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Abstract
The resources available to us humans, including metals, minerals, biomass, air, water, and anything else on the planet, are
being used at an increasing rate. This anthropogenic use of resources both depletes the resources and has negative impacts
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This thesis focuses on organic porous materials, and more specifically their synthesis and characterization. Porous
materials are, for example, used in detergents, water treatment, bio gas upgrading, carbon dioxide capture, as catalysts,
in sensors, and in various biological applications. The application of porous materials can contribute to the drive towards
a more sustainable society. However, porous materials are typically not sustainable themselves. Thus, there is a need to
develop more sustainable porous materials. The synthesis and characterization of three different groups of porous organic
materials are described in this thesis.

In pulp- and paper manufacturing, lignin is separated from desirable products and is typically combusted for heat. In
one section of this thesis, lignin was used to produce bio-oil for potential use in fuels and chemicals. However, the bio-oil
process produced a solid by-product. The by-product was used to synthesize and study activated carbons with very high
porosities and magnetic properties, a combination of properties that may prove to be useful in applications.

Sugar is known to produce solid and unwanted compounds through reactions with acids. It is shown here that it is
possible to produce highly microporous humins, i.e. organic porous materials with a large amount of small pores, using
sulphuric acid and a range of saccharides and bio-based polymers. This work supports that solid by-products in a wide
range of biomass conversion processes can be of high value, both economically and as replacements for less sustainable
alternatives.

The biosphere contains vast amounts of molecules with aromatic structures. The last section of this thesis shows how such
aromatic molecules can be used to produce highly porous materials through Friedel-Crafts type chemistry using sulfolane
as a solvent and iron chloride as a catalyst. This synthesis strategy produces high-performance materials, improves upon
the sustainability of traditional Friedel-Crafts chemistry, and makes use of typically underutilized and abundant bio-based
molecules.
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Abstract 

The resources available to us humans, including metals, minerals, biomass, 

air, water, and anything else on the planet, are being used at an increasing rate. 

This anthropogenic use of resources both depletes the resources and has neg-

ative impacts on other resources, e.g. the biosphere. Thus, developing (more) 

sustainable chemical and industrial processes are of the utmost importance for 

the well-being of the creatures of Earth and for the long-term sustainability of 

human society. 

This thesis focuses on organic porous materials, and more specifically their 

synthesis and characterization. Porous materials are, for example, used in de-

tergents, water treatment, bio gas upgrading, carbon dioxide capture, as cata-

lysts, in sensors, and in various biological applications. The application of po-

rous materials can contribute to the drive towards a more sustainable society. 

However, porous materials are typically not sustainable themselves. Thus, 

there is a need to develop more sustainable porous materials. The synthesis 

and characterization of three different groups of porous organic materials are 

described in this thesis.  

In pulp- and paper manufacturing, lignin is separated from desirable prod-

ucts and is typically combusted for heat. In one section of this thesis, lignin 

was used to produce bio-oil for potential use in fuels and chemicals. However, 

the bio-oil process produced a solid by-product. The by-product was used to 

synthesize and study activated carbons with very high porosities and magnetic 

properties, a combination of properties that may prove to be useful in applica-

tions.  

Sugar is known to produce solid and unwanted compounds through reac-

tions with acids. It is shown here that it is possible to produce highly mi-

croporous humins, i.e. organic porous materials with a large amount of small 

pores, using sulphuric acid and a range of saccharides and bio-based polymers. 

This work supports that solid by-products in a wide range of biomass conver-

sion processes can be of high value, both economically and as replacements 

for less sustainable alternatives.  

 The biosphere contains vast amounts of molecules with aromatic structures. 

The last section of this thesis shows how such aromatic molecules can be used 

to produce highly porous materials through Friedel-Crafts type chemistry us-

ing sulfolane as a solvent and iron chloride as a catalyst. This synthesis strat-

egy produces high-performance materials, improves upon the sustainability of 

traditional Friedel-Crafts chemistry, and makes use of typically underutilized 

and abundant bio-based molecules.  
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F. Björnerbäck and N. Hedin  

Submitted manuscript.  

 

Scientific contributions: Designed the project, performed synthesis and char-

acterization, lead role in writing. 

 

 



Papers not included in thesis: 

 

Paper V: 

High-Performance Magnetic Activated Carbon from Solid Waste from 

Lignin Conversion Processes. 2. Their Use as NiMo Catalyst Supports for 

Lignin Conversion 

M. Oregui-Bengoechea, N. Miletić, W. Hao, F. Björnerbäck, M. H. Rosnes, 

J. S. Garitaonandia, N. Hedin , P. L. Arias, and T. Barth, ACS Sustainable 

Chem. Eng., 2017, 5, 11226. 

 

Paper VI: 

Sustainability of microporous polymers and their applications  

T. L. Church, A. B. Jasso-Salcedo, F. Björnerbäck, and N. Hedin. Sci. China 

Chem. 2017, 60, 1033.  



Contents 

Introduction ..................................................................................................... 1 
1.1 Porous organic materials .................................................................................... 1 
1.2 Sustainable resource use ................................................................................... 4 
1.3 Synthesis of sustainable organic porous materials ............................................. 7 
1.4 Gas separation, CCS and porous materials ....................................................... 9 
1.5 Analysing porosity ............................................................................................ 11 
1.6 Selected synthesis systems used ..................................................................... 13 

Lignin-derived activated carbon .................................................................... 14 
1.7 Synthesis .......................................................................................................... 15 

1.7.1 Lignin types used ................................................................................... 15 
1.7.2 Hydrochar production ............................................................................ 15 
1.7.3 Chemical activation of hydrochars ......................................................... 15 

1.8 Composition, magnetism and morphology ........................................................ 16 
1.9 Porosity analyses ............................................................................................. 21 
1.10 A resource perspective on MACs ................................................................ 24 

Microporous humins derived from carbohydrates ......................................... 25 
1.11 Synthesis .................................................................................................... 25 
1.12 Structural and molecular characterization ................................................... 26 
1.13 Porosity of microporous humins .................................................................. 35 
1.14 A resource perspective on microporous humins .......................................... 39 

Hypercrosslinked polymers synthesized using biobased molecules ............ 40 
1.15 Synthesis of HCPs using sulfolane and FeCl3 ............................................. 40 
1.16 Structural and molecular aspects of HCPs .................................................. 42 
1.17 Porosity analyses of HCPs .......................................................................... 50 
1.18 A resource perspective on the HCPs in this work ........................................ 53 

Conclusions and outlook ............................................................................... 54 

Populärvetenskaplig sammanfattning ........................................................... 56 

Acknowledgements ....................................................................................... 57 

References .................................................................................................... 58 

 

 



1 

Introduction 

1.1 Porous organic materials 

In the last century, we have seen the discovery and development of a wide 

range of different porous materials. The different types of porous materials 

have been classified according to their dominating structural elements. For 

instance, the porous material class of zeolites are usually built from SiO4- and 

AlO4-tetrahedra which are arranged into cages and networks,1 and the class of 

metal-organic frameworks (MOFs) consists of metal-containing nodes linked 

together into a porous network by organic linkers.2 One important structural 

feature for the function of porous materials is their pores. Hence, porous ma-

terials are often classified according to what pore sizes dominate their porous 

structure and by convention they are named microporous if the majority of 

their pores are < 2 nm, mesoporous if the majority of the pores are 2 - 50 nm, 

and macroporous if pores larger than 50 nm are dominating.3 To put these pore 

sizes into perspective, the thickness of human hair fibers is in the range of 15-

120 µm,4 roughly 1,000-100,000 times the size of the pores.  

Chemical and physical interactions between the surface of the porous ma-

terial and the system of interest are affected by much more than just the pore 

size of the porous material. The interactions can be affected by, for instance, 

pore geometries, morphologies on different length scales, the chemistry of 

structural elements or of functional groups attached to the surface, and by the 

complex interplay between such variables.5,6 This interplay typically cannot 

be generalized but is specific for each system. Variation in the properties be-

tween different classes of porous materials and also within the different clas-

ses has led to the use of porous materials in a wide array of applications, with 

values of > billion dollars. Ion exchange (e.g. in the detergent you use to wash 

your clothes), separation (e.g. purifying your drinking water and waste waters, 

biogas upgrading, and carbon capture), catalysis (e.g. oil refining and organic 

synthesis), gas storage (e.g. storage of H2 and methane), sensors, and various 

biological applications are typical examples of where you may see porous ma-

terials put to use.5,6  

Porous materials are seemingly well suited for improving the sustainability 

of many industrial processes,7 and are likely to have a place in sustainable 

processes in the future. However, the sustainability of the porous materials 

themselves is a troubling issue as most of such materials are produced in a 

non-sustainable manner.7–12 The development of more sustainable porous ma-

terials has been under way for some time and is in essence limited to materials 

based on (waste) biomass.7,13,14 Such materials would fall within the general 
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category of organic porous materials, or more specifically, activated carbons 

and porous polymers. 

Activated carbon is by far the most common organic porous material with 

more than ten million tons produced every year and a historic use spanning 

over millennia.15 It is a class of operationally defined materials which are typ-

ically described as a porous carbon material which has been subjected to car-

bonization and activation reactions.16 The carbonization process is tradition-

ally defined as when an organic material is subjected to reactions which in-

crease its elemental carbon content. The carbonization process is complex and 

involves dehydrogenation (removal of hydrogen), hydrogen transfer, isomer-

ization, and condensation reactions.16 The carbon content increases because 

of the formation of aromatic carbon sheets; new carbon-carbon bonds are 

formed in the growing sheets and other elements are cast out.17 The porous 

structure of activated carbons is formed through the carbonization reactions 

or through activation reactions. Activation reactions can occur before, during, 

or after carbonization.16 When chemical agents such as KOH, ZnCl2, or H3PO4 

are used it is called chemical activation and when air, carbon dioxide, steam 

or other oxidizing atmospheres are used it is called physical activation (even 

though the reactions are chemical in nature).18,19 Many organic materials can 

be used to produce activated carbons. Fossil resources, such as coal and pitch, 

as well as biomass such as wood, cellulose and lignin20 can be used. Other 

biobased precursors which can be used include stems, shells, stones, fibers, 

peels, seeds, husks, and wastes (e.g. tobacco, coffee and apple pulp) and can 

originate from essentially any plant.15 

In the past 20 years, activated carbons have been featured in nearly 18,000 

scientific papers, according to a recent review.15 The review found that the 

majority of studied applications for activated carbon were the adsorption of 

heavy metal ions. Other commonly studied applications were the adsorption 

of dyes and organic compounds (e.g. benzene and formaldehyde), carbon di-

oxide capture, catalysis, ammonia adsorption and methane storage. The use of 

activated carbons in capacitators, sensors, lithium batteries, pharmaceutics, 

and the adsorption of H2S and NO2 was studied in a comparably smaller num-

ber of papers. A market report21 showed the largest industrial uses of activated 

carbons to be within water treatment and air purification, followed by phar-

maceutical, food and beverage, and automotive processes.  

The other class of purely organic porous materials is porous polymers. 

What differentiates porous polymers from ordinary polymers is obvious from 

the name; they exhibit permanent porosity. Permanent meaning the pores do 

not collapse when guest molecules such as gases or solvents are removed. For 

a polymer to achieve permanent porosity there are two options; either the pol-

ymer chains are rigid, contorted (non-linear) and pack in such a way to pro-

duce voids between the chains, or, instead of linear polymer chains, there is a 

rigid polymer network which does not collapse. Rigid polymer networks 
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which span three dimensional space typically require rigid monomers con-

nected by two (often three) or more bonds. Rigid organic structures suitable 

for these networks are more often than not either aromatic or conjugated car-

bon structures. Porous polymers can be both crystalline and amorphous.22,23 A 

crystalline material has a defined and repeating long-range three dimensional 

order, whereas a purely amorphous material does not and is disordered. It is 

important to note that there are porous polymers which are neither crystalline 

nor purely amorphous and exhibit some but not complete order (non-crystal-

line is a term for such materials).24 

Porous polymers can be synthesized through a wide array of chemistries 

and starting materials, where essentially only the imagination sets the limits. 

Describing the most well-known sub-classes of porous polymers can give a 

glimpse into this massive synthetic variability. One class which can show 

crystallinity is covalent organic frameworks (COFs). The formation chemistry 

for COFs relies on the reversible formation of covalent bonds between aro-

matic units. Condensation reactions, for instance self-condensation of aro-

matic boronic acids, co-condensations with boronic acids, imine condensa-

tions, and the formation of imide bonds can be used.25,26 Covalent triazine 

frameworks (CTFs) are related to COFs and can be formed through cyclotri-

merization of aromatic nitrile units; forming triazine links between the aro-

matic units. Also, condensation reactions between aldehydes and amidines can 

form the triazine links.26  

Conjugated microporous polymers (CMPs) are microporous polymers with 

extended π-conjugation. The π-conjugation of the network is interesting with 

regards to optical and electrical properties, and its extent can be varied de-

pending on the aromatic units used. As porous polymers are often constructed 

by linking aromatic units it is common that the formed polymer networks are 

conjugated.22 As the requirements for CMPs are not narrow, they can be syn-

thesized via a range of bond-forming chemistries such as the Yamamoto reac-

tion, Suzuki cross-coupling reaction, Sonogashira-Hagihara reaction, oxida-

tive coupling, Schiff-base reaction, cyclotrimerization, Friedel-Crafts aryla-

tion, and phenazine ring fusion reactions.27   

Polymers of intrinsic microporosity (PIMs) are rigid and contorted polymer 

chains which pack in such a way to form voids (porosity) between the chains. 

To form these relatively complex polymers, monomers have been linked 

through Tröger’s base, imide and dibenzodioxin moieties.28  

Hypercrosslinked polymers (HCPs) were originally, as the name suggests, 

polymers crosslinked to such a degree as to hinder the packing of the polymer 

chains and instead to form pores.29–31 The crosslinks are typically achieved 

through Friedel-Crafts alkylation; a type of reaction where substituents are 

bonded to aromatic rings via carbon-carbon bonds.32,33 The term HCPs is now 

wider and includes not only post-crosslinked polymers but also directly poly-

condensed monomers and monomers linked by an external cross-linker.29–31  
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The applications for which porous polymers are suitable are a function of 

their porous structure, polymer backbone structure, functional groups or intro-

duced functionalities (e.g. metals, salts or ions). The selection of monomers, 

polymerization chemistry, work-up procedures, and post-synthesis modifica-

tions all have to be optimized to produce a product which is competitive for 

each specific application. As such, one should be careful in generalizing the 

applications of porous polymers. The applications for which porous polymers 

have been investigated and shown some promise include gas separation and 

storage, catalysis (e.g. by incorporation of metals) and photo catalysis, photo-

luminescence, enantioseparation (i.e. separation of racemates), adsorption of 

radioactive iodine isotopes, drug delivery and release, removal of chemicals 

from water/other liquids, and in solar cells and membranes.23,29 Notably, HCPs 

have been commercialized within the fields of solid phase extraction (SPE), 

waste water treatment, chromatographic analysis and adsorption of organic 

vapors.29 PIMs can be soluble and may be processed into coatings and films. 

As such, PIMs can be used in membranes for separations or electrochemical 

applications, and sensors. Furthermore, a PIM has been commercialized as an 

end-of-life indicator in a respirator cartridge.28 

It is suggested that conjugated polymer networks can be part of organic 

electronics. The conjugated networks can show strong photoluminescence and 

may find use as light emitters, in light emitting diodes (LEDs), and in solar 

cells. The light emission of these networks has been shown to work as sensors 

for chemicals and ions entering the network. Light harvesting, potentially ar-

tificial photosynthesis, may also be an application. Photocatalytic applications 

such as hydrogen generation from water have also been attempted. Some 

CMPs and π-conjugated COFs have shown promise as semiconductors, elec-

trode materials, and in energy storage as supercapacitors.22,23,27  

1.2 Sustainable resource use 

“Sustainable”, “renewable” and “green” are three among many common terms 

used in the fields of chemistry, engineering and materials science, sometimes 

in an effort to attract attention to one’s research.34,35 Much like in advertising, 

greenwashing is common.36 In contrast, researchers commonly dismiss the 

idea of practicing their chemistry under the constraints of the same concepts. 

The novelty of the chemistry is of the highest importance while everything 

else (e.g. risks, hazards and environmental impact) is more or less irrelevant. 

Furthermore, this way of thinking is reinforced by the funding mechanism 

available to researchers.37  

The concept of sustainability is used in different ways, usually in a broad 

sense.34 This can include economic, social, environmental, resource, land-use, 

and supply chain aspects.38 A resource is renewable if it is continually replen-

ished directly or indirectly by the sun.39 When using the term renewable within 
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the field of chemistry it most often refers to biomass or materials or chemicals 

derived from biomass. The 12 principles of green chemistry40 serve as a guide 

for designing new and improving existing industrial processes. They are seen 

as useful tools for chemical engineers and scientists to improve economic, en-

vironmental and personal safety performance.34 The concept of green chemis-

try has a number of issues35 including strong dependence on the current econ-

omy, lack of vision, efficiency/toxicity balancing, the definition of waste, 

blindly recommending catalysis, and the ambiguous name “green”. The iden-

tified issues and the formulation of the principles have a clear tone of protect-

ing companies’ right to choose their priorities; economy, safety, or environ-

mental impacts.  

Measuring how green or sustainable products, processes or systems are is 

complex and various approaches have been proposed,37,38,41–46 for instance, 

relative sustainability (e.g. eco efficiency and life cycle analyses; LCA) and 

variations on absolute sustainability (e.g. cradle-to-grave and other types of 

LCA). However, the metrics suffer from issues such as insufficient data or 

data quality, predicting/modeling changes in the environmental system, and 

understanding interactions between different types of environmental interfer-

ences.42  

What should be perhaps the strongest driving force in the fields of chemis-

try and materials science seems unseen by most researchers when faced with 

short-term (i.e. < decades) issues; unending resource sustainability (URS). All 

resources have to be used in such a way as to remain at a constant level of 

depletion and not to be down-graded. The use of a resource should not act 

depleting or down-grading on any other resource, including Earth’s living 

habitats. This use then includes all imaginable resources available; minerals, 

fossil resources, water, air, the biosphere (i.e. the sum of all ecosystems), etc. 

Resource use should not be adapted to the current economic system but rather 

the economic system should be a function of the sustainable use of resources. 

Achieving URS poses significant challenges both theoretically and practi-

cally. However, the main complications are likely to be political rather than 

technical. Decision making based on timescales of the current quarter, year or 

mandate period has to come second to what is relevant in periods of over ten 

thousand years. Only a handful of us will be remembered in a thousand years 

and likely not in the way we intended, but the Earth will be as we left it.  

We now arrive at a very important question; what resources can be used 

sustainably? The most obvious candidate is biomass as it is inherently renew-

able. Biomass is organic material from plants and animals which has been 

formed via energy from the sun and photosynthesis.39 105 billion tons of car-

bon47 were estimated to be bound in biomass per year (at 50% carbon con-

tent;48 210 Gt biomass) on the planet, with roughly half in the oceans and half 

on land. To put this number into perspective; 85 billion tons of materials were 

extracted and used in 2013, whereof roughly 23 Gt was biomass (including 

food), 14 Gt fossil resources, 39 Gt industrial and construction minerals and 
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9 Gt metal ores. There were also roughly 50 Gt of materials which were ex-

tracted and not used.49 By 2050 the mass of extracted and used materials is 

projected to reach 180 Gt.50 The future sustainable availability of biomass is 

difficult to determine. Studies to determine sustainably available biomass for 

bioenergy production (considering the protection of forests and food supply) 

suggest amounts up to 17 Gt, but more likely 7 Gt.48,51,52  

Fossil resources include different forms of oil, natural gas and coal. These 

resources are derived from biological materials (plants, etc.) subjected to high 

pressure for millions of years. Over such time scales fossil resources are re-

newed. However, compared to the current rate of consumption they are being 

depleted53 and are considered as both non-renewable and non-sustainable.  

Peak production (i.e. a point in time after which the production will de-

crease) or when exhaustion will occur for fossil resources, minerals (e.g. sand, 

clays and gypsum) and metals (e.g. gold, iron, lithium, and rare earths) is dif-

ficult to predict due to continuous prospecting, changing economic and tech-

nical conditions and a lack of knowledge regarding the actual remaining 

amounts.54 Terms such as reserves and resources should be used with care and 

do not reflect how much is actually left to extract. When discussing this issue, 

time periods of decades or a few centuries appear vast54 and production will 

most likely continue in such time frames. Although the inevitable truth is that 

the Earth contains a finite amount of unmined minerals and metals,54,55 the 

deepest mining operation in the world has so far reached about 4 km and there 

is about 6,730 km to the center of the planet.56  

Recycling is seen as a solution to resource scarcity issues.57–59 Metals do 

not lose their ability to do work, like energy, when they are used.54,59 Resource 

exhaustion in such cases therefore refers to the lack of minable resources. The 

metals may not have left the planet and are therefore still perhaps usable upon 

collection, separation and conversion. A challenging aspect of this approach 

is that any and all use of a resource may not enable recycling54,57,59,60 and each 

life cycle may incur losses in quantity or quality. Substitution also follows 

from resource scarcity; if the available supply decreases, prices will go up, 

consumption will be reduced and substitutes will be put in use.54 Technical 

advancements are frequently discussed with regards to resource scarcity.54,55 

Many assume that new technologies will eliminate the need for resource ex-

traction. However, it would be irrational to rest upon technological advance-

ment as a sort of savior as it is inherently unpredictable and has often led to 

increases in consumption.58 

The interconnected nature of human society causes all current resource uses 

to be unsustainable. For instance, machines used to produce renewable energy 

are made from mined minerals.56 Taking this argument further, if a company 

are to claim that their products are entirely sustainable they would not only 

have all their raw materials be sustainable, but also their process equipment 

(e.g. tanks, pumps and tools) and also the staff that operate the equipment have 

to live their lives in a way that uses resources sustainably.  
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Negative environmental impacts arising from the extraction and use of re-

sources is a well-known issue.57,61 Essentially, all water, air and ground pollu-

tion is caused by careless distribution of extracted minerals, metals and fossil 

resources. The mineral-, metal or fossil resources are not directly affected but 

instead effects are seen on the biosphere (i.e. the ecosystems). There are both 

local issues such as pollution56 and overuse of a resource (i.e. overfishing), 

and global issues such as climate change.61 The need for energy in all parts of 

the society and for extraction, conversion, transport and use of all other re-

sources is driving climate change. Roughly 81% of the total primary energy 

supply62 is produced through the combustion of fossil resources, causing di-

rect addition of carbon dioxide (CO2) to the atmosphere and over time changes 

in the climate and ecosystems.63  

When companies are faced with questions regarding resource scarcity,37 

their response is often that there is no issue. They are assured by their suppliers 

that the resources are in good supply, are recycled, or new reserves will always 

be found. In such companies’ view, there will always be a way to deliver a 

specific function with any other resource if the initial resource is unavailable. 

Furthermore, supplying a resource in the pursuit of furthering science or sup-

plying society with a desired product is worth any negative environmental, 

social or economic impact.37 

1.3 Synthesis of sustainable organic porous materials 

When considering the sustainability of organic porous materials one has to 

consider the entire life-cycle of the products. For activated carbons64, the car-

bon-containing starting materials have to be sourced from resources which 

comply with the principles of unending resource sustainability (URS). This 

sourcing, of course, also has to be considered for the activation gases, activa-

tion agents, process equipment, washing liquids, and the energy supplied to 

the production. A complex issue for activated carbons specifically is the yield. 

During the activation and carbonization reactions molecules or particles leave 

the starting material. Thus, the yield is decreased. Porosity is developed as 

material is removed from the starting material65 and therefore the function of 

the material depends on it. The removed molecules and particles have to be 

managed in a sustainable manner. For processes using activation gases (e.g. 

air, steam, N2 and CO2); molecules and particles can be driven off by the ac-

tivation gas64 and precipitated in cooler parts of the process equipment or pro-

ceed as gaseous or particulate emissions. For carbonization reactions in liquid 

media such as hydrothermal carbonization,66 some of the starting material not 

included in the product ends up dissolved in the liquid phase, as gas, or as 

small particles which may escape in subsequent processing steps. Washing of 

the activated carbon is commonly used after the activation and carbonization 

processes67 to remove molecules and particles (from both starting materials 
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and other reagents). The gas, liquid and solid by-products from activation, 

carbonization and washing processes are complex mixtures which have to be 

considered in the life-cycle of activated carbons.  

During the service life, activated carbons can be mechanically degraded 

through impact, crushing or, most commonly, attrition,68 i.e. the activated car-

bon particles are broken up and may be lost. Reactivation69–72 (or regeneration) 

is often used to remove adsorbed species from the carbon and to extend its 

service life. Conventional reactivation processes can involve heating, gases 

(e.g. steam, N2 and CO2), and washing. Other types of reactivation processes 

can include microwave-, biological- and solvent treatments. If the conditions 

are severe enough, reactivation processes can, similarly to activation and car-

bonization processes, change the properties and structure of the activated car-

bon.70–72 Gaseous, liquid and solid products are produced during the reactiva-

tion processes from the adsorbed species and degradation of the activated car-

bons, and have to be handled sustainably. 

At the end of the service life, activated carbons have to, like all other ma-

terials, be made into new products or reintroduced into ecological or material 

cycles. In other words, the resources that were used for the production of the 

material should be replenished at the end of the material’s service life. De-

pending on how the activated carbon was used, it likely contains other prod-

ucts such as metals and organics72 which add complexity.   

For porous polymers, similar considerations to those for activated carbons 

must be made during-, and at the end of the service life of the product. The 

sustainability aspects for the syntheses of porous polymers are, however, more 

complex as the synthesis variability for porous polymers is vast.7,73 Solvents, 

monomers, catalysts and other reagents, energy inputs and process equipment 

have to be sourced according to the principles of URS. One common issue 

with porous polymers is the often elaborate synthesis and purification proce-

dures,7 for instance with many reaction steps only to produce a monomer or a 

catalyst. Elaborate synthesis procedures are scientifically in focus but are less 

likely to be useful and sustainable due to the inherent complexity. Each extra 

step requires energy, reagents and equipment that have to be supplied and han-

dled according to URS.  

Post-treatment of porous polymers7 is often excluded from comparisons of 

synthesis procedures. These procedures are often necessary for the function of 

the porous polymers; guest molecules (e.g. monomers, solvents, catalysts and 

incompletely polymerized species) are removed through washing, extraction 

and heating. Many different solvents, often heated and in large volumes, may 

be needed to remove the guests. Heat treatments can require vacuum or gas 

flows, and remove both the guests and the solvents used for washing. The 

contents of waste streams, both gaseous and liquid, must be considered and 

handled to ensure sustainable life-cycles of porous polymers. 
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1.4  Gas separation, CCS and porous materials 

Molecules and ions can be stored and transported in- and through the pores of 

porous materials.74 This feature can be exploited for the separation of different 

species from a mixture. For gas mixtures, this can involve separating one gas 

species such as CO2 from a mixture such as natural gas or biogas.74 The aim 

of such a process is to increase the methane (CH4) content, and thereby also 

the energy content of the gas.75 CO2 is, as mentioned in a previous section, a 

greenhouse gas which causes climate change.63 As such, it is wise to eliminate 

the net addition of CO2 to the atmosphere. Many mitigation scenarios63 for 

climate change rely on capturing CO2 and storing it safely in the ground; typ-

ically in saline aquifers, oil or gas reservoirs, or coal beds. The whole concept 

of capturing and separating CO2, transporting the gas, storing it and monitor-

ing its storage is known as carbon capture and storage (CCS).76 Capturing and 

storing CO2 from bioenergy processes (bioenergy with carbon capture and 

storage; BECCS) is also part of mitigation scenarios.63,77 With BECCS, a net 

removal of CO2 from the atmosphere can be achieved while producing en-

ergy.77  

Capturing CO2 from flue gas (i.e. combustion gas) or other point sources is 

challenging and various capturing technologies are being developed.76,78 For 

combustion processes, the capturing processes are often classified as post-

combustion-, pre-combustion-, or oxyfuel combustion capture. For post-com-

bustion capture processes, CO2 is captured from flue gas after combustion. For 

retrofitting existing power plants this type of capture is the most straight-for-

ward approach as it can be added at the end of the power plant. The CO2 con-

centration is comparably low; 7-14% when coal is combusted and 4% for 

CH4.76,79  

Pre-combustion capture involves gasification of the fuel (e.g. coal) to car-

bon monoxide (CO) and hydrogen gas (H2), followed by a water-gas shift re-

action of the CO with steam to produce more H2 and to convert the CO into 

CO2. CH4 is instead reformed using water into H2 and CO, followed by the 

water-gas shift reaction. The CO2 is at a high concentration of > 20% and can 

be separated before the H2 is combusted to produce energy.76  

Oxyfuel combustion technology uses oxygen instead of air for combustion. 

The large amount of oxygen required is produced in an air separation unit. The 

combustion products are CO2, H2O, particulates and SO2. After conventional 

removal of particulates and SO2 (similar to most combustion processes), CO2 

is in high concentration at 80-98%.76  

Within the capturing processes different CO2 separation technologies can 

be used,76,78 for instance absorption, chemical looping combustion, membrane 

separation, hydrate-based separation, cryogenic distillation, and adsorption. 

Absorption uses a liquid sorbent (although absorption can also occur in solids) 

to separate CO2 from the gas mixture. The absorbent can be regenerated 
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through heating and/or lowering the pressure.76,80 Chemical looping combus-

tion81 uses an oxygen carrier such as a metal oxide instead of pure oxygen or 

air. In a fuel reactor, the fuel is combusted and oxidized to mainly CO2 and 

H2O, and the oxygen carrier is reduced. The reduced oxygen carrier is trans-

ferred to an air reactor and is oxidized with air, and looped back to the fuel 

reactor. The produced gas mixture can be condensed to remove H2O, purified 

and compressed for transport and storage. Membrane separation78,82 relies on 

membrane materials which allows permeation of a specific molecule from one 

side of the material to the other, preferably without allowing permeation of 

any other molecule. In hydrate-based separation,83 CO2 is introduced to H2O 

at high pressures and low temperatures. CO2 is trapped in cage-like networks 

of H2O molecules. Increasing the temperature releases CO2 at high pressure, 

which is perhaps suitable for transport and storage. Cryogenic distillation76 is 

distillation at very low temperature and high pressure. Flue gas is cooled to 

solidify the CO2, which is separated from other gases. The CO2 is then com-

pressed.  

In adsorption processes,76,78,84,85 solid adsorbents such as porous materials 

separate CO2 from other gases through gas-solid interactions. For most porous 

materials the interactions are dominated by physisorption, i.e. physical ad-

sorption; involving intramolecular forces. Where chemical bonds are formed, 

for instance in cases where tethered primary amines and CO2 are involved, 

chemisorption (or chemical adsorption) can occur.86 Chemisorption is gener-

ally a stronger interaction than physisorption, and the strength of the interac-

tion between CO2 and the porous material will affect the ease with which CO2 

is removed (i.e. the ease of regeneration, or desorption). CO2 can be removed 

and recovered through lowering the pressure (pressure swing adsorption, 

PSA), increasing the temperature (temperature swing adsorption, TSA), or a 

combination of both.78 As other gases compete with CO2 to adsorb on the sur-

face, the selectivity for CO2 over other gases (e.g. N2, H2O, O2, SOx, and NOx) 

is an important factor. As described in a previous section, the interactions can 

be affected by different factors. In the case of CO2, its relatively small size 

within porous materials (0.33 nm kinetic diameter) and its relatively high 

quadrupole moment can be used to separate it from other gases. For instance, 

a gradient in the electrical field of an adsorbent can act on the quadrupole of 

CO2.78 The sorbent should be robust in the presence of other gases, particles 

and over many cycles. The speed of adsorption and desorption cycles has a 

large effect on the overall performance of the CO2 capture process as half the 

cycle time would double the capacity.78 The gas flows involved in full scale 

applications are of course large and with fast cycle speeds pressure drops may 

be an issue, which may be affected by the pore system and particle size and 

shapes.78 All CO2 capture and separation processes face a similar issue; the 

energy needed for CO2 capture is significant in relation to the energy produc-

tion and much work is focused on reducing the energy demand.78 
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Technologies for injecting CO2 into oil and gas reservoirs have been devel-

oped for enhanced oil recovery (EOR) processes and have been used for dec-

ades. The injected CO2 increases the pressure in the reservoir and significantly 

increases the amount of oil and gas that can be extracted while storing the 

CO2.76 Technologies for injecting CO2 in coal beds have been developed to 

extract trapped CH4 from coal beds in a set off process called CO2 enhanced 

coal bed methane (CO2-ECBM).76 Injecting CO2 in saline aquifers is less de-

veloped because of the lack of commercial interest in these geological sites. 

Although the monitoring of the CO2 after the injection is somewhat lacking, 

both commercial and pilot injection operations have been successfully oper-

ated during the last few decades and more are planned to start.76  

1.5 Analysing porosity 

Among other useful techniques (e.g. small angle X-ray and neutron scattering, 

electron microscopy and mercury porosimetry), gas sorption experiments can 

provide valuable information regarding the pore system of a porous material.87 

Information relevant to the real-life use of porous materials, such as pore size 

distributions, specific surface areas, pore volumes and the strength of gas-solid 

interactions can be attained. Various gases may be used, at different tempera-

tures, to determine pore system characteristics with the use of models.  

In the work which is presented here, it is clear that most models and equa-

tions used to produce metrics (e.g. surface area, pore volume and pore size 

distribution) are deficient in one way or another. One can spend a career on 

fitting new and old models to isotherm data for various materials and argue 

about their relative physical meaning and accuracy. This exercise was, how-

ever, not the aim of the thesis, and the choice was instead made to use com-

monly applied models and associated equations to enable comparability with 

the literature data. Below follows a brief description of the models and equa-

tions used. The supplementary information for [paper II]88 contains infor-

mation regarding the calculations of BET (Brunauer−Emmett−Teller)89 sur-

face area, IAST (ideal adsorption solution theory) selectivity, heat of adsorp-

tion, DR (Dubinin−Radushkevich)90,91 ultramicropore volume, total pore vol-

ume, and the t-plot method for external surface area, micropore volume, and 

micropore surface area.  

A common gas sorption experiment is to record the N2 adsorption/desorp-

tion isotherms at the temperature of boiling liquid nitrogen (77 K or -196 °C) 

as a function of the gas pressure of N2. The shapes of the adsorption and de-

sorption isotherm give information on the types of pores in the system and 

their relative abundancy.92 The collected N2 adsorption/desorption data are of-

ten used to determine the BET specific surface area and mesopore size distri-

butions.93 The t-plot method can be used to determine the micropore volumes, 

and external and micropore surface areas.94 However, the low temperature of 
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analysis for N2 limits its use in investigations of micropores.95 Instead, for the 

analysis of micropores (<2 nm) and especially the smallest micropores, the 

CO2 adsorption isotherm recorded at 0 °C is often used. The higher tempera-

ture, as compared to N2 sorption at -196 °C, enables higher gas uptake in the 

small pores but specific interactions of CO2 with the surface (described in sec-

tion 1.4) may complicate the interpretation.95 The CO2 sorption data can be 

used to calculate apparent pore volumes and surface areas using, for instance, 

the DR method.90,91 The DR method is based on the Dubinin-Astakhov (DA) 

equation and has been criticized for leading to wrong conclusions in some 

cases. It is still (like other methods) widely used.96 The pore sizes have been 

estimated in this work using a density functional theory (DFT) model. DFT 

models can be used to determine pore size distributions in both the micropore- 

and mesopore ranges with both N2 and CO2, and are especially useful when 

the gas-solid system and the general pore-geometry are known.87,95  

The isosteric heat of adsorption (Qst) can give information regarding how 

strong the interactions are between the surface of a porous material and gas 

molecules. It informs about how much heat may be released upon adsorption97 

and is also relevant for the regeneration of adsorbents (desorption). Higher 

values are an indication of stronger interactions, such as chemical bonding 

(chemisorption), and lower values indicate weaker interactions, i.e. physisorp-

tion.98 The variation of Qst as a function of surface coverage is said to provide 

information regarding how heterogeneous the surface is.97 Here, Qst has been 

calculated for CO2 using CO2 adsorption isotherm data collected at a few dif-

ferent temperatures and by applying the Clapeyron-Clausius equation to the 

isosters.99  

For gas separation processes using adsorbents, the selective adsorption of 

one gas over others is intuitively important. Upon contact between a gas mix-

ture and a porous material, the different gas molecules will compete for the 

adsorption sites on the surface. Using single gas adsorption isotherm data for 

two gases at the same temperature, one can calculate, for instance, the CO2-

over-N2 selectivity. Although there are limitations and assumptions, applying 

the ideal adsorption solution theory (IAST) to adsorption data can still be a 

good approach for certain systems but is not a generally reliable approach. 

IAST is thought to fail when dealing with gas molecules of different sizes and 

adsorbents which are ionic, polar or heterogeneous.100 In this thesis, three dif-

ferent ways of calculating the selectivity have been used (for details, see SI 

for [paper II]88). IAST modeling was used in paper I101 to calculate the binary 

uptake, and in paper II to calculate the binary selectivity. The binary selectiv-

ity is the binary uptake multiplied by a factor pa/pb, where px is the partial 

pressure of component x mixture. The other, simplified, estimates for selec-

tivity were included for comparison.  

Note that all gas sorption data presented in this thesis are near-equilib-

rium102 data, unless otherwise stated. In practice for such near-equilibrium gas 

sorption experiments, a threshold is set for the change of gas uptake over a 
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certain time period, e.g. the pressure in the sample tube should not drop below 

99.5% of the selected relative pressure over 15 seconds. Ideally, the selected 

time should exceed the required time to reach equilibrium. Furthermore, the 

near-equilibrium gas sorption data collected for a material do not necessarily 

reflect how that material would perform in a real dynamic process as it does 

not account for the rate of adsorption/desorption.103 

1.6 Selected synthesis systems used 

In this thesis, three different approaches are presented for the synthesis of po-

rous organic materials. The first approach involves making use of waste from 

a waste-using process. Lignin, a by-product from the pulp and paper industry, 

was used to produce bio-oil. The bio-oil process also produced a solid by-

product which was activated using KOH to produce activated carbon.  

The second approach used a range of saccharides and a dehydration product 

of saccharides; 5-hydroxymethyl furfural (HMF), to produce organic porous 

materials named microporous humins. The synthesis strategy involved treat-

ments with concentrated sulphuric acid (conc. H2SO4), diethylether and heat.  

The third approach was based on Friedel-Crafts chemistry. Hypercross-

linked polymers were produced using a synthesis system involving different 

biobased and related starting materials, sulfolane as a relatively more sustain-

able solvent than what is typically used, and iron (III) chloride (FeCl3) as a 

catalyst. 
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Lignin-derived activated carbon 

Lignin is the second most abundant naturally occurring polymer on Earth, and 

together with cellulose and hemicellulose it makes up the major components 

in lignocellulosic biomass. Roughly 30% of all organic carbon in the bio-

sphere is lignin (and up to a third of lignocellulosic biomass, depending on the 

species). The lignin structure is complex and varied; generally, it consists of 

aromatic or phenolic units linked by aliphatics through carbon-carbon or ether 

bonds. The structure is often described as being composed of three major com-

ponents: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. Solving 

the exact structure of any lignin has so far presented a difficult challenge, for 

two reasons. First, the amount of each component and how they are bound to 

each other varies in different plant species. Second, isolation from biomass 

and depolymerisation of lignin disturbs the original structure.104–106  

Lignin, in its enormous availability, is likely to be one of the most underuti-

lized resources in the biosphere. In the pulp and paper industry, roughly 

0.07 Gt of lignin is isolated per year, of which 98% is combusted for energy 

or considered as waste.104–106 Lignin has previously been used to commercially 

produce products such as phenols, organic acids and aromatic hydrocarbons 

but because of the competition with petroleum-based processes, only lignin-

based production of vanillin, dimethyl sulphide and dimethyl sulfoxide is cur-

rently in operation.104 Due to the varied content of lignin, there is the potential 

for many products which make use of lignin as a feedstock,104–107 including 

fuels, solvents, polymers (e.g. fillers, thermoset resins, adhesives, and carbon 

fiber), and chemicals. However, the commercial aspects are (so far) typically 

lacking.105 To proceed towards a specific product, the lignin has to be con-

verted, for instance through gasification, or through depolymerisation reac-

tions such as pyrolysis, catalytic processing under high pressure of H2, or with 

sub- or supercritical water or solvents with various additives. Gasification typ-

ically produces small gas molecules and ash, whereas the depolymerisation 

reactions often produce a range of products in different phases (i.e. gases, liq-

uids and solids).107  

A summary of producing a product from lignin can include selecting (1) 

appropriate starting biomass (as the lignin content and structure varies), (2) 

the lignin separation process (which typically changes the structure of the 

original lignin), (3) the depolymerisation reaction(s) (which breaks different 

bonds and produces different amounts of gas, liquid and solids, all of which 

has varied content), and (4) the separation- and purification processes (de-
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pending on if a mixed product is preferred or not and on the purity require-

ments). Clearly then, because of the numerous choices, there is a lot of room 

for optimization and product variation.  

In [Paper I],101 the focus was to produce activated carbons from the solid 

side products in lignin conversion processes. Producing valuable products 

from such solid waste has the potential to improve both the commercial and 

sustainability aspects of the lignin conversion processes. Activated carbons 

have previously been produced from different kinds of lignin,20,108 for instance 

from Kraft lignin and hydrolysis lignin. Noteworthy aspects of the activated 

carbon produced in [Paper I]101 were, alongside the porosity, the observed 

magnetic properties. 

1.7 Synthesis 

1.7.1 Lignin types used 

The lignin used was of two types. One type was an enzymatic-hydrolysis lig-

nin from a biorefinery demonstration plant (SEKAB, Örnsköldsvik, Sweden) 

produced from eucalyptus originating from Thailand. Norway spruce was 

used to produce Kraft black liquor (at Metsä board, Husum, Sweden) and sub-

jected to acid precipitation (at Processum, Sweden) to produce the second type 

of lignin. 

1.7.2 Hydrochar production 

Hydrochars (HCs) were produced from lignin (at Bergen University, Bergen, 

Norway) in a process named lignin-to-liquid (LtL): A 5-liter stainless steel 

reactor containing 200 g lignin, 200 ml formic acid and 500 g water was 

closed and heated for 2 hours to 365 °C for the eucalyptus lignin and 380 °C 

for the spruce lignin. The reactor was left to cool down and, subsequently, the 

hydrochars were separated and dried. (Note that there is a misprint in the as-

sociated paper I,101 as no catalyst was added in that study for the hydrochar 

production).  

1.7.3 Chemical activation of hydrochars 

Magnetic activated carbons (MACs) were produced through chemical activa-

tion of the hydrochar. 3 g of hydrochar was mixed with 30 ml of 6 M KOH 

overnight at room temperature followed by heating of the mixture at 200 °C 

for 5 hours in air. The mixture was then subjected to a flow of N2 gas and 

heated at a rate of 10 °C/min to 700 or 800 °C and kept at this temperature for 

4 hours. The oven was allowed to cool down. The produced powders were 
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collected and washed with hot water until a normal pH was established. The 

washed solids were dried at 110 °C for 12 hours. The joint yields of the hy-

drochar production and chemical activation are shown in Table 1 and were 

higher for MACs produced at 700 °C than for MACs produced at 800 °C. The 

relatively low yields together with the use of chemical reagents (e.g. KOH), 

which increases the costs for reagents and waste handling, is known to limit 

the commercialization prospects for high surface area carbons.88 MACs were 

named MAC-x-y, where x is E for eucalyptus and S for spruce, and y is 7 or 

8 for the activation temperature; 700 or 800 °C.  

 

Table 1. Yields of hydrochars and magnetic activated carbons. From paper 

I.101 

Sample Yield per step (%)* Final yield (%) 

HC-E 30  

HC-S 33  

MAC-E-7 51 15 

MAC-E-8 37 11 

MAC-S-7 78 26 

MAC-S-8 39 13 

* = Yield of HC from corresponding lignin and yield of MAC from corre-

sponding HC. 

1.8 Composition, magnetism and morphology 

The atomic composition of the lignins, the hydrochars and the activated car-

bons was studied using elemental analysis and their respective ash content was 

determined by heating in air to 800 °C (Table 1). Iron was present in all ana-

lysed samples. The increase in iron content as hydrochar was produced from 

lignin could have been due to corrosion of the stainless steel reactor, although 

corrosion was not observed in the reactor. 

 

Table 1. Ash content and elemental composition. From paper I.101 

Sample 
Ash 

(wt. %) 

C 

(wt. %) 

H 

(wt. %) 

N 

(wt. %) 

Fe 

(wt. %) 

Eucalyptus lignin 4.39 50.1 5.90 - 0.12 

Spruce lignin 4.9 55.9 6.10 0.17 0.03 

HC-E 16.4 69.0 3.68 0.64 2.94 

HC-S 31.6 59.2 3.14 - 12.3 

MAC-E-7 19.8 72.2 0.91 0.47 4.71 

MAC-E-8 27.2 76.0 0.90 0.39 6.40 

MAC-S-8 19.6 49.6 0.88 0.30 7.10 
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Iron may have been acting as a promoter for the carbonization process and 

was the cause of the observed magnetism of the hydrochars and the MACs 

(Figure 1). Soft magnetic behaviour was observed for the MACs and the HC. 

Higher iron content (Table 1) led to higher saturation mass magnetization (i.e. 

magnetic moment per unit mass) values. The values were 1.1 emu/g for the 

HC-E, 4.1 emu/g for MAC-E-7 and 9.5 emu/g for MAC-E-8. Hard magnets 

need a large magnetic field to realign the magnetic domains and retain the 

magnetism after removing the field; soft magnets need smaller fields to realign 

the magnetic domains. Coercivity, i.e. the applied magnetic field needed to 

reduce the magnetization of a material to zero after saturating the magnetisa-

tion of the material, is not a perfect tool to determine whether a magnet is hard 

or soft but can give an indication. As a rule of thumb, materials with low val-

ues (< 5 Oe) are considered soft and high values (> 100 Oe) are considered 

hard.109 In Figure 1, the values for coercivity can be seen where the data line 

crosses zero. Different iron compounds have different saturation magnetiza-

tion; roughly 210 emu/g for α-Fe and 90 emu/g for magnetite (Fe3O4). 

 

 
Figure 1. Magnetization curves for eucalyptus MACs and eucalyptus hydro-

char. From paper I.101 
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To discern the iron species of the MACs and the HC, powder X-ray diffraction 

was used. Figure 2 shows peaks typical for magnetite and jarosite for the hy-

drochar and peaks typical for metallic iron for the MACs (which had been 

treated at 700 or 800 °C).  

 

 
Figure 2. Mo Kα powder X-ray diffraction patterns of eucalyptus hydrochar 

and MACs. Peaks were assigned according to: metallic iron (♣), magnetite 

(♠), iron sulfate−jarosite (⊕), graphite oxide (⧫), and sample holder (●). From 

paper I.101 

 

  



19 

To investigate the distribution of iron in the MACs and the HC, transmission 

electron microscopy was used (Figure 3). The dark spots in the carbon flakes 

are assigned to the iron species, whereas the bamboo-like shapes are assigned 

to carbon structures. The edges of the flakes are more faceted for the MACs 

than for the hydrochar.  

 

 
Figure 3. Transmission electron microscopy images of eucalyptus hydrochar 

(a) and MACs (b-d). From paper I.101 
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Scanning electron microscopy was used to investigate the morphology of the 

hydrochars and the MACs (Figure 4). The non-porous morphology of the hy-

drochars (Figure 4a-b) had developed into a morphology with small cavities 

through KOH activation at 700 °C (Figure 4c-d) and larger cavities through 

KOH activation at 800 °C (Figure 4e-f).  

 

 
Figure 4. Scanning electron microscopy images of hydrochars HC-E (a) and 

HC-S (b), and magnetic activated carbons; MAC-E-7 (c), MAC-S-7 (d), 

MAC-E-8 (e) and MAC-S-8 (f). From paper I.101 
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1.9 Porosity analyses 

The N2 sorption isotherm, as shown in Figure 5a, shows all four MACs to have 

significant gas uptake at low relative pressures; a strong indication for mi-

cropores (< 2 nm). The MACs activated at 800 °C had gas uptakes at higher 

relative pressures, which is related to the presence of mesopores (2-50 nm), 

whereas the MACs activated at 700 °C did not. This is consistent with the pore 

size distributions seen in Figure 5b. Furthermore, the MACs activated at 

800 °C had higher BET specific surface areas, external surface areas and total 

pore volumes (Table 2) than MACs activated at 700 °C. Notably, MAC-E-8 

had among the largest BET specific surface areas (2880 m2/g) and total pore 

volumes (1.59 cm3/g) observed for activated hydrochars. Using an activation 

temperature of 700 °C instead produced MACs with larger micropore surface 

areas, micropore volumes (Table 2), and CO2 uptakes at 0 °C (Figure 5c and 

Table 3). Notably, the CO2 uptake for MAC-E-7 was as high as 6.0 mmol/g, 

which is very high for activated carbons. The apparent CO2-over-N2 selectiv-

ity was calculated for each of the four MACs (Table 3) from the gas uptake 

data shown in Figures 5c and 5d.  

 
 

Figure 5. Sorption isotherms for (a) N2 at -196 °C, (b) DFT pore size distribu-

tions using N2 adsorption data, (c) CO2 at 0 °C, and (d) N2 at 0 °C. Samples: 

MAC-E-7 (black, ■), MAC-S-8 (green, ▼), MAC-E-8 (red, ●), and MAC-S-

7 (blue, ▲). From paper I.101 

 



22 

Table 2. Surface areas and pore volumes for lignin-derived MACs. From pa-

per I.101 

Sample 
SBET

a 

(m2/g) 

Smic
b 

(m2/g) 

Sext
c 

(m2/g) 

Vt
d 

(cm3/g) 

Vmic
e 

(cm3/g) 

VDR, mic
f 

(cm3/g) 

MAC-E-7 1650 1570 76 0.69 0.60 0.38 

MAC-E-8 2880 293 2580 1.59 0.07 0.12 

MAC-S-7 1380 1160 224 0.62 0.45 0.24 

MAC-S-8 1710 116 1590 1.12 0.02 0.10 

[a] BET specific surface area, [b] micropore surface area via BET and t-plot 

method, [c] external surface area via t-plot method, [d] total pore volume from 

N2 uptake at -196 °C and p/p0=0.99, [e] micropore volume via t-plot method, 

and [f] micropore volume via DR method for CO2 adsorption at 0 °C.  

 

Although more complicated and with well-defined issues,100 IAST is claimed 

to produce more reliable selectivity estimates and is presented in Figure 6a 

for MAC-E-7 at both 0 and 50 °C. The IAST binary uptake in Figure 6a can-

not directly be compared with the apparent selectivity in Table 3. For such a 

comparison, the IAST binary selectivity values have to be multiplied with a 

factor pN2/pCO2 = 0.85/0.15 = 5.67, yielding the binary selectivity, and show-

ing higher values than those for the apparent selectivities.  

 

Table 3. CO2 uptakes and CO2-over-N2 selectivity. From paper I.101 

MAC 
CO2 uptake, 0 °C, 

101 kPa (mmol/g) 

CO2 uptake, 0 °C, 

15 kPa (mmol/g) 

Apparent CO2/N2  

selectivitya 

MAC-E-7 6.0 1.8 15 

MAC-E-8 3.7 0.9 16 

MAC-S-7 3.8 1.1 11 

MAC-S-8 2.1 0.5 11 

[a] calculated as s = (nCO2/nN2)/(pCO2/pN2); n = uptake of CO2 and N2, and p = 

partial pressure of CO2 (15 kPa) and of N2 (85 kPa). 
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The isosteric heat of CO2 adsorption was calculated from CO2 adsorption data 

at four different temperatures and is presented in Figure 6b. At low CO2 load-

ings, the heat of adsorption was 30 kJ/mol which decreased as the loading 

increased. Repetitive cyclic experiments of the CO2 adsorption with no heat-

ing applied between the cycles are shown in Figure 6c and almost no drop in 

the uptake was observed. The CO2 uptake rate could be estimated from the 

experiment presented in Figure 6d, where 95% of the CO2 uptake capacity was 

reached within 10 seconds. The low drop in the CO2 uptake between succes-

sive cycles and the fast CO2 uptake are indications of a sorbent suitable for 

rapid CO2 swing-sorption cycles.  

  

 
 

Figure 6. (a) IAST CO2-over-N2 selectivity for MAC-E-7 at 0 °C (black, ■) 

and 50 °C (blue, ▲) for a mixture of 15% CO2 and 85% N2, (b) heat of ad-

sorption for MAC-E-7, calculated from CO2 adsorption data collected at 0, 20, 

50 and 80 °C, (c) cyclic CO2 uptake for MAC-E-7 at 0 °C, and (d) kinetic 

uptake of a small amount of pure CO2 for MAC-E-7 at 0 °C. From paper I.101 

 

In summary, the “waste product” lignin was used to produce bio-oil. The 

“waste” from this process, called hydrochars, was used to produce activated 

carbons with very high porosities. The surface areas, pore size distributions 

and pore volumes could be varied through changes in the activation tempera-

ture. Activation at 800 °C produced MACs with very high surface areas and 

total pore volumes. Activation at 700 °C produced MACs with high CO2 up-

takes and high micropore volumes. Embedded magnetic nanoparticles of iron 

increases the scope of possible applications for the MACs. 
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1.10 A resource perspective on MACs 

In addition to what was discussed in section 1.3, the following qualitative and 

shallow assessment applies specifically for MACs. For a full and meaningful 

assessment, a complete and quantified life-cycle of the material and its use 

needs to be performed.  

Lignin is typically considered as waste but is renewable and has rich and 

complex structures available for exploration towards applications. Determin-

ing the optimal use of lignin is certainly a complex task and much of the work 

is still likely to be done on liberating, converting, purifying and testing lignin 

and its derivatives towards applications. Making use of the “waste” lignin to 

produce bio oil and, in a subsequent process, making use of waste from the 

bio oil process to produce activated carbons could speculatively be part of a 

bigger picture. The methods of activating and carbonizing the carbonaceous 

precursors to produce activated carbons are numerous. Here, KOH and N2 gas 

were used at high temperature to activate or carbonize the precursors followed 

by washing with large amounts of hot water. KOH is produced through elec-

trolysis of KCl, and KCl is produced mostly through mining of ores. A small 

but significant amount is produced through solar evaporation of brines.110 N2 

gas is typically produced using cryogenic air separation. Pressure swing ad-

sorption systems to separate N2 from air, or membrane permeation, may also 

be used.111 The energy required for heating during the synthesis and waste 

management are likely to be significant parts of the overall resource demand 

and should be carefully considered. More sustainable and simpler activa-

tion/carbonization processes could be studied for MACs.  
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Microporous humins derived from 
carbohydrates 

“Humins” is a broadly used term to define organic matter found in soil (as-

sumed to be the most abundant organic substance in the terrestrial environ-

ment)112 and they are solid degradation products from various carbohydrate 

degradation processes.112–114 In the biorefinery concept, humin formation is an 

important problem or complication as all components of biomass should ide-

ally be used for products. The humin by-products are unwanted and their uses 

are considered to be limited to soil enhancing and heat generation.113 The 

broad definition of humins, their complex structure, and the wide array of 

chemistries leading to their formation113 are reasons to look out for other more 

advanced uses.  

This work aimed to show that producing functional humins in potentially 

high volumes is feasible, and that microporous humins (MHs) is a more sus-

tainable and low-cost option compared to many other porous materials. In [pa-

per II]88, the work focused on using 5-hydroxymethyl furfural (HMF) as the 

starting material. HMF is a common reaction intermediate in carbohydrate 

chemistry and considered as a platform chemical in the conversion of bio-

mass.113,115 Furthermore, there are strong indications for HMF to be involved 

in the formation of humins.113 

The work done in [Paper III] aimed to expand upon the work done in [paper 

II]88 by using a wide range of sugars and biobased polymers as starting mate-

rials. One argument against using HMF as the starting material has been its 

(as of 2018) relatively high cost and low availability. In this, perhaps short-

sighted sense, using abundantly available sugars (glucose, fructose, galactose, 

sucrose, and lactose) and biobased polymers (starch and cellulose) aimed to 

improve on the sustainability- and cost aspects of the microporous humins. 

Furthermore, the work in [paper II]88 aimed to investigate variations in the 

synthesis procedure.  

1.11 Synthesis 

In [paper II],88 0.63g of HMF (heated to 50 °C) was added, as tiny droplets 

using an atomizer nozzle, to 10 ml of concentrated sulfuric acid (conc. H2SO4) 

at 50 °C under stirring and kept at 50 °C for 24 hours. After cooling the mix-

ture to room temperature, diethyl ether was added carefully while stirring and 

being cooled in a water bath to a total volume of 50 ml. The formed suspension 
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was centrifuged and the liquid phase was removed. The procedure of adding 

diethyl ether, centrifuging the suspension and removing the liquid phase was 

repeated twice more. The solids were dried in a flow of N2 and subsequently 

heated to 200 or 400 °C under a flow of N2.  

Glucose, fructose, galactose, sucrose, lactose, starch (potato starch, solu-

ble) and cellulose (in the form of filter paper) were added to 10 ml of conc. 

H2SO4 as solids (0.63g). Except heating to only 400 °C, the rest of the proce-

dure was the same as that for the synthesis with HMF.  

1.12 Structural and molecular characterization 

The molecular structure of activated carbons is generally considered to consist 

of randomly oriented domains of hexagonal carbon rings; cross-linked to other 

domains and curved by oxygen functional groups or non-hexagonal rings (e.g. 

5-member rings and 7-member rings).17 Solving the molecular structures and 

providing molecular models has been attempted for decades. The structure and 

properties vary for different starting materials, synthesis procedures and con-

ditions. To arrive at an estimation of the molecular structure in any particular 

case, a combination of techniques is used.17  
The process of investigating the molecular and structural aspects of the mi-

croporous humins can be compared to that used for activated carbons and was 

performed here by using elemental analysis, nuclear magnetic resonance 

(NMR) and infrared (IR) spectroscopies, wide-angle X-ray scattering 

(WAXS), thermogravimetric analysis (TGA), and scanning electron micros-

copy (SEM).  
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Elemental analysis of the microporous humins revealed their lowered H/C and 

O/C atomic ratios compared to those for the respective starting materials, as 

is shown in Figure 7. A diagonal positional change in the van Krevelen dia-

gram in Figure 7 indicates that a dehydration reaction had occurred, and as the 

microporous humins below this are diagonal, reactions causing dehydrogena-

tion also appeared to have been active. For MHH-4 and MHH-2, microporous 

humins derived from HMF, the change in the temperature treatment had a sig-

nificant effect on the position of these compositions in the van Krevelen dia-

gram, most notably with respect to the O/C atomic ratio which had been low-

ered at the higher temperature. For the microporous humins derived from sug-

ars (MHG, MHF, MHGa, MHSu, and MHL) and bio-based polymers (MHS 

and MHC), the positional variance in the van Krevelen diagram was mainly 

due to the differences in the O/C atomic ratios. Notably, there were significant 

sulfur-contents in all microporous humins except the MHC with values of up 

to 0.7 wt.% (see the supporting information for [Paper III] for the details).  

 

 
Figure 7. van Krevelen diagram for microporous humins. From paper III. 
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13C NMR spectra of the microporous humins are presented in Figure 8. The 

spectra for MHH-2 (Figure 8a) and MHG (Figure 8b) were recorded at 

100.6 MHz and revealed peaks at 189 ppm for MHH-2 and 185 ppm for MHG 

and were assigned to carbonyl groups. Spectra for MHS and MHC (Figure 8b) 

were recorded at 150.9 MHz and did not show a peak at this chemical shift. 

Peaks were seen for all studied MHs at roughly 128 ppm, assigned to sp2 car-

bons in aromatic rings, and at roughly 155 ppm (notably more significant for 

MHH-2), assigned to phenols or linked -HC=C-O in furanic rings. A shoulder 

at roughly 110 ppm was clearly seen for MHS and MHC and was assigned to 

linked –HC=C-O in furanic rings or to phenols. The intensity of the spinning 

sidebands for MHS and MHC on the low-ppm side indicated that a minor 

amount of aliphatic carbons was present. 

 
Figure 8. Solid state crosspolarization 13C nuclear magnetic resonance spec-

tra for (a) MHH-2 (200 °C) and (b) MHG, MHS and MHC (400 °C). * indi-

cates positions of spinning sidebands. From papers II88 and III.  
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IR analyses (Figure 9) showed similar spectra for all microporous humins. 

Bands around 1590 cm-1 were assigned to carbon-carbon-bond stretching vi-

brations in aromatic rings. Bands around 1710 cm-1 were assigned to carbonyl 

groups and broad features at higher wavenumbers were assigned to bands as-

sociated with adsorbed water or hydroxyl groups. For MHH-2 (Figure 9a) the 

band at 1590 cm-1 is less significant in relation to the band at 1710 cm-1 com-

pared to the other MHs.  

 

 
Figure 9. Infrared spectra for (a) MHH-2 and MHH-4 and (b) MHG, MHF, 

MHGa, MHSu, MHL, MHS, and MHC. From papers II88 and III. 
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X-ray diffraction and scattering experiments are commonly used for studies 

of activated carbons even though these compositions do not show a perfect 

three-dimensional crystalline order. Peaks are usually seen in the positions 

presented in Table 4 but are often broadened through disorder and are also 

often shifted.17,116–118 Other reflections can be seen for more ordered graphitic 

materials but are less likely to be seen in activated carbons as, for instance, the 

aromatic layers are not typically aligned rotationally and translationally.119 

Figure 10 shows the 100 and 110 reflection distances for graphitic networks.  

 

Table 4. Common diffractions seen for activated carbons. 

2θ (°)* d-value 

(nm)** 

Corresponding gra-

phitic framework re-

flections 

Corresponding  

structural feature 

26 0.34 002 Distance between aromatic 

layers 

43 0.21 100 Second-neighbour interlayer 

distance 

54 0.17 004 Distance between aromatic 

layers  

78 0.12 110 First-neighbour interlayer 

distance 

* = for Cu Kα radiation. ** = Calculated from common 2θ diffraction an-

gles using the Bragg equation; d = k/(2*sin(θ)). 

 

 
Figure 10. Illustration of the distances of the 100 and 110 reflections for gra-

phitic networks.  
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The WAXS curves recorded for the MHs showed peaks in positions similar to 

those of activated carbons and other graphitic materials (see Figure 11 and 

Table 4). All the MHs showed broad peaks, indicative of low-ordered materi-

als, at roughly 10, 21, and 43° (2θ). The WAXS curves for MHG, MHS and 

MHC (Figure 11b) were recorded in greater detail (i.e. longer sampling time, 

larger range and the background was recorded and subtracted) than for MHH-

2 and MHH-4 (studied in Paper II) and revealed a broad peak at 80° (2θ) and, 

for MHS, and also tentatively for MHG, a sharp peak was detected at 25.4° 

(2θ). The sharp peak at 25.4° (2θ) and the broad peak at 43° (2θ) matched well 

with those typically seen for graphitized carbons. Interpreting the broad peaks 

as separation distances, d, yielded values of roughly 1, 0.42, 0.21, and 

0.12 nm. The 1-nm separation distances were tentatively related to the effect 

of water molecules between, or oxygen functional groups in aromatic carbon 

sheets. The most dominant feature, corresponding to the separation distance 

of 0.42 nm, of the WAXS curves, was assigned to the network packing dis-

tances of a non-porous nature. The separation distance of 0.21 nm was as-

signed to the distance between planes of second-neighbours in the aromatic 

sheets (d100 in Figure 10) and d = 0.12 nm to the distance between the planes 

of first-neighbours in the aromatic sheets (d110 in Figure 10). The latter would, 

assuming regular hexagons, have corresponded to a carbon-carbon bond 

length of 0.139 nm. It should be noted that some variation was seen in the 

positions of the peaks for the different MHs. 
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Figure 11. Wide-angle X-ray diffraction curves for (a) MHH-2 and MHH-4, 

and (b) MHG, MHS and MHC. Note: four times longer data collection time 

was allowed in (b), compared to (a). Background has been subtracted for (b) 

and not for (a). From papers II88 and III. 
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TGA analyses (Figure 12) showed that the microporous humins were stable 

up to 300 °C in air. When the MHs were put under a flow of dry air (Figure 

12a), mass loss was seen (1.7-2.8 wt.% for MHG, MHS, and MHC). Further 

mass loss was observed for the microporous humins when being heated (Fig-

ure 12b); at 150 °C the mass loss (3.3-4.3 wt.% for MHG, MHS, and MHC, 

and 1.3-1.6 wt.% for MHH-2 and MHH-4) was attributed to the loss of ad-

sorbed water. Note: the TG curves for MHH-2 and MHH-4 were recorded 

using a different instrument than for the other MHs.  

 

 
Figure 12. (a) The weight change of microporous humins as a function of time 

upon contact with dry air, and (b) thermogravimetric analyses of microporous 

humins with a heating rate of 1 °C/min. Adapted from papers II88 and III. 
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Analyses of the SEM images (Figure 13) revealed that the MHs consisted of 

interconnected and rounded particles between tens and a few hundred nano-

metres in size. The interconnections of the particles seemed to vary in size and 

extent among the MHs. For instance, the MHS (Figure 13d) had relatively 

small particles with a relatively high degree of fusing of particles, compared 

to the other MHs. Voids, cavities, pores or channels were observed among the 

interconnected particles.  

 

 
Figure 13. SEM images at 60,000x magnification of (a) MHH-2, (b) MHH-4, 

(c) MHG, (d) MHS, and (e) MHC. From papers II88 and III. 

 

To summarize the major structural and molecular findings; the microporous 

humins consisted of mainly carbon, oxygen, hydrogen and sulphur. The at-

oms were arranged as aromatic carbon sheets with some degree of order. 

Functional groups, such as hydroxyl and carbonyl, heteroatoms (mostly oxy-

gen), adsorbed water, and sulphur species may have caused some structural 

disorder. The MHs were arranged as collections of interconnected particles, 

tens to a few hundreds of nanometres in size, among cavities of similar sizes.  

c

d

e

a

b
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1.13 Porosity of microporous humins 

The porosity of the MHs was studied using equilibrium gas adsorption and 

desorption experiments. Figure 14 shows N2 sorption data for all MHs. The 

high uptake in the low partial pressure (p/p0) range is evidence for micropores 

(< 2 nm). The majority of the N2 uptake is seen in this regime for all MHs, 

with the exception of MHH-4 where roughly half of the uptake is seen in the 

low partial pressure range. Uptake in the intermediate partial pressure range 

(seen as a non-zero slope in Figure 14) was assigned to mesopores, and uptake 

at high partial pressures was due to macropores or small particles.  

 

 
Figure 14. N2 adsorption and desorption isotherms collected at 0 °C for (a) 

MHH-2 and MHH-4, and (b) MHG, MHF, MHGa, MHSu, MHL, MHS, and 

MHC. From papers II88 and III. 
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The N2 sorption data was used to calculate the BET specific surface areas, 

external surface areas, micropore surface areas, total pore volumes and mi-

cropore volumes, as shown in Table 5. The MHH-4 stood out with having the 

highest specific surface area, highest total pore volume and CO2 uptakes. Us-

ing a lower temperature (200 °C) in the temperature treatment produced 

MHH-2, which had roughly half the surface areas, pore volumes and CO2 and 

CH4 uptakes compared to MHH-4. Using other starting materials produced 

MHs with somewhat varied porosities. This difference can be illustrated by 

comparing the total pore volumes and micropore volumes. For instance, for 

MHF, the micropore volume was 89% of the total pore volume, showing a 

porosity that was dominated by the micropores, whereas for MHC the mi-

cropore volume was 62% of the total pore volume. The low pressure uptake 

(0.15 bar) of CO2 was very high for the MHs, and specifically for the MHH-

4. 

 

Table 5. Textural properties for microporous humins. From papers II88 and III. 

Sample SBET
a 

(m2/g) 

SEXT
b 

(m2/g) 

Smic
c 

(m2/g) 

Vt
d
 

(cm3/g) 

Vmic
e
 

(cm3/g) 

CO2 

1 barf 

CO2 

0.15 barf 

CH4 

1 barf 

MHH-2 542 83 459 0.35 0.19 3.20 1.58 1.06 

MHH-4 1020 174 845 0.73 0.35 5.27 2.18 2.09 

MHG 811 53 758 0.37 0.30 4.25 1.94 - 

MHF 772 43 729 0.33 0.29 4.10 1.90 - 

MHGa 762 44 718 0.32 0.28 4.06 1.89 - 

MHSu 828 64 764 0.40 0.30 4.15 1.86 - 

MHL 753 57 696 0.35 0.28 3.85 1.75 - 

MHS 834 66 768 0.40 0.31 4.11 1.78 - 

MHC 740 76 699 0.44 0.27 3.78 1.75 - 
a BET specific surface area calculated from N2 adsorption at -196 °C, b exter-

nal surface area from N2 adsorption data via the t-plot method, c difference 

between SBET and SEXT, d Total pore volume from N2 uptake at -196 °C and 

p/p0 = 0.99, and f gas uptake at 0 °C.  
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The selective gas uptakes for certain gas pairs were estimated for MHH-2 and 

MHH-4, using the single component gas uptake and the IAST and the plots 

are presented in Figure 14. Note here that the binary selectivity includes a 

multiplication with the composite px/py, in contrast to that used in Paper 1,101 

see sections 1.5 and 2.3. The MHH-4 had higher calculated CO2-over-N2 se-

lectivity than the MHH-2 at 0 °C; however, at 50 °C the MHH-2 had higher 

calculated selectivity. Relevant to the upgrading of biogas and natural gas, the 

CO2-over-CH4 selectivity was higher for MHH-2, and the CH4-over-N2 selec-

tivity was higher for MHH-4.   

 

 
Figure 15. IAST gas selectivity for microporous humins for gas pairs: (a) 

CO2-over-N2 at 0 °C, (b) CO2-over-N2 at 50 °C, (c) CO2-over-CH4 at 0 °C, 

and (d) CH4-over-N2 at 0 °C. From paper II.88 
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The isosteric heat of CO2 adsorption is presented for MHH-2, MHH-4 and 

MHG in Figure 16. MHH-2 and MHG showed similar values of up to 

34 kJ/mol and the value decreased with an increasing amount of adsorbed 

CO2. MHH-4 showed higher values in the range of 42-44 kJ/mol and, in con-

trast to the other MHs, the values increased with increasing adsorbed amounts. 

By evaluating the surface heterogeneity through the isosteric heat of CO2 ad-

sorption, indications of a low surface heterogeneity were presented, as the de-

pendency on the loading (quantity adsorbed) was weak.  

 

 
Figure 16. Isosteric heat of CO2 adsorption for MHH-2, MHH-4, and MHG. 

The heats were calculated from the corresponding CO2 adsorption isotherms 

collected at 0, 10 and 20 °C. Adapted from papers II88 and III. 

 

In summary, the porosity of MHs was dominated by the micropores to vary-

ing degrees. The MHs displayed high surface areas, pore volumes, CO2 up-

takes, selectivities and isosteric heats of CO2 adsorption and appeared prom-

ising for gas separation applications.  
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1.14 A resource perspective on microporous humins 

Section 1.2, and section 1.3 more specifically, describes the general consider-

ations that have to be made concerning the sustainability of porous organic 

materials. Microporous humins are produced using renewable precursors, 

some of which are involved in biomass conversion processes. The precursors 

are subjected to treatments with sulphuric acid, diethyl ether and N2 at various 

temperatures. Roughly 0.2 Gt of sulphuric acid is produced every year, where 

most is produced from sulphur originating from natural gas or petroleum. A 

significant portion of the world’s supply of sulphuric acid is produced from 

ores, and a smaller portion is produced from spent/contaminated sulphuric 

acid.120 Diethyl ether is produced as a side product from hydration of ethylene 

in the production of ethanol.121 Ethylene is typically produced from various 

fossil hydrocarbons.122 Diethyl ether can also be produced using ethanol and 

strong acids.121 N2, as described in section 2.4, is today produced mostly 

through cryogenic separation of air.  

Using an acid from more sustainable sources would improve the sustaina-

bility of microporous humins. The sustainability could be further improved if 

the diethyl ether is produced from a sustainable source of ethanol. The full 

life-cycle of the microporous humins, the wastes produced and the energy sup-

plied should be considered in detail.  
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Hypercrosslinked polymers synthesized 
using biobased molecules 

HCPs (described in section 1.1) are typically synthesized under less than sus-

tainable conditions. The choices of solvent, monomers, catalyst, crosslinker, 

post-synthesis treatments and other reagents7 should be made with care to se-

cure comparably sustainable syntheses of HCPs. In the work presented in pa-

per IV, the strategy was focused on creating a synthesis procedure where any 

monomer/reagent with aromatic moieties (or that can form an aromatic moi-

ety) could be polymerized to form a porous polymer. This strategy was 

achieved by using sulfolane as solvent, iron (III) chloride (FeCl3) as catalyst, 

and a range of biobased or related monomers. The reaction system presented 

in paper IV should only be seen as an incremental improvement on the sus-

tainability of those typical for HCPs as there are known limitations when it 

comes to the toxicity of sulfolane and the production of FeCl3.  

1.15 Synthesis of HCPs using sulfolane and FeCl3 

The synthesis procedure was varied extensively and is presented in full in the 

supporting information of paper IV. The selected monomers/reactants are 

shown in Figure 17 and were quercetin (to produce the HCP pQ) as repre-

sentative for flavonoids found in various plants,123,124 tannic acid (for the HCP 

pT) as a common plant polyphenol,125,126 phenol (for the HCP pP) and 1,4-

dimethoxybenzene (abbreviated DMB, used for the HCP pD) as moieties sim-

ilar to those found in lignin,127,128 a commercial Pinus Strubus bark extract (for 

the HCP pBe), and glucose (for the HCP pG) as a monomer of cellulose,127 a 

saccharide and a moiety of tannic acid. Furthermore, DMB has been used as 

a crosslinker in Friedel-Crafts alkylation reactions129 and was used together 

with quercetin to produce the HCP pQD.  
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Figure 17. Common molecular structures for (a) sulfolane, (b) quercetin, (c) 

1,4-dimethoxybenzene, (d) phenol, (e) glucose, and (f) tannic acid as reactants 

in the synthesis of hypercrosslinked polymers. From paper IV. 

 

In a typical procedure, 0.15 g of monomer was added to 15 ml of sulfolane 

and mixed for 30 minutes. Sulfolane solidifies at room temperature and the 

mixture was therefore heated as required to keep it in liquid form. The mixture 

was quickly added to a 100 ml round-bottom flask containing 2.44 g of anhy-

drous FeCl3, which was connected to a water-cooled condenser and stirred for 

less than 20 seconds before being placed in a hemispherical metal bowl for 

heating. Reflux was typically achieved within one minute (the boiling point 

for sulfolane is roughly 285 °C). After two hours of being kept under reflux, 

the flask was removed from the heat. When the flask and its contents had 

reached room temperature, it was emptied into a glass filter of porosity-grade-

three. A washing procedure was used where three portions of 50 ml of 0.5 M 

KCl were used to soak the reaction mixture for five, three, and two minutes 

with filtration after each soaking. Subsequently, washing with three portions 

of 50 ml of methanol was carried out in the same manner. The solids were 

collected by filtration and transferred to a cellulose thimble. Using methanol, 

the solids were soxhlet extracted for 24 hours and then dried in air at room 

temperature. The solids were transferred to a glass tube, and with at least eight 

hours allowed for each step, first subjected to a flow of N2 and second, heated 

at 110 °C still under the flow of N2. 
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1.16 Structural and molecular aspects of HCPs 

To investigate the molecular and structural aspects of the HCPs; elemental 

analysis, NMR and IR spectroscopies, TGA, WAXS, and SEM were used in 

an approach that was similar to that used for studying the microporous humins 

(section 3.2). The van Krevelen diagram for both reactants (i.e. starting mate-

rials) and the resulting HCPs are shown in Figure 18. For all HCPs, the H/C 

atomic ratio was reduced as compared to the used starting material, which was 

consistent with the formation of new chemical bonds. The change in O/C 

atomic ratio from the starting material to HCP was varied for the different 

HCPs, showing increased values for the pBe, pP, and pD, and decreased val-

ues for pQ, pTa, and pG. Possible reactions responsible for the changes in 

atomic ratios were discussed in paper IV. Dehydration reactions would lower 

H/C and O/C ratios in a diagonal manner. Dehydrogenation and aromatization 

reactions would lower H/C ratios. Losses of carbon rich molecules or the in-

corporation of oxygen atoms (oxygen rich molecules) would increase the O/C 

ratio. Specifically for the pD, produced from DMB, a theory was put forward 

where the hydrolysis of the methoxy groups would have kept oxygen atoms 

in ether bridges or hydroxyl groups and thereby reduced the H/C ratio and 

increased the O/C ratio. 

As shown in the supplementary information of paper IV, blank experiments 

using only sulfolane and FeCl3 (which produced a porous material) and sig-

nificant sulphur content for all analysed HCPs of up to 4.80 wt.% presented 

evidence for the incorporation of the solvent sulfolane, or its reaction prod-

ucts, in the HCPs. Iron, which was likely introduced via the use of the catalyst 

FeCl3, was present in all HCPs in amounts up to 1.16 wt.%. Nitrogen was also 

present in some of the HCPs, speculatively assigned to impurities or N2 inclu-

sions. TG, NMR, and IR analyses (presented below) suggested the presence 

of water in the HCPs, which seemed to have possibly biased the H/C and O/C 

atomic ratios.  

The yields (see SI for paper IV) for the HCPs were high and below 100% 

for pQ, pQD, pTa, and pD. For pBe and pP, the yields were higher than 100%, 

which is likely due to the incorporation of sulfolane. For pG, the yield was 

lower at 42%, which was thought to be related to the dehydration of glucose.  
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Figure 18. van Krevelen diagram for reactants (squares) used for the synthesis 

of porous HCPs (spheres). From paper IV. 

 
13C NMR analyses of the HCPs (Figure 19) revealed broad peaks assigned as 

shown in Table 6. 1H spectra should be interpreted with care as the presence 

of water may lead to different peaks, for instance by making hydrated moieties 

detectable. The 1H spectra were tentatively assigned according to Table 6. In 

the 13C spectra (Figure 19a) for pTa and pG, and to a lesser degree for pBe, 

the peak assigned to aromatic carbons dominated the spectra. Weaker signals 

assigned to phenolic carbons were present in the spectra. For pQ, pP, and pD 

the signals for phenols were significantly stronger. For pQD, the signal as-

signed to phenols was the most pronounced in the spectrum. Aliphatic carbons 

were seen for all HCPs, and the signals were strongest for pTa and pG, and 

weakest for pP. 1H spectra for the HCPs supported the relatively high aliphatic 

content of pTa and pG (Figure 19b). Features seen at 3.3 ppm were assigned 

to adsorbed water through a separate experiment; see supplementary infor-

mation in paper IV. 
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Table 6. 13C and 1H NMR chemical shift assignments. Data from paper IV. 

Chemical 

shift (ppm) 
Assignment 

13C  

153-157 C=C-OH in phenols 

123-129 Aromatic carbons 

103-110 Aromatic rings with multiple hydroxyl groups 

49-55 sp3-C close to oxygen or quaternary sp3-C close to aromatics 

32 Secondary sp3-C 

14 Primary sp3-C 

  
1H  

6.5-7.0 Aromatics 

4.6 Secondary/tertiary H or aliphatic H close to aromatics/oxygen  

3.3 Adsorbed water 

0.8 Aliphatic H 

 

 
Figure 19. Nuclear magnetic resonance (a) cross polarization and magic angle 

spinning 13C and (b) 1H spectra for HCPs. From paper IV. 
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IR spectra for the HCPs, as shown in Figure 20, had characteristic bands for 

the C-H stretching vibrations at a frequency of 2970 cm-1, hydroxyl/adsorbed 

water at >2700 cm-1, C=O bonds at 1735 cm-1, and C=C bonds at 1600 cm-1. 

The largest variations were observed between the IR spectra of the HCPs in 

the fingerprint domain (< 1500 cm-1) and for the bands assigned to the char-

acteristic stretching vibrations related to the C=C and C=O bonds. The bands 

characteristic for C=C bonds were pronounced for the pQ, pQD, and pBe, and 

the bands assigned to C=O bonds were less pronounced for the pQD, pP, and 

pD, compared to the other HCPs.  

 

 
Figure 20. Infrared spectra for HCPs. From paper IV. 
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WAXS data for the HCPs, shown in Figure 21, were interpreted in a similar 

manner as for the analyses of the microporous humins in section 3.2. Broadly 

distributed separation distances (Figure 21b) were observed at values around 

1, 0.4 and 0.2 nm for all HCPs. In contrast to other studied HCPs, which have 

assigned the separation distance of 1 nm to pores,130 this peak was specula-

tively assigned to a spatial layer separation of the aromatic domains of a non-

porous nature as no ordering could be seen through gas sorption analyses in 

this particular size domain. Peaks in this position have been assigned to struc-

tures caused by water between or oxygen functional groups in aromatic 

sheets.131 This feature of the WAXS curves was most pronounced for the pQ, 

pP, and pD. The peak at 0.4 nm was assigned to the non-porous network pack-

ing distances. The position of this peak was different for the HCPs; the inten-

sity maximum was seen at a distance of 0.44 nm for the pQ and pP, 0.41 nm 

for the pBe, 0.39 nm for the pQD and pTa, and 0.36 nm for the pD. No relat-

able order was observed in the analyses of the gas sorption data. The peak at 

0.2 nm was assigned to the distance between planes of second-neighbours 

(Figure 10) in aromatic sheets and the peak position was used to calculate the 

carbon-carbon bond lengths in such sheets to 0.133 nm, which was at the short 

end of the range of what is typically observed in carbon sheets (0.133-

0.142 nm).117,118 Notably, the pBe had a sharp peak at a distance of 0.2 nm, 

and the sharpest peak among the HCPs at 0.4 nm, which seemed consistent 

with more regular aromatic carbon domains in this HCP compared with the 

others.   
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Figure 21. Wide-angle X-ray scattering data for HCPs as (a) the function of 

angle 2θ, and (b) the separation distance, d. From paper IV. 
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Recording the weight for the pQ showed a weight loss of 1.3 wt.% when 

placed in a flow of dry air (Figure 22a). Upon heating (Figure 22b), the loss 

in weight increased to 2.4 wt.% at 180 °C and was assigned to the loss of ad-

sorbed species from air, most likely adsorbed water. pQ was stable up to 

roughly 200 °C in dry air. 

 

 
Figure 22. Weight loss curves for the HCP pQ (a) in dry air at room tempera-

ture, and (b) in dry air while heating at a rate of 1 °C/min. From paper IV. 
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SEM imaging of the HCPs, exemplified in Figure 23 and also in the supple-

mentary information for [paper IV], showed the HCPs to consist of < 50 nm 

interconnected particles. The HCP pD imaged in Figure 23b showed compa-

rably large particles but the features on the particles were suggested to have 

arisen from the fusing of smaller particles. A speculative theory was put for-

ward where the observed morphology was proposed to have been the result of 

the insolubility of the growing polymer networks; the networks seemed to 

have been phase separated and formed droplets, and these droplets then 

seemed to have connected to each other, forming the arrangements of particles 

observed in the SEM images.   

 
Figure 23. Scanning electron microscopy images of the HCPs (a) pQ, and (b) 

pD. The scale of the images should be related to the scale bar (500 nm) in the 

bottom right of each image. From paper IV. 
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In summary, mostly phenolic and aromatic carbon structures with some ali-

phatic carbon moieties, and significant presence of sulphur, iron and also some 

nitrogen were observed for the HCPs. These structures showed some ordering, 

of what seemed to be disordered aromatic sheets. In a larger size range, ar-

rangements of interconnected > 50 nm particles were observed.  

1.17 Porosity analyses of HCPs 

N2 sorption isotherm data collected for the HCPs at -196 °C is presented in 

Figure 24a. The high uptake at low partial pressures presented evidence for 

significant amounts of micropores in the HCPs. The varied levels of N2 uptake 

at low partial pressures for the different HCPs, reflected in the micropore sur-

face areas and volumes, are presented in Table 7. Evidence of mesopores was 

observed from the intermediate N2-partial pressure range by the slope of the 

curves, Also, here there were significant differences among the HCPs. The 

uptake at high partial pressures was due to adsorption in the macropores and 

on the small particles. At the highest recorded partial pressure, close to 

p/p0 = 1, the N2 uptake was used to calculate the total pore volume of the 

HCPs. Notably, we claimed, in paper IV, that pBe and pP displayed among 

the largest total pore volumes among any HCPs. In Table 7, numerous textual 

properties are presented, including the ratio between the calculated micropore 

volume and the total pore volume. The variation in that ratio and the total pore 

volume values for the different HCPs illustrated the varied features of the pore 

systems. The N2 adsorption data was also used to calculate the BET specific 

surface areas, with values up to 1440 m2/g for pP. CO2 sorption data for HCPs 

(Figure 24b) show pQ to have among the largest uptake levels known for any 

HCP at 3.94 mmol/g.  

 

Table 7. Textural properties for HCPs. From paper IV. 

Sample SBET
a 

(m2/g) 

SEXT
b 

(m2/g) 

Smic
c 

(m2/g) 

Vt
d
 

(cm3/g) 

Vmic
e
 

(cm3/g) 

Ratio 

Vmic:Vt 

CO2 

1 barf 

CO2 

0.15 barf 

pQ 1320 387 935 1.05 0.41 0.39 3.94 1.31 

pQD 1130 382 751 0.97 0.33 0.34 3.19 1.06 

pTa 610 154 455 0.48 0.19 0.40 2.56 1.09 

pBe 1350 722 627 1.84 0.29 0.16 3.27 1.05 

pP 1440 903 536 1.86 0.26 0.14 2.83 0.77 

pG 900 402 498 0.95 0.22 0.23 2.61 0.89 

pD 1140 179 964 0.62 0.40 0.65 3.24 0.90 
a BET specific surface area calculated from N2 adsorption at -196 °C, b exter-

nal surface area from N2 adsorption data via the t-plot method, c difference 

between SBET and SEXT, d Total pore volume from N2 uptake at -196 °C and 

p/p0 = 0.99, and f CO2 uptake at 0 °C. 
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Figure 24. Adsorption and desorption isotherms for HCPs using (a) N2 at -

196 °C, and (b) CO2 at 0 °C. From paper IV. 
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The isosteric heat of CO2 adsorption, shown in Figure 25 for the HCP pQ, was 

30 kJ/mol at low quantities of adsorbed CO2 and decreased as more CO2 was 

adsorbed.  

 

 
Figure 25. Isosteric heat of CO2 adsorption for pQ. CO2 adsorption isotherms 

collected at 0, 10, and 20 °C were used for the calculation. From paper IV. 

 

In summary, the HCPs showed a varied pore structure with large surface areas, 

total pore volumes and high CO2 uptake levels, not necessarily coinciding 

though. This variation shows the potential for deriving quite different HCPs 

using this relatively sustainable chemistry.  
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1.18 A resource perspective on the HCPs in this work 

Sections 1.2 and 1.3 provide a general description of sustainability aspects for 

porous organic materials. The HCPs described in this work were produced 

using bio based and related precursors, sulfolane as a solvent, FeCl3 as a cat-

alyst, methanol as a washing solvent, N2, and energy. Sulfolane can be pro-

duced from butadiene and sulphur dioxide, or from thiophene.132 Butadiene is 

produced from petroleum,133 sulphur dioxide from petroleum and ores,120 and 

thiophene from petroleum and a sulphur source, e.g. carbon disulphide.134 Car-

bon disulphide is typically made from methane (natural gas) and sulphur.135 

LCA has been made for FeCl3,136 where issues are seen primarily for the chlo-

rine production. Scrap iron can be used as the iron source.137 Methanol can be 

produced from various carbonaceous feedstocks, including biomass. How-

ever, most methanol today is produced from natural gas.138 N2, as discussed in 

section 2.4, is produced mainly through cryogenic air separation.111  

The favourable aspects of the HCP synthesis system described here, com-

pared to the more conventional Friedel-Crafts synthesis systems, are the use 

of relatively more sustainable solvents (avoiding for instance dichloroethane 

or nitrobenzene) and catalysts, and no need for halogenated precursors or 

crosslinking agents.7,139 However, upon evaluation of the sources for the sol-

vent and catalyst, it is clear that further improvements can be made. A fully 

renewable and more sustainable solvent, or rather a solvent-free system would 

be preferable. Replacement, reducing the amount or removal of the catalyst 

may lead to improvements as well. In general, finding more sustainable 

sources and production pathways for common chemicals would improve the 

sustainability of all downstream processes. The washing and soxhlet extrac-

tion processes should be examined in detail to reduce or remove the need for 

solvents. The supplied energy and handling of wastes should be examined in-

depth and, in general, a complete life-cycle perspective should be used.  
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Conclusions and outlook 

Three types of porous organic materials have been synthesized and character-

ized with respect to their molecular structure and porosity. Care was taken to 

make the syntheses comparably sustainable.  

First, the by-product lignin was used to produce bio-oil, and the by-product 

from the bio-oil production process was used to produce magnetic activated 

carbon through a KOH activation procedure. The MACs porosity could be 

tuned using different activation temperatures and had BET surface areas up to 

2880 m2/g and a CO2 uptake level up to 6.0 mmol/g. Iron particles within the 

MACs were responsible for the observed magnetic properties. The porous 

properties of the MACs may make them useful in CO2 separation processes. 

Further development, specifically to increase the sorption selectivity of such 

sorbents, increasing the CO2 uptake, simplifying the synthesis procedure, scal-

ing up the synthesis and testing towards specific applications seems war-

ranted. The use of waste from full-scale industrial processes, the porosity and 

magnetic properties makes these types of porous organic materials interesting 

for other processes as well, for instance in catalysis and water treatment. At-

tracting a dispersed sorbent in a liquid via the sorbents magnetic properties 

seems like a natural application area for materials such as MACs. The iron 

nanoparticles may also enable more rapid desorption/regeneration if electro-

magnetic fields are applied.  

Second, the synthesis of microporous humins was exemplified using HMF, 

common monosaccharides (glucose, fructose, and galactose), disaccharides 

(sucrose and lactose), and polysaccharides (starch and cellulose). These car-

bohydrates were subjected to treatments with sulphuric acid, diethyl ether and 

heating under N2. This reactive treatment formed interconnected particles with 

sizes in the tens to hundreds of nanometres among channels and cavities. The 

particles mainly consisted of disordered aromatic carbon structures with sig-

nificant oxygen content, as well as some presence of sulphur. The mi-

croporous humins showed BET specific surface areas up to 1020 m2/g and 

CO2 uptake levels up to 5.27 mmol/g. Further gas sorption studies showed low 

pressure (0.15 bar) CO2 uptake to be very high at 2.18 mmol/g, isosteric heat 

of CO2 adsorption to be as high as 44 kJ/mol, and IAST calculated gas uptake 

selectivity to be promising for applications. Humins formed in biomass con-

version processes may be of high value in both sustainable and conventional 

processes. This insight may have far reaching consequences, particularly in 

how more sustainable porous materials can be prepared compared with those 

commonly used in applications today. The washing procedure using diethyl 

ether for microporous humins likely has a significant impact on the material 
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properties and as such it would be of interest to study this aspect further. It is 

to be expected that other acids, bases or other reagents may be used instead of 

sulphuric acid in the first step of the synthesis procedure, resulting in varied 

material properties and elemental content. Controlling sulphur content or in-

troducing other elements could prove useful in applications. The studies de-

scribed here used a range of saccharides to exemplify the synthesis procedure. 

It is expected that a far wider range of saccharides, related molecules, and 

mixtures can be used. Using other molecules would likely result in variations 

of the material properties. The formation of carbonaceous nanoparticles has 

been seen in chemistries related to those of microporous humins. Exploring 

the colour changes during synthesis, the formation of nanoparticles, and their 

applications could therefore be warranted.  

Third, the synthesis of hypercrosslinked polymers in a system with sul-

folane as solvent and FeCl3 as catalyst was exemplified using a range of bio-

based molecules: quercetin, tannic acid, phenol, glucose, 1, 4-dimethoxyben-

zene, and a commercial bark extract. Interconnected particles, > 50 nm in size 

formed and they consisted of mostly phenolic and aromatic carbon-rich mo-

lecular structures. In addition, aliphatic carbons were observed as well as sig-

nificant sulphur, iron and nitrogen content. The formed structures for the dif-

ferent HCPs had varied porosities with BET specific surface areas up to 

1440 m2/g, total pore volumes up to 1.86 cm3/g and CO2 uptake levels up to 

3.94 mmol/g. Friedel-Crafts alkylation-type chemistry can potentially be used 

to produce porous materials from any aromatic or aromatic-forming molecule. 

In the context of sustainability, biomass contains vast amounts of such mole-

cules, and we have shown here that they are certainly applicable in the syn-

thesis of HCPs. The use of different molecules produced HCPs with varied 

characteristics. Thus, expanding the range of molecules used in this synthesis 

procedure is expected to produce an even wider variation of material charac-

teristics. Although widely used in industry, much can be done to improve the 

sustainability and other aspects of Friedel-Crafts chemistry in general. The 

general approach is promising and the optimization of the synthesis procedure 

can certainly be continued. The use of sulfolane as a solvent is now questioned 

and replacements should be sought or other approaches explored. Solvent-free 

synthesis could be relevant to study further. Finding other catalysts to replace 

the widely used and to some degree problematic FeCl3 or using catalyst-free 

approaches should be explored further. Studying the washing procedure, in-

cluding soxhlet extraction, has the potential to not only lower chemical use 

and simplify the synthesis, but also to affect the material characteristics.  
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Populärvetenskaplig sammanfattning 

Resurserna som finns tillgängliga på vår planet, vare sig det är metaller, 

mineraler, biomassa i form av växter och djur, luft, vatten eller annat, används 

av oss människor i allt större utsträckning. Vår resursanvändning förbrukar 

inte bara de resurser som används utan har även en negativ påverkan på andra 

resurser. Vårt globala samhälle är så sammankopplat att resursanvändning i 

en världsdel har påverkan på resurserna i en annan och det är sannolikt inte 

förrän alla mänskliga aktiviteter är hållbara som en hållbar använding av 

resurser kan etableras. Således anses det viktigt att utveckla (mer) hållbara 

kemiska och industriella processer och material.  

Den materialtyp som ligger i fokus för denna avhandling är organiska 

porösa material. Organiska i den mening att de består till en viss del av 

grundämnet kol. Porösa material används i tvättmedel, för att rena 

dricksvatten och avloppsvatten, inom biogasuppgradering, för att fånga 

koldioxid, som katalysator i oljeraffinaderier eller inom organisk syntes, inom 

gasförvaring, i sensorer och i diverse biologiska tillämpningar. Porösa 

material kan genom sina tillämpningar bidra till ett med hållbart samhälle men 

ett problem är att många porösa material inte är hållbara i sig själva. Således 

finns det ett behov att utveckla mer hållbara porösa material. I denna 

avhandling beskrivs synteserna av tre olika typer organiska porösa material. 

Dessa undersöks även med avseende på deras molekylära struktur och 

porositet.  

Vid papper- och massatillverkning separeras lignin bort från de åtråvärda 

produkterna och förbränns vanligtvis för värme. I den här avhandligen 

användes lignin till att producera en bioolja, som kan användas som bränsle 

eller till kemikalier. I den processen produceras dock en fast biprodukt. Denna 

biprodukt studerades som råvara för att producera ett aktivt kol med hög 

porositet och magnetiska egenskaper (järn var inkluderat).  

Man har länge vetat att socker bildar fasta och oönskade föreningar i 

kontakt med syror. Här visades det hur man kan producera microporösa 

huminer, d.v.s. porösa material med små porer, från en rad olika sockerarter, 

stärkelse och cellulosa tillsammans med bl.a. svavelsyra. Detta arbete är 

betydelsefullt för processer där biomassa används för att producera 

kemikalier, där fasta biprodukter idag anses som ett problem.  

Växtriket är fullt av molekyler med aromatiska strukturer. I den sista delen 

i avhandlingen visas hur sådana molekyler kan användas för att skapa porösa 

material genom så kallad Friedel-Crafts kemi med sulfolan som 

lösningsmedel och järnklorid som katalysator.  
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