microporosity and extend porosity into the mesopore region.
The activating agent of choice has become KOH as unlike CO2 it
can improve overall porosity without destroying the intricate
network of micropores already present in the ZTC.83,88,367

Inevitably, activation of ZTCs leads to destruction of much of
the crystal structure meaning that the narrow PSDs which ZTCs
are prized for are not present in activated-ZTCs,34 although
work by Anggarini et al. suggests that increased ordering can be
achieved via activation with ZnCl2.368 Relatively aggressive
KOH-activation (700–800 1C, 4 : 1 w/w) leads to doubling or
even tripling of overall surface area according to work done in
the Mokaya group. At the same time much, but not all of the
original microporosity is retained.83,88,199 However, it is not yet
clear to what extent the initial porosity of the ZTC influences
that of the activated ZTC. For example, KOH activated carbons
with surface areas around 3000 m2 g�1 can be produced from
ZTCs with initial surface area as low as 367 m2 g�1 and as high
as 1670 m2 g�1.83,367 In fact, in one case ZTCs with the highest
initial porosity show the smallest improvements following
activation.88 This unclear relationship is probably a result of

entangled variables such as ZTC structural type and elemental
composition.34,77,135 The benefit of activation of ZTCs is some-
what questionable as the highest surface area achieved through
this technique is only around 3350 m2 g�1, significantly
less than the record for conventionally activated carbons82 or
indeed non-activated ZTCs.369

Nevertheless, activation of ZTCs can lead to nearly doubling
of cryogenic hydrogen storage capacity at 20 bar.83,88 On the
other hand improvements are not nearly as significant for
applications wherein pore size, rather than overall surface area
or porosity is the more significant factor in determining gas
uptake. For example, Almasoudi et al. showed that despite
improvements in overall surface area upon KOH-activation of
a carbon derived from the templation of furfuryl alcohol on a
zeolitic imidazole framework, ambient gravimetric CO2 capa-
city could not be improved by more than 23%. Even more
striking are accompanying decreases (up to 78%) in CO2 uptake
density. This is attributed to significant destruction of micro-
pores during the activation process.199 More recently Susanti
and Widiastuti reported KOH-activation of a zeolite-Y

Fig. 6 Trends in (a) packing density, (b) BET surface area, (c) gravimetric micropore volume and (d) volumetric micropore volume of densified ZTCs with
densification pressure. Ac and PFA-P both templated on Na-zeolite Y with Ac synthesized via acetylene CVD and PFA-P via polyfurfuryl alcohol LI
followed by propylene CVD. Densification performed at 300 1C.361 ZTC-5 and ZTC-15 synthesized via polyfurfuryl alcohol LI followed by ethylene CVD
on zeolite 13X. 5 and 15 refer to the ramp rate used in the first carbonisation step.178
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templated carbon (ZTC-Y) synthesised via LI. They report that
improvement in CO2 (ambient pressure, 30 1C) capture capacity
is optimised at a KOH : ZTC-Y ratio of 1.5 from 0.24 mmol g�1

to 0.62 mmol g�1. Interestingly, activation of ZTC-Y is accom-
panied by a reduction in total surface area and simultaneous
decrease in average pore width. This lends further credence to
the vital role of pore size in such applications.256

5. Summary and outlook

Experimental control over the porosity of ZTCs and ACs is now
well established, with a variety of routes to high surface area
carbons possessing either unimodal or hierarchical porosities.
As a result, it is possible to achieve carbons with consistently
appropriate porosity for good gravimetric uptake of gases under
a variety of conditions. For example, there are multiple routes
to the narrow PSDs with high surface area useful in H2 storage.
For cyclic CO2 capture applications, hierarchical carbons with
moderate porosity can be formed both via the templation or
activation routes. Paradoxically, of the three sorptives examined
in this review, CH4 while the most commercially developed has
seen the lowest degree of development in so far as determination
of optimal porosity for sorption on carbons. As such, works on
porosity modulation for this particular application are limited.

Materials with high volumetric capacity are significantly
under-investigated, a metric which is particularly relevant to
CH4 storage. While there have been some significant and
interesting methods used to improve packing density and
volumetric porosity of carbons via post-synthetic methods or
by altering experimental conditions, work in this area is fairly
limited and seems to be restricted to a handful of research
groups. In particular, techniques such as compaction and
densification have showed a lot of promise but the full effects
of the balance of variables such as compaction time, pressure
and temperature are yet to be examined – in stark contrast to
well-established techniques like KOH-activation.

ACs show more promise than ZTCs as, despite their amor-
phous structure, it is at least as facile to control their porosity for
any given application. Furthermore, conditions and reagents for
AC synthesis typically require less precision than those needed
for ZTCs resulting in reduced costs and the ability to use abundant
and low value recycled materials. Besides for many applications, the
exquisitely uniform porosity found in ZTCs is not necessary, and
indeed the dearth of literature surrounding CH4 adsorption on ZTCs
reflects this. Their greatest utility appears to be in hydrogen storage
where extremely homogenous pore widths are required. Further
work is needed to determine whether good ZTC carbon sources can
be generated from waste materials, and to determine the simplest
routes to good ZTC porosity.
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M. A. Montes-Moran, M. J. Martin and A. Linares-Solano,
Carbon, 2010, 48, 1032–1037.

Materials Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 3
/2

4/
20

22
 1

2:
40

:4
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



1926 |  Mater. Adv., 2022, 3, 1905–1930 © 2022 The Author(s). Published by the Royal Society of Chemistry

125 N. Tsubouchi, M. Nishio and Y. Mochizuki, Appl. Surf. Sci.,
2016, 371, 301–306.

126 M. Sevilla, P. Valle-Vigón and A. B. Fuertes, Adv. Funct.
Mater., 2011, 21, 2781–2787.

127 D. Lozano-Castello, D. Cazorla-Amoros, A. Linares-Solano
and D. F. Quinn, Carbon, 2002, 40, 989–1002.

128 W. Zhao, V. Fierro, C. Zlotea, E. Aylon, M. Izquierdo,
M. Latroche and A. Celzard, Int. J. Hydrogen Energy, 2011,
36, 11746–11751.

129 W. Zhao, V. Fierro, C. Zlotea, E. Aylon, M. Izquierdo,
M. Latroche and A. Celzard, Int. J. Hydrogen Energy, 2011,
36, 5431–5434.

130 W. Zhao, V. Fierro, N. Fernández-Huerta, M. Izquierdo and
A. Celzard, Int. J. Hydrogen Energy, 2012, 37, 14278–14284.

131 J.-H. Lee and S.-J. Park, J. Nanosci. Nanotechnol., 2020, 20,
7124–7129.

132 J. Ludwinowicz and M. Jaroniec, Carbon, 2015, 82,
297–303.

133 M. Sevilla, N. Dı́ez and A. B. Fuertes, ChemSusChem, 2021,
14, 94–117.

134 J. V. Guerrera, J. N. Burrow, J. E. Eichler, M. Z. Rahman,
M. V. Namireddy, K. A. Friedman, S. S. Coffman,
D. C. Calabro and C. B. Mullins, Energy Fuels, 2020, 34,
6101–6112.

135 A. M. Aljumialy and R. Mokaya, Mater. Adv., 2020, 1,
3267–3280.

136 M. Sevilla, A. S. M. Al-Jumialy, A. B. Fuertes and R. Mokaya,
ACS Appl. Mater. Interfaces, 2018, 10, 1623–1633.

137 M. Sevilla, G. A. Ferrero and A. B. Fuertes, Carbon, 2017,
114, 50–58.

138 M. Sevilla and A. B. Fuertes, ChemSusChem, 2016, 9,
1880–1888.
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Appendix B

Compositional Analyses
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Figure B.1: P-XRD spectra for samples hC-hydrochar (a) and hD-
hydrochar (b).
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Figure B.2: P-XRD spectra for samples hC-0600 (a1), hC-0600′ (a2), hC-
0700 (b1), hC-0700′ (b2), hC-0800 (c1), hC-0800′ (c2).
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Figure B.3: P-XRD spectra for samples hD-0600 (a1), hD-0600′ (a2), hD-
0700 (b1), hD-0700′ (b2), hD-0800 (c1), hD-0800′ (c2).

150



Figure B.4: P-XRD spectra for samples hC-4600 (a1), hD-4600 (a2), hC-
4700 (b1), hD-4700 (b2), hC-4800 (c1), hD-4800 (c2).
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Figure B.5: XPS spectra for samples hD-0700 (a) and hD-hydrochar (b).
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Figure B.6: TGA curves for SDx.xx-HHH samples.
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Appendix C

Porosimetry
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Figure C.1: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for samples hC-4600, hC-
4700, hC-4800, hD-4600, hD-4700, hD-4800 in order in rows (1-6).
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Figure C.2: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for samples hD-0600, hD-
0700, hD-0800, hD-0600′, hD-0700′, and hD-0800′ in order in rows (1-6).
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Figure C.3: Isotherms and resultant PSDs for samples hD-0TTT and hD-
0TTT ′.
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Figure C.4: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for the cellulose acetate
derived sample CA-0800.

Table C.1: Porosity of CA-0800

ABET / m2 g−1 Pore volume / cm3 g−1 Pore size / Å

522 (491) 0.20 (0.19) 6
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Figure C.5: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for samples SA0.00-200,
SA0.50-200, and SA1.00-200 in order in rows (1-3).
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Figure C.6: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for samples SA0.00-250,
SA0.25-250, SA0.50-250, SA1.0-250, and SA2.00-250 in order in rows (1-5).
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Figure C.7: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for samples SA0.00-300,
SA0.50-300, and SA1.00-300 in order in rows (1-3).
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Figure C.8: Unadjusted TGA curves for NCx.x-TTT samples.
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Figure C.9: Fits to N2 isotherms with logarithmic (a) and linear (b) relative
pressure scale, and resultant differential PSDs (c) for samples NC0.0-600,
NC0.7-600, NC0.9-600, and NC1.2-600 in order in rows (1-4).
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Figure C.10: Fits to N2 isotherms with logarithmic (a) and linear (b) rela-
tive pressure scale, and resultant differential PSDs (c) for samples NC0.0-
700, NC0.7-700, NC0.9-700, and NC1.2-700 in order in rows (1-4).
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Figure C.11: Fits to N2 isotherms with logarithmic (a) and linear (b) rela-
tive pressure scale, and resultant differential PSDs (c) for samples NC0.0-
800, NC0.7-800, NC0.9-800, and NC1.2-800 in order in rows (1-4).

165



Figure C.12: Demonstration of the permanence of the hysteresis loop for
N2 isotherms on NC samples (NC0.9-800 in this case) even when isotherm
is given longer to equilibrate during the desorption branch. Small discrep-
ancies in the adsorption branch are likely due to errors in measurement of
sample mass.
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Figure C.13: Changes in porosity with hydrothermal carbonisation tem-
perature for SA0.5-TTT carbons. Compared according to dual fit N2/H2

(1) and O2/H2 (2) porosimetry.
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Figure C.14: Changes in porosity with hydrothermal carbonisation tem-
perature for SA1.0-TTT carbons. Compared according to dual fit N2/H2

(1) and O2/H2 (2) porosimetry.
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Appendix D

Software
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Loading DataFrame generated at 15:09 on 22-01-26
------------------------------------------------

Project name = 0000_example, Sorptive = co2, T = 298 K
Models used = [’Langmuir’, ’DSLangmuir’,

’TSLangmuir’, ’GAB’,
’Freundlich’, ’DR’, ’Toth’],

Number of isotherms = 4
Pressure range = 1.0 - 4.0 bar, with increment 1.0

Figure D.1: An example of the report generated after processing experi-
mental uptake isotherms with pyPUC.

Parameter DataFrame generated at 15:08 on 22-01-26
------------------------------------------------

Project name = 0000_example, Sorptives = n2h2,
Number of PSDs = 4, calculated for surface area.
Using pore widths between 4.0 and 7.0 A with a
minimum increment of 1.0 A

Figure D.2: An example of the report generated after processing experi-
mental PSDs with pyPUC.
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