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Abstract 
In order to transition energy use away from fossil fuels, the transformation of renewable lignocellulosic biomass 
needs to be improved and its supply of sustainable bioenergy into a wider bioeconomy increased. Achieving this 
will require: (1) renewable, cheap and high-quality lignocellulosic feedstocks, (2) a robust process to transform 
this feedstock into bioenergy and finally (3) a system to recover and use this bioenergy as well as value-added 
products.  
In this PhD, multiple examples were used to explore unconventional feedstocks, novel transformation processes 
and opportunities for value-added products. Feedstocks ranging from invasive species threatening the UK 
environment, Rhododendron and Japanese Knotweed (Chapter 3), metal contaminated waste wood (Chapter 4), 
metal enriched biomass grown on marginal land (Chapter 5), and wastewater irrigated willow, a leading dedicated 
bioenergy crop (Chapter 6).  
While conventional bioenergy systems often burn wood pellets for energy co-generation, the innovative 
transformation process of ionic liquid-based technologies are explored as flexible enough to fractionate 
unconventional biomass feedstocks and deliver high yields of sustainable bioenergy and bioproducts. This was 
allowed by the unique and tuneable properties of protic ionic liquids. Here dimethylbutyl-hydrogen sulphate - 
[DMBA][HSO4], a cheap hydrogen sulphate [HSO4]- based ionic liquid, and 1-methylimidazolium chloride - 
[C1Him][Cl], were used in the ionic-liquid based ionoSolv process. Key efficiency parameters such as temperature, 
reaction time, biomass to solvent loading and solvent recycling, were explored. The process was also challenged 
with the presence of diverse metal contamination to determine the potential to extract the metals and produce a 
fermentable pulp and lignin in parallel. 
Bioenergy recovery from the ionoSolv process was explored as well as the potential to recover multiple value-
added products. In addition to determination of heating values of isolated lignin as well as hydrolysis and 
fermentation yields of cellulose rich pulps into bioethanol, interactions of contaminating metals and their impact 
on yeast fermentation yields were investigated. This investigation highlights the benefits of [C1Him][Cl] ionic liquid 
pretreatment for the production of clean bioenergy and bioproducts from highly contaminated feedstocks. As an 
important property of ionic liquids is that they can act as media for electrochemical reactions, electrodeposition of 
metals from ionic liquid liquor, metal extraction efficiencies and any detrimental interactions with ionic liquid 
recycling were assessed. To further diversify system outputs beyond bioenergy alone, production of bio-oils, char 
and gases from pyrolysis of post-hydrolysis residue was determined, as well as the possibility for recovery of 
phytochemicals as potential complementary value-added products. 
This research highlights that unconventional feedstocks have the potential to support a developing bioeconomy 
and that the reallocation of waste and reclamation of contaminated soils and waters could act as a financial, social 
and environmental levers to improve the sustainability of bioenergy production. The studies also showcase how a 
versatile engineered ionic-liquid pretreatment has the potential to transform environmental burdens into resources 
that are compatible with the diversification of multiple product streams. Taken together, these findings can serve 
as a proof-of-concept for integrated scale-up of sustainable ionic-liquid based biorefinery. 
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Glossary 
[C1Him][Cl] 1-methylimidazole chloride 
[DMBA][HSO4] Dimethylbutyl hydrogen sulphate 
[TEA][HSO4] Triethylammonium hydrogen sulphate 
AIL Acid Insoluble Lignin 
AIR Acid Insoluble Residue 
ASL Acid Soluble Lignin 
BM Biomass 
CCA Chromated Copper Arsenate 
DM Dry Matter 
DMSO Dimethyl sulfoxide 
DPn Degree of polymerisation 
EEA European Environmental Agency 
G Guaiacyl  
GPC Gel Permeation Chromatography  
H p-hydroxyphenyl  
HHV Higher heating value 
HMF 5-hydroxymethylfurfural  
HPLC High Pressure Liquid Chromatography 
HSQC Heteronuclear single quantum coherence  
ICP-MS / OES Inductively Coupled Plasma Mass Spectrometry / Optical Emission Spectrometry 
IL Ionic Liquid 
INNS  Invasive Non-Native Species 
IPCC The Intergovernmental Panel on Climate Change 
JPK  Japanese Knotweed 
LCA Life Cycle Assessment 
LCC Lignin-carbohydrate complex  
Mn number-average molecular weight  
Mw weight-average molecular weight  
NMR Nuclear Magnetic Resonance  
NREL National Renewable Energy Laboratory 
ODW Oven-Dried Weight 
PDI (Đ) Polydispersity index  
PIL Protic ionic liquid  
ppb / ppm Part per billion / part per million 
RHDN Rhododendron 
RPM Rotation Per Minute 
S Syringyl 
TGA thermogravimetric analysis  
Tonset Temperature of onset of thermal degradation  
wt % weight percentage 
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1 Introduction 
Current generations are facing multiple challenges, in response to our increasing demands on 
the planet: feeding both current and future populations and providing sufficient energy with 
limited resources, while tackling and limiting the effects of human activity on climate change. 
These needs are only likely to become more pressing. The vast majority of fuels and chemicals 
are derived from non-renewable resources: in 2020, more than 84 % of the total primary 
energy supply in the United Kingdom came from non-renewable resources; mainly natural gas 
and oil.1 Given the established situation of the limited availability of fossil fuels, their 
subsequent CO2 emissions and their dramatic effect on climate change, we need to shift our 
energy supply towards cleaner and more sustainable sources of energy. 
 

1.1 The challenge of sustainable bioenergy 
The Paris Agreement set a global target to limit global warming to we ll below 2˚C above pre-
industrial temperatures and pursue efforts to limit this rise to 1.5˚C.2 Doing so will require that 
‘net’ human-caused CO2 emissions are reduced to zero around 2050 or soon after.3 In 2019, 
the Committee on Climate Change (CCC) suggested that technologies including afforestation, 
reforestation and bioenergy will be needed to achieve the statutory UK target of net zero GHG 
emissions by 2050,4,5 specifically in Integrated assessment models (IAMs).6 IAMs are complex 
models developed by scientists to estimate the most cost-effective scenarios to meet global 
temperature targets.3 The models describe the global economy, energy and land use systems 
to produce ‘pathways’ that illustrate how the Paris Agreement aims could be met.7  
However, these IAMs have underpinning assumptions and limitations: cost-effective solutions 
and readiness of energy transformation technologies, a large increase in biomass yields, but 
most importantly the amount of land freed by dietary changes and the use of marginal land 
(such as degraded agricultural land). There is debate about which biomass resources could 

be used for bioenergy to meet those targets.8–10 The role of bioenergy, the modelling of 

available land and biomass and their associated greenhouse gas emissions, sourcing of the 
biomass used for energy generation, its carbon footprint and overall sustainability are still 
being researched and discussed.11–13 Are the implications of increased bioenergy used to 
meet the net zero target actually sustainable? Estimates of bioenergy by 2050 vary from 100 
to 300 exajoules (EJ) per year (equivalent to 17 and 51 % of the global primary energy supply 
in 2017, respectively).14,15 The definition of sustainability is often contested, but it is considered 
to have environmental, economic and social dimensions.16,17 In practice, the sustainability of 
bioenergy is often context specific, depending on its location, feedstock, production method 
and supply chain.18–21 The International Organization for Standardization has developed 
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bioenergy sustainability criteria (ISO 13065). These are used to compare bioenergy processes 
or products, but do not set any thresholds or limits.22 Moreover, current sustainability schemes 
do not include emissions from the conversion of biomass itself to an energy vector. The 
International Energy Agency (IEA) stresses that current sustainability frameworks need to be 
reinforced to fully integrate the carbon impact of supply chains, understand the 
interconnections between bioenergy and food security and promote transparency.23  
Additional to concerns over the sustainability of bioenergy, there are also technological and 
economic challenges associated with renewable energy production: an engineering challenge 
from using biomass instead of fossil fuels in power and industrial plants. Moreover, the uses 
of biomass for energy generation vary depending on the type of raw material and the 
conversion technology.24 The main, more “conventional” feedstocks used to produce 
bioenergy are:   

- energy crops, including edible crops and dedicated herbaceous or woody crops;  
- forestry resources, e.g., residues from the timber industry (forest bark, thinnings, 

branches, sawdust);  
- waste, i.e. agricultural residues, food waste, sewage sludge, manures.25–29  

These feedstocks can then be used for power or heat generation by combusting the biomass 
in a power plant to supply the electricity system or using the heat, for example in a specific 
industrial plant, e.g. fuel and chemicals production.26 
 

1.2 Feedstocks for bioenergy 
Bio-derived fuels and chemicals are promising alternatives to those derived from fossil fuels 
as they can afford carbon savings and are in renewable supply. Bioethanol and biodiesel have 
the greatest produced volume, with an estimated global biofuel demand of 12 EJ by 2030 
according to the IEA Net Zero Scenario.30 Bioethanol has the advantage of being producible 
from any type of plant, but its production differs depending on the nature of the feedstock.31 
 
First generation biofuels rely on a relatively simple process of convertible edible sugary or 
starchy biomass, through fermentation of sugars by yeasts into bioethanol. Specifically, 
growing and importing such biofuel crops can contribute to the extensive use of fertilisers, but 
also lead to the deforestation and limitation of agricultural soil availability for food crops.32,33 
Second generation biofuels have been proposed as assisting with addressing this issue. Non-
edible lignocellulosic biomass, such as wood or wheat straw are used as a starting material. 
Present in abundant quantities, this feedstock is cheaper and more environmentally-friendly 
than alternatives as it does not compete with food or agricultural crops, has a lower fertiliser 
input and can have a positive effect on soil quality and biodiversity.32,34  However, 
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lignocellulosic biomass has a more complex chemical structure, which makes it more 
recalcitrant to enzymatic hydrolysis required for subsequent fermentation. The composition of 
the cell wall of the plant, essentially the presence of lignin, has to be deconstructed in order 
to liberate the sugars within for bioethanol production.35 The deconstruction of the biomass 
requires an additional step, called pretreatment as shown in Figure 1.1.36 

Figure 1.1: bioethanol production pathways for 1st generation and 2nd generation feedstocks 

 

1.2.1 The complex structure of lignocellulosic biomass 

The major part of a plant cell is the cell wall. It holds the cytoplasm, vacuole and nucleus of 
the cell. Lignocellulosic biomass, or ‘woody plants’, are composite materials. As seen in Figure 

1.2, a lignocellulosic cell wall is a complex composite of 3 major polymers: cellulose (35-50 
wt%), hemicellulose (25-35 wt%) and lignin (15-25 wt%).37 The remaining mass of the plant 
are proteins, lipids, extractives and ash.  
There are 3 major different types of lignocellulosic biomass: grasses, softwoods and 
hardwoods. They differ in chemical composition but also in complexity of the structure (pore 
size, thickness of cell wall). Generally, hardwoods are deciduous, slower growing species 
such as willow, poplar or beech. Their structure is complex due to their large water conducting 
pores. Softwoods, such as pine or spruce, have needles instead of leaves. Their lignin content 
is higher than those of hardwoods. The lignin is highly cross-linked which makes it more 
recalcitrant to deconstruction. They also differ from the other types by having mannose as 
their main hemicellulose monomer.38 Finally, grasses are relatively easy to deconstruct 
because of their cell structure and lower lignin content.39 
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Figure 1.2: arrangement of cellulose hemicellulose and lignin in the cell walls of lignocellulosic 
biomass 

1.2.2 Cellulose 

Cellulose is the most abundant polymer on Earth. This chemical is a homopolymer of D-
glucose units as shown in Figure 1.3. The β-1,4 bond between each monomer introduces a 
180-degree angle between each sugar, so that the polymer backbone organises itself as a 
strong micro fibril. These micro fibrils are held together via hydrogen bonds and Van der Walls 
interactions to form the very backbone of the cell wall, a cellulose micro fibril. Each chain from 
the micro fibril is highly aligned, rigid and ordered, which gives cellulose a crystalline structure. 

Due to its high molecular weight and high degree of polymerization (reaching a DPn of 10 000 
or higher), cellulose is insoluble in water and most of organic solvents. Only some solvents 
can dissolve cellulose: metal complexes solvents such copper(II)-ethylenediamine complex 
(cuen or CED), N-methylmorpholine-N-oxide (NMMO) or N,N-dimethylacetamide/lithium 
chloride (DMAc/LiCl);40 some ionic liquids also have proven to dissolve cellulose with small, 
hydrogen bond accepting anions.41 

Figure 1.3: β-1,4 glucosidic bond found in cellulose 
 



 

 21 

Cellulose represents a starting chemical for a large number of various applications (e.g. paper, 
paperboard, membranes and textile42,43). 

The hydrolysis of cellulose gives glucose, which can be converted into variety of chemicals 
such as bioethanol, levulinic acid, lactic acid and 5-hydroxymethyl furfural (5-HMF).44,45 5-
HMF, as shown in Figure 1.4,46 is considered as a versatile platform of chemicals and it is in 
fact listed as one of the most important renewable chemicals that can be obtained from 
lignocellulose biomass.44,46 

 

Figure 1.4: proposed acid catalysed mechanism for the formation of HMF and levulinic acid from 
hexoses 

1.2.3 Hemicellulose 

Hemicellulose is a low molecular weight polysaccharide heteropolymer: made of hexoses 
(glucose, mannose and galactose) and pentose (xylose and arabinose) sugars. The exact 
composition of the hemicellulose component depends mainly on the species of the plant.  
The amorphous hemicellulose binds non-covalently to the cellulose micro fibrils, increasing its 
overall stiffness.35 Moreover, polysaccharides in the hemicellulose can be functionalised with 
groups such as acetyl, methyl cinnamic, glucuronic or galacturonic acids. It has been 
proposed that the acetylation of some of the hemicellulose sugars increases its affinity to 
lignin, which increases the overall cohesion of the lignocellulose biopolymer matrix.39 During 
pretreatment processes, especially fractionation processes, these lignin-carbohydrates 
complexes bonds are cleaved.47 Hemicellulose polysaccharides are branched and made of 
lower degrees of polymerization than glucose, of around 100 to 200 units, which makes them 
easier to hydrolyse compared to cellulose. The sugar monomers can be converted to furfural 



 

 22 

as shown in Figure 1.5, a promising platform chemical for the replacement of many commodity 
petro-chemicals.48 

Figure 1.5: proposed acid catalysed formation of furfural from xylose 

1.2.4 Lignin 

Cellulose, hemicellulose and pectin are the main components of what is called the primary 
cell wall. After the growth of a plant cell, it differentiates according to its role and place in the 
plant. This differentiation is often determined by the composition of its cell wall. Among the 
last termination stages of differentiation, a secondary wall is secreted within the primary cell 
wall by synthesising new molecules in the membrane. For all lignocellulosic plants, this 
secondary cell wall contains large amounts of lignin as well as other polysaccharides in 
variable proportions. Lignin is a complex hydrophobic aromatic heteropolymer, which acts as 
a water-proof mechanical support and physical and chemical barrier to climate conditions and 
microbiological attacks.  
The biosynthesis of lignin involves the random radical polymerisation of three monomers: 
coniferyl, sinapyl and p-coumaryl alcohols.47 The monomers are identified based on their 
aromatic structure as guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) subunits respectively, 
as shown in Figure 1.6.  The proportion of these subunits is different from one lignocellulosic 
biomass to another.45 Lignin found in softwoods is made almost exclusively of G units, while 
hardwood lignin has equal proportions of G and S units and all three units are found in 
grasses.49 

 

Figure 1.6: three main units forming lignin structure 
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The exact structure of native lignin is not fully known because of its complexity, still unknown 
degree of polymerisation or linkages and numerous bonding patterns. However, it is known 
that the C-O-C linkages are predominant in the lignin structure, whether as ether bonds or 
furan rings.50 Specifically, the β-O-4’ ether bonds account for about 50 % of the linkages in 
lignin polymers.51,52 Figure 1.7 shows the most common linkages found in native lignin, 
including the 4-O-5 ether bonds, less present than the β-O-4’, as well as highly present C-C 
bonds.53 
The presence and the nature of lignin is considered to be the main barrier to the utilisation of 
lignocellulosic biomass for biorefinery. Lignin acts as a shield against the hydrolysis of 
cellulose and hemicellulose sugars. This is why the biomass needs a pretreatment step prior 
to any valorisation of the chemical components of the biomass and one of the major 
deconstruction approaches of the biomass is delignification to enhance enzymatic digestibility 
and sugar release. 

Figure 1.7: main linkages known to be found in native lignin 

 

1.3 Deconstruction and pretreatment of biomass 

1.3.1 Conventional conversion processes 

There are essentially two possible routes to using lignocellulosic biomass as a fuel: thermal 
and bioconversion. Thermal conversions include the gasification of biomass into syngas (a 
mixture of CO2, CO and H2) and conversion into hydrocarbons via Fischer-Tropsch synthesis 
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using metal-based catalysts. Pyrolysis is another way to convert biomass at elevated 
temperature in the absence of oxygen, but product recovery is challenging.54 Bioconversion is 
sensible to the structure of the biomass as it aims at separating the different components and 
converting them into valuable chemicals and/or energy. However, because of the nature of 
lignocellulosic feedstock, the bioconversion includes four steps as shown in Figure 1.1: 
pretreatment of the biomass, enzymatic hydrolysis, microbiological fermentation and 
distillation. As seen previously, the secondary cell wall of biomass forms a robust molecular 
matrix. In order for the hydrolysis of the sugars to occur, the enzymes need to access the 
cellulose and hemicellulose of the cell wall.55 The presence of lignin prevents the hydrolases 
(enzymes) from accessing and breaking down the polysaccharides, while deconstructed forms 
of lignin can also cause inefficient binding of the enzymes. To achieve a realistic and efficient 
hydrolase activity, the lignin can be removed from the sugar components of the cell wall during 
an additional step called pretreatment. In the context of a biorefinery, the pretreatment enables 
subsequent recovery of high-quality sugar yields (C6 and C5) as well as other possible value-
added product streams in a way that it is sustainable and economically viable. Pretreatment 
processes can be classified into physical, chemical, physico-chemical and biological methods, 
depending on how the changes in the biomass are achieved.  
Physical pretreatments (e.g., milling/crushing, extrusion, microwave, ultrasound and high-
energy radiation) modify the lignocellulosic biomass structure without the need of chemical or 
biochemical reactions. They prevent chemical degradation of biomass, avoiding loss of sugars 
and other compounds, but suffer from high energy consumption and insufficient biomass 
destruction. To overcome these disadvantages, they are usually performed in combination 
with chemical, physicochemical or biological methods.56  
Chemical methods use acids, alkalis, oxidants and organic solvents to perform the biomass 
degradation. They lead to extensive chemical changes in the biomass and can be more 
efficient than physical and biological methods.57–59 However, these chemical changes lead to 
the production of undesired by-products.57 Other disadvantages are the amounts of chemicals 
consumed and the need to remove them from the biomass.57–59 In order to achieve better 
pretreatment results, combinations between chemical and physical pretreatment methods 
have been largely studied: liquid hot water pretreatment,60,61 steam explosion62,63 and 
ammonia fibre expansion.64–66  
Biological pretreatments are considered safer and more environmental-friendly, as they do not 
require chemicals or high temperature/pressure conditions. However, they are usually 
expensive and slow in comparison to other methods due to the high cost of enzymes and 
hydrolysis rates.58 Biological pretreatments can be divided in two different processes: bio-
delignification, which aims to remove lignin from the biomass; and saccharification which aims 
to hydrolyse cellulose and hemicellulose in sugars.57,58  Enzymes and microorganisms have 
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been evaluated to perform biomass delignification, while saccharification is normally 
performed using enzymes.56–58 
The extra pretreatment processing step adds complexity, cost and energy to the bioenergy 
production process. Some studies show that cost of the pretreatment step can reach 18-20 % 
of the total biorefinery process,67,68 although capital investment of the plant itself and waste 
water treatment are also expensive (15-20 % of the Capital Expenditures).69 Furthermore, the 
production cost of the chemicals is very much dependant on the composition of the biomass 
(amount of carbohydrates, lignin and extractives content) and the chemicals used in the 
process. Each pretreatment approach has its own advantages and drawbacks. However, the 
real challenge of pretreatment technologies today is their techno-economic effectiveness. In 
order to be viable, they need to meet large-scale process goals of low operating and capital 
and energy costs.70  
 

1.3.2 Ionic Liquids for pretreatment 

Ionic liquids are a class of ‘designer’ solvents, which are made of two components: a mobile 
anion and a cation. They are essentially molten salts that are liquid at or near room 
temperature (< 100°C). Ionic liquids have high thermal stability and many of them have 
negligible vapour pressure under standard process conditions, which makes them very 
attractive for reducing atmospheric pollution from the classic volatile organic solvents. 
Moreover, there is a wide range of possible combinations of ions, which makes ionic liquids 
tuneable and task specific.71,72  

In practice, only a relatively small number of anionic and cationic structures have been 
commonly studied such as alkylated nitrogenous cations, e.g., imidazolium, pyrridinium, or 
ammonium – as shown in Figure 1.8. 
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Figure 1.8: commonly studied IL anions and cations 
 

1.3.2.1 Dissolution vs fractionation processes using ionic liquids 

1.3.2.1.1 The dissolution process of cellulose 
There are two approaches to lignocellulosic biomass processing using ionic liquids. The first 
one is dissolution of the biomass, where the whole biomass is non-selectively dissolved in the 
ionic liquid.35 The solubility of the cellulose component has been attributed to the strong 
hydrogen bond basicity of its anion: in this case the halide, chloride, carboxylate and 
alkylphosphate anions.73 The hydrogen of the anion forms bonds with the hydrogen of the 
cellulose, disrupting the interactions of the macromolecule. These anions are often combined 
with imidazolium, pyridinium, ammonium-based cations (Figure 1.8). The dissolution process 
involves dissolution of the entire lignocellulosic matrix, followed by precipitation of a more 
easily hydrolysable solid pulp, often carbohydrate-enriched, using an antisolvent such as 
water or water/acetone in order to retain more lignin in solution.74,75 Cellulose dissolution 
requires a solvent with high hydrogen-bond basicity (β).35 It has been estimated that 
dissolution of the cellulose fraction needs a β value above 0.8,76,77 whereas for lignin 
dissolution a β value above 0.4 is needed.78 More recently this concept has been extended to 
take into account the net hydrogen bond basicity of the solvent. It has been suggested that in 
order to dissolve cellulose a difference between hydrogen bond acidity and basicity needs to 
be higher than 0.35.77 Therefore, the choice of IL is a decisive factor that affects which process 
will take place. The solvent properties of the IL tend to be dominated by the anion,79 leading 
to a relatively low number of different anions being used for each process. ILs containing 
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dialkylimidazolium cations and chloride and acetate anions have been shown to have high β 
values (i.e. over 1).79,80 As a result, the most common ILs employed for dissolving the whole 
biomass are aprotic, such as [C2C1im][OAc] and [C4C1im][Cl]. On the other hand, protic ILs 
(PILs) usually do not have sufficient hydrogen bond basicity to dissolve cellulose even when 
dry.35 Nevertheless, there are a number of exceptions such as a small number of carboxylate 
and chloride protic ionic liquids (PILs);i.e. [N3(CH2)2OH][HCOO] and [C2im][Cl].81 To date, 
dissolution of biomass has been studied with a wide range of conventional, typical 
lignocellulosic feedstocks and ILs, as seen in Figure 1.9. Usually, dissolution processes 
change the cellulose structure from cellulose I to cellulose II, with a reduction in cellulose 
crystallinity. Lignin and hemicellulose removal depend on the biomass and IL evaluated. The 
precipitation procedure, usually by the addition of an anti-solvent, also influences the content 
of both lignin and hemicellulose in the regenerated biomass.82–84  
Water content also play a major role in the dissolution process. Water has a low β, and thus 
dilution of the IL leads to a decreasing hydrogen bond basicity.85,80 Therefore, in order to 
optimally dissolve the entire biomass structure in a dissolution type process, the water content 
needs to be minimized.35 As a result, certain ILs can behave as either dissolution or 
fractionating solvents depending on their water content. Additional factors, such as the 
temperature and biomass loadings used in pretreatment can also affect the process due to 
solubility limits.86 
 

Ionic Liquid Structure of Ionic Liquid Feedstock 
Temperature 
and time 

Biomass 
loading 
(%wt) 

Solubilis
ation % 

Referen

ces 

1-ethyl-3-
methylimidazoliu
m acetate 

 

Pine 170 °C, 30 min 5 92.2 
87 

Pine 185 °C, 7 min 5 42.8 
Pine 110 °C, 16 h 5 93.5 

88 
Oak 110 °C, 16 h 5 98.5 

Beech 115 °C, 24 h 5 75 

89 
Beech 115 °C, 72 h 5 95 
Spruce 115 °C, 24 h 5 40 
Spruce 115 °C, 72 h 5 75 
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1-butyl-3-
methylimidazoliu
m chloride 

  

Pine 110 °C, 16 h 5 26 88 

1-allyl-3-
methylimidazoliu
m chloride 

  

Spruce 110 °C, 8 h 8 95 90 

Pine 100 °C, 15 h 5 26 
91 

Pine 110 °C, 2 h 3 50 

Spruce, 
Eucalyptus 

75 °C, 48 h 10 100 92,93 

1-ethyl-3-
methylimidazoliu
m diethyl 
phosphate 

  

Wheat Straw 100 °C, 1 h 4 
not 
determi
ned 

94 

Figure 1.9: solubility of lignocellulosic powders in ionic liquids 

1.3.2.1.2 The fractionation process to separate cellulose and lignin 
The second ionic liquid strategy for the pretreatment of biomass is the fractionation process. 
These processes are meant to fractionate and therefore produce fragments of lignocellulosic 
chemicals: cellulose, lignin and to a certain extent, hemicellulose. To achieve fractionation, 
lignin and hemicellulose are selectively solubilised in the ionic liquid, leaving a cellulose rich 
pulp. Ionic liquids do not need to exhibit high hydrogen basicity to solubilise lignin. Ionic liquids 
with anions such as halides (chlorides, bromides)72,95, acetate, triflate [OTf]- methyl sulphate 
[C1SO4]-, xylenesulfonate96 [XS]- and hydrogen sulphate [HSO4]- have been used.97 
Imidazolium cations can also solubilise lignin by interacting with its phenyl groups via the 
aromatic ring.35 

Brandt et al. designed a method called the ionoSolv process for the pretreatment of 
lignocellulosic biomass using a mixture of ammonium-based ILs with [HSO4]- anion in 20 wt% 
water (avoiding the need to work under strict anhydrous conditions).98,47 This process can 
successfully dissolve lignin - by breaking some of its ether bonds - and partially dissolving 
hemicellulose. It does not solubilise the cellulose component of the biomass, which stays in 
the solid phase as a cellulose pulp. The lignin can be recovered by the addition of an anti-
solvent from the ionic liquid liquor. This ionoSolv fractionation process has been studied using 
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conventional feedstocks, for consistency and study of inherent chemical reactions: grasses 
(Miscanthus, sugarcane bagasse), softwoods (Pine), hardwoods (Willow) and Eucalyptus.99–

104 While the process is still being developed at bench-scale, the research on the ionoSolv 
fractionation currently focuses on the production and purity of the cellulose pulp and the 
recovered lignin (readily available fractionation products);99,105,106 with one study investigating 
the ionoSolv process from 10 mL to 1L.107 
 
The most common ILs employed for ionoSolv pretreatments can be broadly divided into two 
categories: acidic and basic. Protic ionic liquids (PILs) due to their easy synthesis consisting 
of an acid/base reaction, usually exhibit a lower cost, and lower hydrogen bond basicity, 
allowing cellulose to remain undissolved.108 The economic assessment of [HSO4] based protic 
ionic liquids showed that the prices of these solvents are very competitive compared to 
traditional solvents, at a price range of $0.78 to $5.88.kg-1.109,110 
Acidic ILs dissolve and hydrolyse both the lignin and the hemicellulose, leaving a solid 
cellulose-rich pulp. High-purity cellulose can be obtained, often with an increased degree of 
crystallinity due to removal of amorphous cellulose fragments, lignin and hemicellulose,111 
opening pathways for high value cellulosic materials applications. Valorisation of 
hemicellulose and its constituent sugars is not always possible due to their rapid hydrolysis 
and degradation in solution. The most commonly employed acidic ILs are based on the 
[HSO4]- anion, although other anions such as [Cl]-, and [MeSO4]- have also been used.98 
Regarding cations, studies on ionoSolv pretreatment have been gradually moving away from 
alkylimidazolium-based cations (e.g. [C4im]+)112 to cheaper alkylammonium cations (e.g. 
[N2220]+ and [N1140]+).100,103,104 Due to the low basicity of the anion,113 these ILs are not able to 
solubilise the cellulose with dialkylimidazolium-based cations (such as [C4C1im][HSO4] and 
[C2C1im][HSO4])78,98 and under anhydrous conditions.78 Acidic PILs using a chloride anion, 
e.g. [C1im][Cl] has been used and shown to dissolve cellulose and lignocellulose when dry (as 
has [C2im][Cl]),74,75,81,114  
 
Even though ionoSolv research has been typically focussed on acidic PILs, more recently 
there have been several studies investigating the use of basic PILs. Basic PILs may still 
dissolve and depolymerise lignin due to their alkaline nature, while broadly preserving the 
hemicellulose fraction in the pulp. Basic PILs usually use on carboxylate anions (e.g. acetate, 
propionate, butyrate, pentanoate, hexanoate, lactate) combined with alkylammonium, 
pyridinium, or pyrrolidinium cations.113,115–119 Although other ILs based on these anions tend 
to be cellulose-dissolving, the protic nature of the IL reduces its basicity sufficiently that some 
of them have been found not to dissolve cellulose or lignocellulose when dry. Protic 
alkylimidazolium acetate and formate ILs (i.e. [HC1im][OAc] and [HC2im][HCOO]) have not 
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been substantially studied in terms of pretreatment efficacy but had been reported as not 
dissolving lignocellulose or cellulose when dry,75,119 although one study has reported 
[HC1im][OAc] as being able to dissolve up to 4 wt % of cellulose and lignocellulose at 115°C.120 
Additionally, a number of studies have added water to the pretreatment mixture in order to 
reduce viscosity, which also reduces the β of the solvent.115,118  
 

1.3.2.2 The one pot process 
In recent years, another IL based pretreatment alternative, the “one pot process”, directly 
hydrolyses biopolymers and recovers the hydrolysis products. This approach aims to perform 
pretreatment, saccharification and fermentation without carrying out an exhaustive biomass 
fractionation and IL removal. Additionally, no washing step of the pulp is needed before 
saccharification and fermentation.  One-pot processes have been reported to produce 
sugars,121–128 lactic acid,129 levulinic acid,130–132 alcohols,133–137 biofuels,138–141 furans,142 furfural 
related compounds,143–145 and lignin byproducts.146,147  Several ILs have been used in the 
pretreatment step leading to high sugar recovery after enzymatic saccharification.123,124,134,135 
Like the dissolution process, pretreatment conditions strongly affect one-pot process 
performance because an optimum pretreatment improves enzyme accessibility to cellulose 
and hemicellulose.136 Additionally, saccharification and fermentation also need to be 
optimized. In this regard, the most challenging issue is the performance of enzymes and 
microorganisms at high IL concentrations. Enzyme inactivation by the IL significantly affects 
sugar recovery, even more than pretreatment performance. Therefore, the selection of IL type 
and its concentration, as well as enzyme and microorganism are highly relevant. Detrimental 
effects of an increment of IL concentration during saccharification and fermentation have been 
reported for several ILs and biomasses.137 Consequently, to improve saccharification and 
fermentation performance, dilution of the pretreated medium is usually conducted. However, 
the use of a large amount of water to dilute the medium negatively affects operating costs of 
the process.148–151 Several groups have screened enzymes and microorganisms, or studied 
how to improve enzymes stability, in order to enhance sugar hydrolysis and fermentation in 
media containing high IL concentrations.152–156  
 

1.3.3 Engineered ionic-liquid technologies 

According to the Douglas Methodology of Conceptual Chemical Engineering, basic 
experimental research is needed to study the variables that will have the greatest economic 
impact on the process. In the technical research of the process, the efforts should be focused 
on the ways to improve an existing process. Douglas suggests a hierarchy of decisions as 
follows: nature of the batch (batch vs continuous), input and output structure, recycle 
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structure, general structure of the separation system and heat-exchanger network.157 Because 
ionic liquids are designer solvents, the development of ionic-liquid based technologies can be 
tailored to fit one or several task-specific applications. 
 
There only has been very little research carried out on ionic liquid-based process for 
unconventional feedstocks; the ionoSolv process is solely focused on grasses, softwoods and 
hardwoods to produce a cellulose-rich pulp and a lignin stream. Furthermore, the presence of 
metals in the biomass adds another layer to the “onion” of the process of engineering design: 
managing metals, their extraction and their recovery. The ionic character of ionic liquids makes 
them efficient agents for heavy metal extraction in aqueous phases.158 Ionic liquids behave as 
hydrophobic media, which can incorporate and dissolve charged compounds such as metal 
complexes. The ionic liquid anion, chloride or thiocyanate based for example, can strongly 
coordinate or dissolve metals in an aqueous phase through the formation of chelating 
complexes so that the metal ion binds with the ionic liquid media.159 Protic ionic liquids have 
recently been used for metal extraction from sewage sludge.160 Designing an ionic liquid-
based process, which could both pretreat and deconstruct lignocellulosic biomass, but also 
solubilise and recover metals in the solvent phase, has not been reported in the literature yet. 
ILs can also be used for the electrodeposition of metals or micro/nanomaterials.161–164 By 
applying an electric current, dissolved metal ions can be electroplated on an electrode. Most 
electrochemical applications have been done using APILs, while the use of PILs have been 
limited and done for a few of metals such as silver and copper. Their thermal stability, low 
vapour pressure and tuneable properties with anion/cation combinations add to the flexibility 
in redox potentials for a wide electrodeposition of metals and alloys. Moreover, some ILs do 
exhibit wider electrochemical windows (4-6 V) compared to water (1.4 V) and conventional 
organic solvents, which means that they allow highly electronegative metals to be 
electrodeposited using IL phases – for example Aluminium, Molybdenum or Tantalum.165–167 
It should be noted that the corrosion and toxicity aspects of ILs can be major drawbacks from 
using such solvents for a process application.137 
 

1.3.4 Ionic liquid recycling 

Ionic liquid recovery and recycling are key aspects for the success of an ionic liquid-based 
process. The price of the ionic liquid and the amount of ionic liquid make-up will drive the 
process economics and operating costs.168 Even if the cost of the ionic liquid is low, at least 
94 % recovery of the solvent should be reached for the solvent cost not to be become limiting.97  
Despite the interest of ionic liquid and their recycling properties under process conditions, only 
a few studies looked into this aspect of the process in the literature. Brandt-Talbot et al. 
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investigated the recyclability over 4 cycles of [TEA][HSO4] for the ionoSolv process using 
Miscanthus giganteus on a variety of parameters and 2 process outputs: the composition and 
digestibility of the cellulose rich pulp, the yield and changes in the lignin (as well as liquor 
analysis - degradation products, presence of organic salts).97 The study showed no negative 
impact of recycling on the process performance (glucose yields increased over 3 cycles) and 
a recovery of ionic liquid of 98-99 %. A few other studies investigated the recycling of ionic 
liquids for a dissolution process. However, the biomass loadings used are relatively small for 
an industrial process (5 wt %). Auxenfans et al. used 1-ethyl-3-metylimidazolium acetate 7 
times for the pretreatment of hardwood and softwood sawdust without loss of efficiency.169 
Using the same ionic liquid, Qiu et al. investigated the recycling the ionic liquid for bagasse 
pretreatment and managed to tune the treatment parameters (temperature and time) to 
improve to the pretreatment efficiency over the subsequent cycles.170 

1.4 Unconventional feedstocks for bioenergy 

1.4.1 Unconventional growth environment for biomass: marginal, degraded or contaminated 
land 

A contaminated site is “a land where substances could cause significant harm to people or 
protected species and significant pollution of surface water or groundwater”.167,171,172 The main 
causes of land contamination are the treatment and disposal of waste and industrial and 
commercial activities such as mining, oil refining and electricity generation.173 As a result of 
the causes of contamination, organic substances account for more than 50 % of the soil 
pollutants such as hydrocarbons, polycyclic aromatic hydrocarbons, halogen solvents or 
mineral oils. According to the latest data from the European Environment Agency,  35.5% of 
these contaminants are metalloids: Pb, Cd, Hg, As, Cu, Cr, Zn, Ni and Cd. The different 
contents and importance of each metal differ amongst sites, origin of the contamination and 
nature of the soil.174 Agriculture is still one of the major sources of metal pollution of soil. Efforts 
to increase agricultural productivity have increased the use of inorganic fertilisers, pesticides, 
and sewage sludge application. Superphosphate fertilizers for example contain not only plant 
nutrients but also impurities such as Cd, Pb or Hg.175 In many areas of the world, industrial 
and municipal wastewaters have been used for irrigation due to the scarcity of fresh water for 
agriculture. It is estimated that half of the vegetables grown in Asian and African cities are 
currently irrigated with wastewater.176 Mining and metal extraction from the Earth’s crust are 
equally responsible for the metal contamination of soil since the industrial revolution. In the 
UK, the most extensive areas with the highest values of metal contamination are located in 
the Pennines, the South-West and in the North Midlands. These can be historical areas of 
intense industry and metalliferous mining (South West and Cornwall, steelworks in South 
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Wales) or local areas associated with atmospheric deposition of Pb from coal and derived 
fuels for road transport and urbanisation near London and Glasgow for example.177–179  
If some metals have essential biological functions, their presence in certain fine quantities  not 
only causes a major issue for the quality and health of the soil but these contaminants are 
also prone to human intake. Heavy metals are harmful substances because they are non-
biodegradable and have long biological half-lives.176 They can be directly ingested (children 
playing on the ground or working farmer for example) or indirectly transferred from soil to 
surface groundwater leading to significant water contamination, food crops and animals.  
 
Currently, there is still a predominance of ex situ treatments for dealing with metal 
contaminated land: excavation of the soil and disposal or landfill of the contaminated material 
off-site. This method, called ‘dig and dump’ is the most economically competitive on the market 

compared to in situ techniques (e.g. chemical/physical isolation and immobilisation of the 
metals).180 Excavation is essentially more time-efficient than in situ methods as the soil can 
be used for another purpose after digging up the superficial layer of contaminated soil, which 
can be treated in a second process.173 The ‘dig and dump’ methods are still very expensive 

and highly energy intensive. 93 % of the remediation techniques used in the UK include 
excavation and disposal off-site. For England and Wales only, the government reported that 
£20.5 million had been spent on remediation techniques up to the end of March 2007 and £62 
million would be the estimated remaining cost to complete full remediation of contaminated 
sites within the country.179 Moreover, these methods can only be used on localised, relatively 
small contaminated areas. More importantly, these are not environmentally friendly techniques 
regarding the soil itself. Excavation leads to total disruption of the soil functionality as an 
ecosystem and the groundwater system within.180 
 

1.4.2 Unconventional feedstocks grown for metal remediation 

Phytoremediation is a process that uses plants to decontaminate or stabilise a pollutant from 
its growing medium (water, soil). This is an in situ remediation solution for large, contaminated 
sites, aesthetically appealing, and relies on technologically simple agronomic methods. In 
contrast to current remediation technologies, it can sustain biodiversity and coherence of the 
soil without producing large quantities of chemical waste. A wide range of organic and 
inorganic pollutants can be phytoremediated, especially heavy metals: As, Cd, Cu, Au, Pb, 
Mn, Ni, Zn, etc.181–183 While physiological and biological relevance of metal accumulation in 
plants is still being investigated, it is believed that the metal accumulation could be a genetic 
adaptation of the species to the type of soil they are initially growing in. Accumulating metals 
in their organs could be a mechanism for the plants to fight off competition of non-metal 
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resistant species, unable to grow in its surroundings. This optimises the nutrient availability 
for the metal accumulating species, which can thrive under such conditions.184  

There are several sub-processes of phytoremediation depending on the interaction of the plant 
with the contaminant. Plants can either stabilise, degrade, extract, or even evaporate 
hazardous substances from the soil, as shown in Figure 1.10. The phytochemistry of 
phytoremediation is complex and depends on the contaminant (each metal will be 
loaded/transported/unloaded/stored under different conjugated forms), the mechanism 
adopted dependant on the species (genetics, tolerance of the metal, tissues available) and 
the type of soil (toxicity level of metals, tolerance thresholds of plants).185 The use of marginal 
and contaminated land (MaCL) for successful phytoremediation is challenging because of the 
complexity of the biological mechanisms associated.186,187 

Figure 1.10: principles of phytoremediation 
 

1.4.3 The choice of feedstock is context specific: hyperaccumulators vs dedicated biofuel 
crops 

Many studies have been carried out using hyperaccumulators for phytoremediation. They are 
plant species that can hyperaccumulate metals in their natural habitat, 50 to 100 times more 
than non-accumulating plants depending on the metal – 1 mg metal per kg dry mass for Au/Cd 
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for example and up to 10 000 mg metals per kg dry mass for Zn, Ni, As.188 There are more 
than 500 hyperaccumulating species known today, of which 2/3 hyperaccumulate for 
Nickel.189,190 These plants, usually native of an area with a natural occurrence of metals in the 
soil, are largely from the Brassicaceae family. However, most hyperaccumulators have 
biological drawbacks: only native in certain areas of the world (naturally ultramafic soils) and 
commonly exhibit low biomass yields.191,192  
Some studies have focused their attention on plants that are non-accumulating species but 
present significant biomass yields. The robust nature of second generation biofuel crops (i.e., 
the presence of lignin) makes them potential candidates for crops grown on land unsuitable 
for food-based agriculture, such as low to MaCL; and can tolerate some amounts of metals in 
their growing environment. Plants from the Salicaceae family (e.g. willow, poplar), but also 
rape seed, sunflowers, tobacco, miscanthus, sorghum have been investigated.167,193–197  

Miscanthus spp. are species native to Asia, over a wide range of climates and challenging soil 
conditions (including abandoned mines and low pH soils).198–200 Within the Miscanthus genus 
are highly productive perennial energy types that have low requirements for agricultural inputs 
and have shown tolerance for growth on MaCL, providing the potential for environmental and 
economic benefits.201–203 Miscanthus hybrids have even demonstrated differences in metal 
uptake.204–207 Some metals are easier to remediate, especially if they are taken up naturally 
as nutrients in small quantities such as Zinc.208–210 Growing feedstocks on MaCL could have 
a positive impact on land-use but raises the issue of the safety and fate of trace element and 
pollutants in the biomass after harvest. Because of their potentially hazardous nature, these 
feedstocks are very often burnt for heat and the ash subsequently treated. Moreover, the 
choice of species to use for phytoremediation depends on other several factors: the 
concentration and extent of the contamination (toxicity thresholds), the bioavailability of metal 
in the soil (dependent on a number of factors including pH, clay content and cation exchange 
capacity 180,211–215) and finally the technology available/to be used for the valorisation of the 
biomass.189,216  
 

1.4.4 Agromining and conventional processing of metal enriched biomass 

The phytoextraction of metals followed by the recovery of metal from the plant is called 
phytomining.217 It is an interesting technology to subsidise the cost of phytoremediation on a 
contaminated site. It requires a plant which can extract a significant amount of metal, an 
agronomic technology to achieve high biomass yield and a final process to efficiently recover 
the metal to a valuable form.218–222 The term agromining is also used because of the 
multidisciplinary aspect of phytoremediation: the plant can be engineered or factors 
influencing metal uptake can be altered to achieve a more successful phytoremediation.223,224 
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Therefore, the challenge of phytomining is to combine a phytoremediation with a technology 
that would turn this trace element enriched biomass into a profit. This would provide a cheap 
and new renewable feedstock for the bio-based economy and a recovery of metal(s), while 
improving ecosystem services. 

1.4.4.1 Phytoexclusion: no significant metal uptake but valorisation of marginal land 
Phytoremediation technologies can produce a waste stream: a metal enriched biomass, which 
cannot be released into the environment.225–227 To avoid producing and dealing with 
contaminated biomass, phytoexclusion (or phytostabilisation) can be used: the biomass grown 
on MaCL is unable to take up any contaminant from the soil and therefore, free from 
contaminants.228 This is the case for a large number of non-extracting energy crops. This 
feedstock can undergo regular biomass conversion: gasification for syngas generation,229 
biodiesel/bioethanol production230 or anaerobic digestion for biomethane and compost 
production.231 However, this needs to be closely and regularly monitored as to which extent 
the biomass does not extract hazardous substances. The species might change their 
behaviour by adapting to the soil environment. Moreover, even if the process has a positive 
impact on the functionality of the soil and can provide a valuable source of energy/chemicals, 
the site in question is not remediated. The pollutants remain and the land will not improve in 
value or ever be converted into an agriculture site. This area of research is only at trial stage.232 
 

1.4.4.2 Metallurgy for hyperaccumulators 
The potential end-use of contaminated biomass from phytoextraction is the current challenge 
for the success of the technology for clean-up, especially on the fate of trace elements during 
biomass conversion. Hyperaccumulating species exhibit low biomass yields but high metal 
bioaccumulation factors. Because of these features, the most traditional conversion route for 
hyperaccumulating biomass is extractive metallurgy for metal recovery, i.e., the process of 
removing valuable metals from its source and refining the extracted raw metals into a purer 
form. There are two types of extractive metallurgy. Pyrometallurgy is the most widely used 
pathway to deal with contaminated phytobiomass because it is easily scaled-up, it is an 
efficient way to concentrate the metals from the biomass into the ash, it lowers the 
transportation costs of the bio-ore and the scale of the downstream process used to extract 
the metals from the resulting ash.233 The biomass is ashed at temperatures at 550°C to 
effectively remove organics - but not above as certain elements may be lost to volatilisation 
along the process. Once the ash is produced, the metals are leached out for recovery. This is 
usually done in aqueous solutions using hydrochloric or sulfuric acid. It is a relatively cheap 
process, and the effluent can be neutralised with quick lime. The leachate is further partly 
evaporated to concentrate and refine the final product (see below for the case study of Nickel). 
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Because the majority of hyperaccumulating species accumulate for Nickel and there is 
relatively high economic value for this metal, the focus of phytomining within the past twenty 
years has been attributed to the profitability of Nickel from hyperaccumulating plants. 

Some researchers have successfully recovered Nickel salts as a valuable product of the 
process.220,234,235 A patent had been submitted for the hydrometallurgical process of 
ammonium nickel sulphate hexahydrate (ANSH) from a contaminated site in Albania using the 
plant Alyssum Murale as shown in the simplified scheme of the process in Figure 1.11.234,236 

The process has more than 10 steps, divided in 3 stages: leaching of Ni from the ash to the 
aqueous phase, crystallisation of the Ni salt and purification/separation of the salt. This 
process is still under optimisation, but they estimated the value of the crop at 16 000$.ha-1 
using this process. Using similar technologies, they also used other families of plants such as 
Thlaspi Caerulescens for Cadmium and Zinc decontamination.237 Researchers have also 
investigated turning phytoextracting biomass into metal-based catalysts. This is usually done 
by leaching the ash with hydrochloric acid, followed by deposition on clay (montmorillonite). 
Two French start-ups, Stratoz and Econik, are investigating hyperaccumulators ash to 
produce Lewis acid catalysts and show good performance in ‘green organic synthesis’ (e.g. 

Diels-Alders reactions).233,238 
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Figure 1.11: simplified scheme to produce ANSH salt from A.murale biomass 

Provided the metals’ concentrations in the ash are low enough and the ash not used for metal 

leaching, the product can be used for fertiliser (depending on the regulations), added to 
sewage sludge, or even landfilled.  

Finally, hydrometallurgy is a process by which the biomass does not undergo ashing before 
metal leaching. This method only uses hot compressed water between 200°C and 375°C at 
25 MPa; for a significant energy demand and produces a metal contaminated water stream.236 

Metals such as Ni, Zn, Pb, Cu have been recovered by hydrothermal treatment from 
hyperaccumulators. Unlike pyrometallurgy, the leachate contains organic compounds, which 
adds complexity to the refining of the metals.  

1.4.4.3 Biorefinery of compromised biomass  
When dealing with metal enriched energy crops, the feedstocks could undergo regular 
biomass conversion to biofuels but the fate of the metals during processing is still being 
investigated or even unknown as it depends on the technology used. They can also go through 
incineration for valorisation of their metal content (like hyperaccumulators).239,240 First and 



 

 39 

second generation of biofuel crops have been studied, such as miscanthus, maize, rape seed, 
wheat, poplar, and woody species like willow.241,242 
However, there is a gap between the metallurgy and biorefinery technologies, or more 
specifically how to integrate/couple/articulate both to make the most of the biorenewable 
energy and metal stream243–247; and illustrated in Figure 1.12.  The biochemicals and biofuels 
need to be produced while simultaneously extracting the metals from the biomass.  
Only a few researchers are looking into producing clean, metal-free products: one study 
investigated the fate of trace elements in tobacco, birch and willow feedstocks after different 
pretreatment methods - ethanol Organosolv, soda and dilute acid pretreatments or even ionic 
liquid.227,248 It seems that alkaline pretreatment does not exhibit any metal extraction from the 
biomass; soda pretreatment maintains the metals in the cellulose pulp, leaving a clean lignin 
and effluent stream; and acid pretreatment shows high metal extraction in the cellulose pulp 
and lignin for valorisation but still leaves a metal contaminated water effluent afterwards.225,249  
Another study has investigated a tandem phytoremediation/biorefinery process for the 
valorisation of Nickel contaminated sunflowers and white mustard. The first step is an aqueous 
metal extraction (hydrothermal, agitation and homogenisation were studied) followed by solid 
state lignocellulose degradation by the fungus Phanerochaete chrysosporium for sugar and 
phenols release. The aqueous metal extraction reaches 80 % using hydrothermal extraction 
and can subsequently produce bio-derived chemicals but there is no indication on the 
treatment of the contaminated waste stream effluents nor actual yields in % of the bio-derived 
chemicals.250 
Pyrolysis and thermochemical conversion of contaminated crops have been also 
researched.225,251 As, Cd, Zn and Pb tend to transform to their gaseous forms at relatively low 
temperatures (<1000 °C), thus their potential emission is of significant concern. Operating at 
high pressure significantly increases the starting temperature for phase transformation of 
heavy metals. After completion of pyrolysis, more than 98.5 % of the metal in the product 
stream was present in the char stream, which could be considered as a metal concentrate to 
be subsequently processed for metal extraction.252 Incineration of contaminated plant material 
in special dedicated smelters seems to be less time consuming, and being an environmentally 
sound and economically acceptable alternative.253 This requires special furnaces and filters 
for the different metals (especially for Arsenic, which will volatilise in a variety of oxygenated 
forms).  
Finally, contaminated biomass can be digested for the production of biogas and compost.254 

The metal contents of the biomass (Al, Cd, Cu, Ni, Zn, Co) does not seem to affect the 
anaerobic fermentation and can be a source of methane for direct heating or further utilisation 
for generation of electricity. However, the residue of the digestion is still metal contaminated 
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and needs to be treated. The further decontamination step(s) obviously depends on the nature 
and quantity of the metals: sludge application, special waste treatment facility or even landfill. 

Figure 1.12: current technologies and challenges regarding phytoremediation biomass valorisation 

 
In summary: 

- Sustainable bioenergy is not clearly defined and often context specific, 
- Lignocellulosic biomass is, by its chemical nature, more complex to valorise and 

requires a pretreatment step, 
- Ionic liquids are tuneable, recyclable solvents, some used in the deconstruction of 

lignocellulosic biomass, 
- Some other ionic liquids also exhibit metal coordinating properties, however combining 

several of these ionic liquid properties in one process has not been extensively studied, 
- Ionic liquid based pretreatment of biomass is binary in terms of product outcomes, i.e., 

carbohydrates, lignin, 
- Marginal, degraded and contaminated land can be used to grow renewable 

lignocellulosic feedstock under the right conditions, 
- Waste and contaminated biomass are mostly incinerated into bio-ash for valorisation 

in conventional metallurgical or biorefinery processes. 
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1.5 Research gaps and objectives 
As it has been explored in this literature review, research is still to be carried out on the 
sourcing, processing and delivery of bioenergy and bioproducts to support a sustainable 
biorefinery. One of the key reasons hindering the energy and chemical transition is the lack of 
research on scalable bioenergy processes, which can integrate all type of lignocellulosic 
feedstocks in a cost effective manner and produce a wide range of chemicals and energy to 
feed the expanding bioeconomy. Moreover, the use of marginal, degraded contaminated land 
for bioenergy production has been raised as a sustainable alternative for bioenergy; 
nevertheless, using such areas for biomass production and valorisation needs to be 
investigated in terms of variety of feedstocks, nature of contaminants in feedstocks and 
derived products. Currently, the main product stream from integrating metal contaminated 
feedstocks is metal enriched ash, as the process always involves burning of the biomass, a 
bio-conversion step too often used, which completely overlooks the potential for bulk 
biochemicals from lignocellulosic biomass. This PhD researches, for the first time, the 
combination of phytoremediation inputs with IL-based pretreatment processes to 
simultaneously produce clean renewable energy as well as a recoverable metal stream for the 
valorisation of marginal areas. 
 
The ionoSolv process is a promising approach, which has made significant progress in the 
past ten years, developing low-cost protic ionic liquid water mixtures, to produce high purity 
cellulose and a lignin stream; using conventional biomass feedstocks. In this thesis we will 
test the hypothesis that the ionoSolv is flexible enough and study the design of the process to 
pretreat unconventional feedstocks. Here unconventional feedstocks are defined in two 
different ways: (1) unconventional nature of feedstocks, lignocellulosic matter which has not 
been studied for a pretreatment process such as waste (invasive species and construction 
wood) and (2) unconventional growth environment (metal contaminated soil and irrigation with 
wastewater).  
In order to prove that such process is in fact ‘feedstock agnostic’, a wide range of waste and 

innovative materials need to be investigated and characterised to be integrated into a larger 
scale ionoSolv biorefinery, or any other biorefinery. Furthermore, the product outcomes of the 
ionoSolv process have remained exclusively binary: cellulose pulp and lignin. Here, the 
solubility of metals in some protic acidic ionic liquids offers an opportunity to treat metal 
contaminated biomass and study the solubility and fate of metals during the process. Using 
such ionic liquids, the ionoSolv process would combine both valorisation of biomass and 
detoxification of the feedstock and its product streams, without the need to burn the biomass. 
The diversification stream of products could be even further expanded by determining if it is 
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possible to produce a bioethanol, as a proof of biofuel production, along with bioheat, 
recovered metals and extractives. Diversification of products is at the core of the biorefinery 
concept, where all possible chemicals can be investigated and extracted from one starting 
material: lignocellulosic biomass. This thesis aims to investigate the chemical engineering 
aspects of the process; while economic and ecological aspects shall be investigated by others. 
 
Using state-of-the-art trace element analysis, this chemical engineering piece of research 
aims at investigating new and alternative sources of biomass for the ionoSolv pretreatment, 
study the technological barriers and process intensification for using such unconventional 
feedstocks, and diversify the valuable outcomes from the ionoSolv pretreatment using  
marginal, degraded contaminated land. The boundaries of study of this research are the 
supplied biomass, the ionic liquid process and separation into selected product outputs, as 
well as the recycle aspect of the solvent (referring to Douglas design methodology in 1.3.3.). 
 
The objectives of this project are illustrated in Figure 1.13 and described as follows: 

- demonstrate the value of unconventional feedstocks for an ionic-liquid based 
technology, 

- measure the transformation yield of those new type of feedstocks, without burning or 
ashing the whole plant, 

- evaluate the flexibility and the feedstock agnostic property of the process towards 
biomass overall composition, solubility of lignin and fractionation of lignocellulosic 
components,  

- study the impact of metal contamination associated with some of those feedstocks, 
and investigate the technological barriers of pretreating such feedstocks in ionic liquid 
media, 

- track the fate of a wide range of metal contaminants through the process, 
- determine the impact of process parameter intensification and metals on the process 

and the recycling of the ionic liquid, 
- Study other valuable outcome products from the ionoSolv process in order to diversify 

and valorise its waste streams, but also enhance the process economics, by carrying 
out deep lignin analysis, post-hydrolysis solids conversion, extraction of 
phytochemicals and recovery of metals. 
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Figure 1.13: visualisation of this this chemical engineering research aims and objectives 

1.6 Thesis structure 
This thesis is structured into 7 chapters, outlined as follows:  

- Chapter 1 aims to provide a background regarding sourcing sustainable renewable 
lignocellulosic biomass, the use of ionic liquids for such feedstocks, the challenges 
behind the utilisation and valorisation of marginal and contaminated areas, 

- Chapter 2 describes the materials and experimental methods used to carry out this 
research, 

- Chapter 3 investigates the integration of two UK invasive terrestrial biomass species 
and its implication for the ionoSolv pretreatment process development, varying 
process conditions, the characterisation of its raw biomass and product outcomes, 

- Chapter 4 focuses on using post-consumer Chromated Copper Arsenic treated waste 
wood as a highly pernicious feedstock for clean renewable bioethanol and products, 
studying the fate and management of metals through recycling of the ionic liquid and 
valorisation process of its waste streams, 

- Chapter 5 researches the sourcing of various feedstocks from real-world marginal 
contaminated land and larger phytoremediation trials, carrying out state-of-the-art 

I. ALTERNATIVE SOURCE / 
DIVERSIFICATION OF 

BIOMASS

II. IONIC LIQUID PRETREATMENT 
PROCES TECHNOLOGICAL 

BARRIERS AND INTENSIFICATION

III. DIVERSIFICATION OF 
VALUABLE OUTCOMES

Objective 1: Demonstrate that the ionoSolv is feedstock
agnostic by a processing a wide range of unconventional
biomass through:
i. the use of waste lignocellulosic biomass to demonstrate
the flexibility of the ionoSolv process towards biomass
overall composition,
ii. the use of biomass from marginal lands and contaminated
waste to highlight the tolerance of the ionoSolv process
towards metal contaminants.

Objective 3: Determine, characterize and
analyse possible diversification of the ionoSolv
process outcomes:
i. bioenergy,
ii. biochemicals,
iii. metals.

Objective2: Assess the interaction of metal contaminants with
the process:
i. study the fate of a wide range of metals contaminants
throughout the fractionation process,
ii. evaluate the impact of metal recovery upon outcomes purity,
iii. measure the impact of IL performance and recyclability,
iv. measure the process robustness towards the intensification
of major process parameters (biomass to solvent loading, metal
loading, solvent recycling and number of cycles).
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trace element analysis and tracking of metals throughout the ionoSolv process, up until 
recovery of metals in ionic liquid media via electrodeposition, 

- Chapter 6 expands the supplying of ionoSolv process with a biofuel crop grown with 
the addition of a stress condition, namely the irrigation of Willow with diverted municipal 
wastewater, analysing the quality of the biomass as a biorefinery feedstock and the 
impact of phytoextraction of specialty compounds on the process, 

- lastly, the key conclusions and findings are summarised in Chapter 7, along with future 
work aspects and limitations of this research.
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2 Materials and methods 
2.1 Overview of experiments and collaborations with Imperial contributing to 

this thesis 
 

Thesis Chapter Sourcing of 
biomass 

Laboratory experiments 
performed at Imperial by 

Hennequin (unless 
specifically stated 

otherwise) 

Laboratory 
experiments 
performed 

outside 
Imperial from 
collaborations 

Analysis of 
the results 

Invasive species 
External: 

companies, 
relatives 

all experiments 
described in this chapter 
performed by Hennequin 

None Hennequin 

CCA treated wood External: company 
in China 

all experiments 
described in the chapter 

including all product 
analysis, except running 
the pyrolysis reactor (Dr 
Clementine Chambon) 

None Hennequin 

Feedstocks from 
MaCL 

 by site of origin 

Wales Dr Jenssen 

processing of biomass, 
trace element analysis, 
compositional analysis, 
pretreatment (from IL 
synthesis to product 
streams analysis), 

recycling, 
electrochemistry 

XRF and pH 
measurements 

of the 
contaminated 
soil in Wales 

Hennequin 

Poland Dr Pogrzeba and 
Kryzak  

processing of biomass, 
compositional analysis, 
trace element analysis, 
pretreatment (from IL 
synthesis to product 

streams analysis) 

None Hennequin 

Market 
Harborough 

collected by 
Hennequin 

processing of biomass, 
trace element analysis None Hennequin 
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Stoke 
Bardolph 

collected by 
Hennequin 

processing of biomass, 
trace element analysis None Hennequin 

Cinderhill collected by Dr 
Wood 

processing of biomass, 
trace element analysis None Hennequin 

Silwood 
Park (pot 

trials) 

Hennequin, 
cuttings purchased 
from Willow Bank 

pot trials, processing of 
biomass, trace element 

analysis 
None Hennequin 

Wastewater Willow Trial led by Dr. 
LaChapelle 

pretreatment (from IL 
synthesis to product 
streams analysis), 

compositional analysis, 
trace element analysis 

Phytochemicals 
extraction and 

untargeted 
metabolite data 

by Sas 

Hennequin 
and Sas 

 
Table 2.1: overview of materials, methods and contributions to this PhD thesis 

 

2.2 Feedstock collection 

2.2.1 Feedstocks  

• Invasive species 
Japanese knotweed dried stems were supplied by Japanese Knotweed Ltd. Rhododendrons 
were collected by Mrs T. Dancey from a public area at a roadside in Dorset.  
 

• Waste wood 
Pine (Pinus sylvestris) was obtained from Metla (Finish Forest Research Institute). CCA 
treated wood was received from Tianjin Dongli District Yilin wood preservative processing 
plant in China.  
 
• Biomass samples from real life contaminated sites 
 

- Miscanthus and Reeds feedstocks from Wales were obtained from Dr Elaine Jensen, 
Aberystwyth University, UK. They were grown in an abandoned mine area: Bwlch Glas 
Mine, Talybont, Ceulanymaesmawr, Wales, UK (52° 28' 20'' North , 3° 54' 3'' West).255 
The 2 year old biomass was harvested in winter 2019 and oven dried at 60°C. Further 
information on the planting trial and quality of the soil is available in the Appendix. 
Upon reception at Imperial College, all samples from each row were pooled together. 
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- Miscanthus feedstocks from Poland were obtained from Dr Marta Pogrzeba and Jacek 
Kryzak at the Institute for Ecology of Industrial Areas (IETU), a Polish research centre 
acting under the Minister of Climate & Environment. Samples were obtained from the 
field trield ‘Phyto2Energy’ grown on a heavy metal degraded local area: Miscanthus x 
giganteus winter harvest of a 4 year old plantation. 256   

 

• Canadian Willow for wastewater remediation 
A four-hectare willow plantation was established in 2008 at Saint-Roch-de-l’Achigan (45° 50′ 

50″ N–73° 38′ 27″ W) using Salix miyabeana ‘SX67’ at a density of 16,000 trees ha-1. Three 
plots (10 x 10 meters each) were left unirrigated as controls while three others were irrigated 
with primary municipal wastewater effluent. Irrigation rate was 29.5 million litres of wastewater 
per hectare and per year. The detailed composition of the wastewater used was carried out 
and reported by Lachapelle et al. and Jerbi et al.257,258 At the end of a three-year coppice cycle, 
three willow trees were randomly selected within each plot (control / wastewater) and the 
entirety of the aboveground biomass was harvested. Leaves were removed and stems from 
each tree were air dried to a constant mass. All samples were analysed in three biological 
replicates (each tree individually for each treatment). Each of these samples were carried out 
in technological triplicates, as a way to observe any differences between each treatment 
(control / wastewater) and laboratory experiments (standard deviation between the same 
sample). 
 

2.2.2 Handling and processing of lignocellulosic biomass 

All material was air-dried to a moisture content below 12 wt % to avoid any microbial growth. 
A Heavy Duty Cutting Mill SM2000 was used to ground the biomass, which was subsequently 
sieved using an analytical sieve shaker to a particle size between 180 and 850 µm. 
 
The moisture content of biomass was determined using the National Renewable Energy 
Laboratory (NREL) protocol ‘Determination of Total Solids in Biomass and Total Dissolved 

Solids in Liquid Process Samples’.259 Samples were weighed into a tared piece of aluminium 
foil, which was folded and placed in a VWR Venti-Line convection oven at 105°C overnight. 
The following day, the sample folded in aluminium was removed from the oven and placed in 
a desiccator for 20 minutes to cool down and the final mass was recorded. The moisture 
content of the sample was calculated on air-dried basis according to the equation: 
 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) = 𝑚𝑐 =  
𝑚𝑎𝑖𝑟−𝑑𝑟𝑖𝑒𝑑 − 𝑚𝑜𝑣𝑒𝑛−𝑑𝑟𝑖𝑒𝑑

𝑚𝑎𝑖𝑟−𝑑𝑟𝑖𝑒𝑑 − 𝑚𝑎𝑙 𝑓𝑜𝑖𝑙
 × 100 

http://www.phyto2energy.eu/Reports.aspx
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where 𝑚𝑎𝑖𝑟−𝑑𝑟𝑖𝑒𝑑  is the air-dried mass of the foil and biomass, 𝑚𝑜𝑣𝑒𝑛−𝑑𝑟𝑖𝑒𝑑 is the mass of the 
foil and biomass on the following day and 𝑚𝑎𝑙 𝑓𝑜𝑖𝑙  is the mass of the aluminium foil on its own. 

 

2.2.3 Context of feedstock growth 

2.2.3.1  Contaminated soil sample collection 
Three sites had been accessed for this study and soil was collected to carry out pot trials 
(using the one from Stoke Bardolph). Further details are available in the Appendix. 
 

Table 2.2: details of the contaminated sites studied  

Origin of soil 
sample 

Description Purpose Contamination 

Biomass 
feedstock 
found on 

site 

Site  
Contact 

Market 
Harborough, 

UK 

Pigeon clay 
shooting site 

highly 
contaminated  

with Pb. 

Site to be 
treated via 

current 
remediation 
technologies 
(stabilisation). 

High Pb 
concentrations 

up to 4000 
mg.kg-1 in the 

soil. 

Triticum 
aestivum 
(wheat) 

Simon Coffey 
(GRM 

Development 
Solutions Ltd) 

Stoke 
Bardolph, 

UK 

Historical 
agricultural 

land site from 
Severn Trent 

used for 
sewage 
sludge 

disposal. 

Site used for 
energy 

production 
from 

anaerobic 
digestion. 

Heavy metals 
and 

metalloids: 
Cd, Cu, Pb, 

Ni, Zn, F, Hg, 
Mo, Se, As, 

Cr. 

Zea mays 
(maize) 

John Jackson 
(Severn Trent 
Energy and 
Crop Plant 
Manager 

Cinderhill, 
Derbyshire, 

UK 

Tar pit (more 
details in the 

Appendix) 

Historical 
contaminated 

site260,261 

Heavy metals 
(Pb) and 

hydrocarbons 

Variety of 
softwoods 

and 
hardwoods 

Harvey Wood 
(Clean Rivers 

Trust) 
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2.2.3.2 Pot trials 
Pot trials were conducted at Imperial Silwood Park campus in the Impact Greenhouse space. 
John Innes compost N°2 was used for the controls, while the contaminated soil used was the 
one obtained from the Stoke Bardolph site.  
Willow cuttings were supplied from the Willowbank, Gloucestershire, UK. The cuttings were 
30 cm long and consisted of Salix Viminalis, cultivated variety (cv) BG1, Gaston and Rocket. 
Tobacco seeds were purchased from Chiltern Seeds Ltd: Nicotiana tabacum, cv Tobacco 
Rosa.  
The plants were placed in clean plastic pots and placed into plastic trays. Watering was done 
from the tray in order to avoid washing out of the soil. Biomass feedstocks were harvested 
after senescence (when the leaves have fallen off) ~ 3-4 months. 
 

2.2.3.3 Soil analysis: pH and cation exchange activity 
The cation exchange capacity of soil samples was measured based on the modified silver-
thiourea method developed by Dohrmann.262 Each sample was done in triplicates, along with 
blanks. 15.2 g of thiourea were dissolved in 1400 mL of ultra-purified de-ionised water and 
sonicated for a few minutes. 3.397 g of AgNO3 were dissolved in 300 ml of de-ionised water. 
The silver solution was added slowly to the thiourea solution while stirring. Finally, 200 ml of 
1M ammonium acetate solution for a final solution of AgTU (silver thiourea solution) 2L and 
used straight away for the cation exchange measurements of the soil.  
50 mL of AgTU is added to the 1 g of soil (<2mm) and the suspension was shaken for 2 hours 
in a 250 ml volumetric flask. 25 mL of trace element grade of 0.5 M HNO3 was added to the 
sample. The solution was centrifuged for 20 minutes at 3000 RPM. The supernatant was 
poured into a flask and washed out with 50 mL of de-ionised water. The solution was 
centrifuged and washed with another 25 mL of de-ionised water before chemical analysis. 
The cation exchanged capacity (CEC) is the determined difference between the initial and 
remaining silver content, measure using an Agilent 7800 ICP-MS. 
 
The pH of the soil was measured according to the Kellogg Soil Survey Laboratory Methods.263 

20g of soil was sieved (< 2mm) and mixed with 20 mL of ultra-purified water (1:1 w:v). The 
sample is allowed to stand 1 hour with occasional stirring before the 1:1 water pH is measured. 
Results are available in the Appendix. 
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2.3 Biomass characterisation 

2.3.1 Compositional analysis for structural carbohydrates and lignin in biomass 

For the compositional analysis of untreated biomass samples, the extractives content of the 
biomass was measured first using 150mL of absolute ethanol for 24 hours in a Soxhlet 
apparatus, following the NREL protocol ‘Determination of extractives in biomass’.264  
 
Compositional analysis was carried out according to a published procedure by the NREL 
‘Determination of Structural Carbohydrates and Lignin in Biomass’.265 Briefly, 300 mg 
(calculated on dry matter basis) of biomass or recovered pulp was incubated with 3 mL of 72 
% sulfuric acid at 30°C for 1 hour and then diluted with 84 mL distilled water before being 
autoclaved for 1 hour at 121°C. The samples were then filtered through ceramic crucibles of 
a known weight. Two aliquots of the filtered samples were then prepared in 15 mL falcon 
tubes. One is used to determine the acid soluble lignin content (ASL) by UV analysis at 240 
nm on a Perkin Elmer Lambda 650 UV/Vis spectrometer according to the equation: 
 

𝐴𝑆𝐿 (%) =
𝐴 × 𝑉𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒

𝜀 × 𝑂𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑙 × 100 

 
where A is the absorbance at 240 nm, l is the path length of the cuvette in cm (1 cm), ε is the 
absorptivity of biomass at specific wavelength (L/g cm), ODW is the oven-dried weight of the 
sample (mg) and Vfiltrate is the volume of the filtrate (mL). 
 
The other aliquot was used to determine the carbohydrate concentrations of the sample via 
HPLC. The samples were neutralised to a pH of 5-6 using calcium carbonate to be match the 
working range of the HPLC column. The samples were filtered through a 0.2 µm syringe filter 
for HPLC analysis. Sugar concentrations were determined using a Shimadzu HPLC system 
with a Refractive Index Detector (RID) and a micro-guard deashing column (BioRad), 30 x 4.6 
mm, to avoid any contamination of the system. The HPLC system was serviced each week 
with a routine maintenance consisting of a 30 % acetonitrile wash (HPLC grade) for 4 hours 
to offer optimum resolutions. The column used was an Aminex HPX-87P from Bio rad, 300 x 
7.8 mm, purified water as mobile phase at 0.6 ml/min, column temperature 85°C, 25 minute 
run. The samples were systematically run along with sugar standards in different 
concentrations (0.1, 1, 2, 4 and 8 mg/mL): glucose, xylose, galactose, arabinose and 
mannose. 
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The crucibles were oven dried at 105 °C overnight before weighing to determine acid insoluble 
lignin (AIL) and then incubated at 575 °C in a muffle furnace to determine ash content, using 
the following equations:  
 

𝐴𝐼𝐿 (%) =
𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝐴𝐼𝑅 − 𝑚𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒+𝑎𝑠ℎ

𝑂𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒
× 100 

 
𝐿𝑖𝑔𝑛𝑖𝑛 (%) = % 𝐴𝐼𝐿 + % 𝐴𝑆𝐿 

 
where mcrucible + AIR is the weight of the oven-dried crucible plus the acid insoluble residue (AIR), 
mcrucible + ash is the weight of the crucible after ashing to constant temperature at 575°C and 
ODWsample is the weight of the sample used (mg). The total lignin content is the sum of the AIL 
and the ASL. 
 
From the compositional analysis results of both untreated and pulp samples, glucan recovery, 
hemicellulose removal and lignin removal were calculated according to the following 
equations: 
 

𝐺𝑙𝑢𝑐𝑎𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%)  =  
𝐺𝑙𝑢𝑐𝑎𝑛𝑝𝑢𝑙𝑝 𝑥 𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑙𝑝

𝐺𝑙𝑢𝑐𝑎𝑛𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 

      
where Glucanpulp is the glucan content in the cellulose pulp, Yieldpulp is the yield of the pulp 
after ionoSolv processing relative to untreated biomass, and Glucanuntreated is the glucan 
content in the untreated biomass. The glucan content is the total glucose derived from either 
cellulose or hemicellulose. 
 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑜𝑠𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =  
𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑝𝑢𝑙𝑝 × 𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑙𝑝

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 

 
where Hemicelluloseuntreated is the hemicellulose content of untreated biomass calculated as 
the sum of all sugars (except glucose) and Hemicellulosepulp is the hemicelluloses content in 
the cellulose pulp. The hemicellulose content is the sum of the following carbohydrates: 
xylose, galactose, arabinose and mannose.   

 

𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (%)  =
𝐿𝑖𝑔𝑛𝑖𝑛𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 – 𝐿𝑖𝑔𝑛𝑖𝑛𝑝𝑢𝑙𝑝 × 𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑙𝑝

𝐿𝑖𝑔𝑛𝑖𝑛𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 
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where Ligninuntreated is the lignin content in the untreated biomass and Ligninpulp is the lignin 
content in the recovered cellulose pulp after the ionoSolv pretreatment. 
 

2.3.2 Composition analysis for extractible compounds 

2.3.2.1 Willow phytochemicals extraction 
Persistent phytochemicals were extracted using a Dionex ASE 350 Accelerated Solvent 
Extractor (ASE) system equipped with 11 mL extraction cells. Briefly, 1.2 g (calculated on DM 
basis) ground stem material was extracted with a methanol-water solution (75-25 % v/v) at 
100°C (under ~1500 psi). ASE conditions were a 5-minute heating phase, 3 cycles of 7-minute 
static extraction phases, 150 % flush volume and 120 seconds purge.264 Extracts were made 
up to 50 mL with the solvent, centrifuged at 5000 RPM for 5 minutes, filtered at 0.2 µm porosity, 
diluted with ultra-high purity water (1:1) and stored at -70°C prior to LC-MS/MS analysis. The 
extracted biomass was oven-dried at 105°C for 24 hours to measure mass loss.  
 

2.3.2.2 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) acquisition 
Chromatographic separation was performed using an Agilent 1260 Infinity system, where 10 
µL of extract was injected onto a Zorbax Eclipse Plus C18 column (4.6 x 100 mm, 3.5 µm) at 
30°C. Mobile phase was solvent A (water, 5 % methanol, 0.1 % formic acid) and solvent B 
(methanol, 0.1% formic acid) with a flow rate of 0.4 mL min-1 and an 80-minute elution gradient: 
100 % A hold for 20 min, then a linear increase from 0 % to 100 % B over 50 min and 100 % 
B hold for 10 min.  
Untargeted full-scan (100-1300 Da) MS1 acquisition was performed on extracts from all 
biological samples (18 trees in total) and blanks (extraction solvent and mobile phase) using 
an Agilent Q-TOF 6530B mass spectrometer equipped with an Agilent Jet Stream ion source 
operating in negative ion mode (ESI (-)). Gas temperature was 300°C, drying gas flow was 5 
L min-1, and the nebulizer pressure was 45 psig. Sheath gas temperature was 250°C with a 
gas flow of 11 L min-1. MS2 acquisition was performed on 3 biological replicates per treatment 
(from 6 trees in total) and blanks (samples extraction solvent and mobile phase). Tandem 
mass spectra were acquired with a collision energy of 20 and 35 V. UV spectra were also 
acquired from 200 to 550 nm with 10 nm increments. 
 

2.3.2.3 Untargeted metabolite data analysis 
Raw LC-MS data were processed using by Sas by the open-source software package MZmine 
2.37/53 (http://mzmine.github.io/).266 After detection, features were deconvoluted, their 
isotopic peaks grouped, and alignment was performed across samples before dereplication 
of phytochemicals detected as multiple features. Background noise cut-off was set to an 

http://mzmine.github.io/
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intensity threshold of 5000 for MS1 spectra and 1000 for MS2 spectra with a minimum 10,000 
peak intensity threshold for feature detection. Deconvolution used the local minimum search 
algorithm and isotopic features were grouped with 20 ppm mass tolerance, 0.4 min retention 
time tolerance. Features were aligned with 20 ppm mass tolerance (weighing for 80 %) and 
0.4 retention time tolerance (weighing for 20 %) across samples. Only features detected in >5 
samples, with an isotope pattern, a blank:sample average ratio <50 % and within 5-74 min 
retention time were retained. Features eluting within < 0.2 min retention time and with peak 
shape correlated by >85 % (MZmine metaCorrelate algorithm) were assigned to a feature 
correlation group and used for curation of adducts, complex formation, and in source 
fragments.267  
Principal component analysis (PCA) and differential abundance analysis of features were 
performed with the MetaboAnalyst platform (www.metaboanalyst.ca).268,269 Significant 
differential abundance analysis compared mean peak areas calculated per plot (3 trees per 
plot) for each treatment (3 plots) using the univariate non-parametric Mann-Whitney U-test 
followed by Benjamini-Hochberg false discovery rate (FDR) correction (p<0.05). 
Permutational multivariate analysis of variance (PERMANOVA) used Benjamini-Hochberg 
false discovery rate correction and permutations set to 9999 (Adonis function, R package 
vegan).270 
Putative chemical formulas of differentially abundant features were generated in silico with 14 
possible ESI (-) adducts and 5 ppm m/z tolerance using CEU Mass Mediator 
(http://ceumass.eps.uspceu.es)271, before comparison to an in-house Salicaceae Metabolite 
Library (including Populus Metabolite Database from the Plant Metabolic Network 
plantcyc.org/databases/poplarcyc/11.0).272 Feature annotation was further refined by MS2 
fragmentation where possible using published spectra as well as the Global Natural Product 
Social Molecular Network (GNPS) platform and SIRIUS 4 computational prediction.273–275 For 
molecular networking, the minimum cosine similarity score was set to 0.7 and clusters were 
visualised with Cytoscape version 3.8.0 within GNPS. Each feature was annotated using 
either MS1 and MS2, MS1 only, or as an unknown feature, and categorised using standard 
confidence levels.276 Features with multiple potential candidate metabolites or poor 
identification are annotated as derivatives of the most specific chemical class (de novo class 
prediction). Chemical classifications were based on Classyfire ontology included in Canopus 
MS/MS molecular fingerprint prediction within Sirius 4 and the literature.277 All annotation 
should be considered as putative even when confirmed using matched MS2 fragmentation 
patterns as untargeted identification methodologies and database records are subject to 
change. 
 

http://www.metaboanalyst.ca/
http://ceumass.eps.uspceu.es/
https://plantcyc.org/databases/poplarcyc/11.0
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2.4 Ionic Liquid liquor pretreatment 

2.4.1 Ionic Liquid synthesis 

• N,N,N-dimethylbutylammonium hydrogen sulphate  
N,N,N-Dimethylbutylamine (purity >99 %) and 5 M sulfuric acid were purchased from Sigma 
Aldrich. All commercial reagents and solvents were used as received. N,N,N-
dimethylbutylammonium hydrogen sulphate, [DMBA][HSO4] was synthesised in a one-step 
acid-based reaction under equimolar conditions. One mole of the amine, N,N,N-
dimethylbutylamine (101.19 g), was weighed into a 500 mL round-bottom flask and cooled 
with an ice bath. Under stirring, an equimolar amount of the required acid (200 mL of 5 M 
H2SO4), was added dropwise. Excess water was removed using a rotary evaporator (Büchi). 
The water content of the ionic liquid was determined using a volumetric Karl Fisher titrator 
(V20 Mettler-Toledo), standardised using Hydranal water standards. 
 

1H  and 13C NMR spectra were recorded on a Bruker 400 MHz spectrometer by dissolving 20 
mg of ionic liquid in 500 μl of DMSO-d6. The solution was transferred to an NMR tube for 
analysis. All NMR spectra were analysed employing MestReNova software. All spectra were 
referenced to the DMSO peak at 2.500 ppm (1H) and 39.520 ppm (13C).  
 
1H NMR: δH (400 MHz, DMSO-d6)/ppm: 9.24 (s, 1H, N−H), 3.02 (dt, J = 12.9, 5.0 Hz, 2H, 
N−CH2), 2.76 (d, J = 4.3Hz, 6H, N−(CH3)2), 1.64−1.51 (m, 2H, N−CH2−CH2), 1.30 (h, J =7.4 
Hz, 2H, N−CH2−CH2−CH2), 0.89 (t, J = 7.4 Hz, 3H, N−CH2−CH2−CH2−CH3). 13C NMR δC (101 

MHz, DMSO-d6)/ppm: 56.62 (N−CH2), 42.48 (N−CH3), 25.82 (N−CH2−CH2), 19.40 
(N−CH2−CH2−CH2), 13.71 (N−CH2−CH2−CH2−CH3). 
 

• 1-methyimidazolium chloride 
The minimum purity of the starting material for 1-methylimidazole was 99%. HCl was obtained 
as a concentrate containing 1 mole FIXANAL (Fluka Analytical). 3 moles of the ionic liquid 1-
methyimidazolium chloride [HC1im][Cl] was synthesised at once in order to always use the 
same batch of ionic liquid for all experiments. 3 moles of 1-methylimidazole (246.3 g) were 
cooled with an ice bath in a 2 L round-bottom flask. Under stirring, 3 moles of aqueous HCl 
(FIXANAL ampoules) were added dropwise. Excess water was removed using a rotary 
evaporator until a water content of below 20 wt % was obtained. The ionic liquid water mixture 
was recovered as a light yellow liquid.  
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1H NMR: δH (400 MHz, DMSO-d6)/ppm: 9.16 (s, 1H, H-2), 7.71 (s, 1H, H-4/ 5), 7.64 (s, 1H, 
H4/5), 4.5–3.5 (br, H2O, N-H+), 3.87 (s, 3H, N-CH3). 13C NMR: δC (101 MHz, DMSO-d6)/ppm: 
135.63 (C-2), 123.21 (C-4/5), 119.55 (C-4/5), 35.48 (N-CH3). 
 
Acid-base ratio of the ionic liquids was determined using a G20S Compact Titrator (Mettler-
Toledo) by titration with 0.1M of NaOH, standardised using hydrogen phthalate. 
 

2.4.2 Fractionation of biomass: the ionoSolv process 

The pretreatment of the biomass was conducted as described by the ionoSolv standard 
operating procedure from the Hallett laboratory.278 A flow diagram of the experiments and 
process studied here are shown in Figure 2.1 below. 

Figure 2.1: flow chart of the ionoSolv process 

All samples were run in triplicate. The lignocellulosic biomass was pretreated with the ionic 
liquid with a final water content of 20 wt %, taking into account the water content of the IL and 
the moisture content of the biomass according to the equation: 
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𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑚𝐼𝐿  × 𝑤𝑐𝐼𝐿 + 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 𝑚𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + 𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝐼𝐿 + 𝑚𝑤𝑎𝑡𝑒𝑟
 

 
where 𝑚𝐼𝐿, 𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠, 𝑚𝑤𝑎𝑡𝑒𝑟 are the masses of ionic liquid (IL) used, air-dried biomass and 
water added respectively. 𝑤𝑐𝐼𝐿 refers to the water content of the IL and 𝑚𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠 is the 
moisture content of the biomass. 
 
The solvent to biomass ratio used was 1:5 g g-1 or 20 wt % on an oven dried basis, according 
to the following equation: 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (%) =  
𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × (1 − 𝑚𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 𝑚𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑠 + 𝑚𝐼𝐿 + 𝑚𝑤𝑎𝑡𝑒𝑟
× 100 

 
The desired biomass and IL mixture were transferred into 15 mL ACE pressure tubes, sealed 
with a Teflon cap and a silicone O-ring. The tubes were vortexed until homogeneity of the 
biomass/IL mixture was achieved. 
 
The pressure tubes were placed into a Thermo Scientific convection oven for the pretreatment 
for a set time and temperature. After the pretreatment, the pressure tubes were allowed to 
cool down at room temperature. The pretreated slurry was transferred into a 50 mL falcon 
tube using 40 mL of absolute ethanol (VWR). The falcon tubes were vortexed and left to stand 
for one hour before being vortexed again and put into a VWR Mega-Star 3.0 centrifuge for 40 
minutes at 3000 RPM. The supernatant was decanted into a round bottom flask. This ethanol 
wash was repeated three times, after which the resulted pulp fraction was transferred into a 
cellulose thimble and washed by Soxhlet overnight (20-24 hours) to remove any residual ionic 
liquid. The residual liquid fraction from the Soxhlet was added to the round bottom flask.  
 
The pulps were not air-dried after the Soxhlet step, to avoid hornification.279 Drying the 
cellulose pulps can induce physical changes in fibre structure, called hornification or pore 
collapse, that reduces enzyme accessibility to cellulose.280,281 In a scaled-up or industrial 
process, pulps would be saccharified directly after washing, as an additional drying step would 
add an unnecessary step, here for analytical purposes only.    
The wet pulps recovered from the Soxhlet were placed into a falcon tube with 40 mL of water, 
vortexed and centrifuged for 25 minutes at 3000 RPM. The supernatant was removed, and 
the pulps were kept in the falcon tube at 4°C to avoid any microbial growth.  
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The moisture content was determined in duplicate. The pulp yield was calculated on an oven 
dried basis, following the equation: 

𝑃𝑢𝑙𝑝 𝑌𝑖𝑒𝑙𝑑 (%) =
𝑚𝑝𝑢𝑙𝑝 ×  (1 − 𝑚𝑐𝑝𝑢𝑙𝑝)

𝑚𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 × (1 − 𝑚𝑐𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑) × 100 

 
where m refers to the weight of the substance, mc its moisture content and the subscript 
untreated refers to the untreated biomass used. 
 
The ethanol collected to wash the ionic liquid from the pulp from the 3 ethanol washes and 
Soxhlet extraction in the round bottom flask was evaporated using a rotary evaporator under 
reduced pressure (40-50 mbar) at 40°C. The lignin dissolved within the ionic liquid liquor 
fraction was precipitated by the addition of an anti-solvent: 1 g of water for 3 g of IL used. After 
centrifugation, the ionic liquid liquor was recovered and separated from the lignin. The lignin 
was dried using a freeze dryer (LabConco FreezeDry Benchtop) and the lignin yield by mass 
was calculated according to the following equation: 

 

𝐿𝑖𝑔𝑛𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 (%) =   
𝑚𝑙𝑖𝑔𝑛𝑖𝑛

𝑚𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑  × (1 − 𝑚𝑐𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑) 
× 100  

 

The IL liquor was analysed directly after the pretreatment, prior to any washing by taking an 
aliquot of the IL liquor (200 mg) into a tared micro centrifuge tube. The aliquot was diluted with 
700 mg of purified water and centrifuged to remove any water-insoluble material at 13.3 g for 
20 minutes at 4°C. The supernatant was analysed using a Shimadzu HPLC system with both 
RID and UV detectors, an Aminex HPX-87H Bio rad column, 300 x 7.8 mm, with 0.005 M 
H2SO4 as the mobile phase (0.6 ml/min). The column temperature was 55°C and the time 
acquisition was 45 min. Calibration was carried out for each set of runs, using standards of 
0.01, 0.02, 0.1, 0.4, and 1 mg/mL of furfural, 5-HMF, levulinic acid, glacial acetic acid, and 
formic acid, and 0.2, 1, 2, and 4 mg/mL of glucose, xylose, and arabinose. 
 

2.4.3 Ionic Liquid Liquor analysis 

The IL liquor was analysed directly after the pretreatment, prior to any washing by taking an 
aliquot of the IL liquor (200 mg) into a tared micro centrifuge tube. The aliquot was diluted with 
700 mg of purified water and centrifuged to remove any water-insoluble material at 13.3 g for 
20 minutes at 4°C. The supernatant was analysed using a Shimadzu HPLC system with both 
RID and UV detectors, an Aminex HPX-87H Bio rad column, 300 x 7.8 mm, with 0.005 M 
H2SO4 as the mobile phase (0.6 ml/min). The column temperature was 55°C and the time 
acquisition was 45 min. Calibration was carried out for each set of runs, using standards of 
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0.01, 0.02, 0.1, 0.4, and 1 mg/mL of furfural, 5-HMF, levulinic acid, glacial acetic acid, and 
formic acid, and 0.2, 1, 2, and 4 mg/mL of glucose, xylose, and arabinose. 
 

2.4.4 Recycling of Ionic Liquid 

For recycling experiments, the IL liquor from cycle n was recovered after pretreatment and 
subsequent lignin washes into a pre-weighted round bottom flask. The water was evaporated 
using a rotary evaporator. The weight of the flask was recorded, and the water content of the 
IL was measured (Karl Fisher titrator). For the cycle n+1 of pretreatment, the water content of 
the IL liquor was adjusted with the addition of water to achieve 20 wt % and the solution was 
stirred until homogeneous. The recovered IL was transferred into a pressure tube for cycle 
n+1 and raw biomass was added accordingly for the next cycle. 
 
For recycling experiments, the IL liquor from the 1st cycle was recovered after pretreatment 
and subsequent lignin washes into a pre-weighted round bottom flask. The water was 
evaporated using a rotary evaporator. The weight of the flask was recorded and the water 
content of the IL was measured (Karl Fisher titrator). For the 2nd cycle  of pretreatment, the 
water content of the IL liquor was adjusted with the addition of water to achieve 20 wt % and 
the solution was stirred until homogeneous. The recovered IL was transferred into a pressure 
tube for cycle 2 and raw biomass was added accordingly for the next cycle. 
 

2.5 Characterisation of product outcomes 

2.5.1 Glucose stream for biofuel production 

2.5.1.1 Enzymatic saccharification assay 
Enzymatic saccharification was carried out according to an adapted version of the NREL 
protocol: ‘Low solids Enzymatic saccharification of lignocellulosic biomass’.282 Samples were 
run in triplicates, along with blanks. 100 ±10 mg of pretreated and un-pretreated samples were 
incubated in a medium consisting of 5 mL of 0.1 M sodium citrate buffer at pH 4.8, 40  μL  of 

a tetracycline antibiotic solution (10 mg/mL in 70 % ethanol), 30  μL of a cycloheximide 

antibiotic solution (10 mg/mL in purified water), 40 (hardwoods, softwoods) or 20 μL (grasses) 
of CTec2 enzyme mix from Novozymes and purified water to obtain a final volume of 10 mL. 
Blank samples used 100 μL of water instead of biomass to correct for any sugar background 
concentration. The saccharification was carried out at 50°C and 250 RPM for 7 days. Sugar 
concentrations were obtained after filtering 1 mL of the hydrolysate through a 0.2 µm PTFE 
syringe filter. Samples were run on a Shimadzu HPLC system (RID, Aminex HPX-87P Bio rad 
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column, 300 x 7.8 mm) with purified water as the mobile phase (0.6 mL/min) at 85°C for 20 
minutes. The conversion of glucose was then calculated following the equation: 
 

𝑆𝑎𝑐𝑐ℎ𝑎𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) = 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%)

=
(𝐶𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑏𝑙𝑎𝑛𝑘) × 𝑉𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑐𝑜𝑟𝑟𝑎𝑛ℎ𝑦𝑑𝑟𝑜 × 𝑃𝑢𝑙𝑝𝑦𝑖𝑒𝑙𝑑

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 × (1 − 𝑚𝑐𝑠𝑎𝑚𝑝𝑙𝑒) × 𝐺𝑙𝑢𝑐𝑎𝑛𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 

 
where Csample is the glucose concentration of the hydrolysis sample determined by HPLC, Cblank 
is the glucose concentration of the blank control determined by HPLC, Vsample is the volume of 
the hydrolysis sample, corranhydro is a correction factor accounting for the increase in mass of 
sugars during hydrolysis (0.9 for glucose). Other parameters have been described previously. 
 
Enzymatic saccharification assays were carried out according to an adapted NREL 
procedure282 as previously described on three biological replicates (trees, one per plot) per 
treatment and three technical replicates per tree and included both substrate and enzyme 
blanks. Ethanol equivalent of released glucose was calculated based the following equation:  

𝑉𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =
2

𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝐸𝑡𝑂𝐻
×

𝑚𝑔𝑙𝑢𝑐𝑎𝑛

𝐴𝐶𝐹 ×
𝑀𝑤(𝑒𝑡ℎ𝑎𝑛𝑜𝑙)
𝑀𝑤(𝑔𝑙𝑢𝑐𝑜𝑠𝑒) × 𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 

 
where ACF is the anhydrous correction for the mass increase during hydrolysis of glucan to 
glucose, 𝑚𝑔𝑙𝑢𝑐𝑎𝑛 is the mass of glucan, MW the molecular mass and the fermentation yield set 

at 90 %.37 
 

2.5.1.2 Biological fermentation 

• Invasive species 
Solutions with sufficient concentration of glucose (around 20 mg.mL-1) were obtained by 
carrying out enzymatic saccharification over 24 hours with high enzyme loading. 330 mg of 
pulp samples or 1.6 g untreated samples of invasive species (dry matter) were incubated with 
4 mL of sodium citrate buffer at pH 4.8, 4 mL of purified water and 400 µL of CTec2 enzyme 
mix from Novozymes. Saccharified samples were then centrifuged to remove the solids and 
the resulting glucose-containing solutions were used to make a medium by mixing with 1X 
yeast nitrogen base (YNB) with amino acids. The concentration of the resulting solutions was 
checked using the HPLC system (Shimadzu, RID detector, Aminex HPX-87P from Bio rad). 
Single colonies (OD600 of 0.1) of Saccharomyces cerevisiae BY4741 [MATa his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0] were used for the fermentation studies on the hydrolysate solutions. The 

fermentation was carried out in triplicate at 30°C with shaking at 250 RPM for 48 hours in an 
incubator (Labnet International). After the fermentation, the optical density of the cultures was 
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measured to check for any abnormally high density due to bacterial development. The 
supernatant was analysed using an HPLC system (RID detector, Aminex HPX-87H Bio rad 
column, 300 x 7.8 mm, 0.005 M H2SO4 as mobile phase, 0.6 ml/min for 35 minutes at 55°C) 
for ethanol concentration. Yields of ethanol were standardized to the amount of biomass used 
for each sample to obtain the hydrolysates. 
 

• Waste wood 
Saccharomyces cerevisiae BY4741 [MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0] was used for the 

fermentation studies using CCA treated wood. Single colonies were used to inoculate 10 mL 
of YPD medium in 250 mL baffled flasks in triplicate and grown for 24 hours at 30 °C with 
shaking at 250 RPM. The optical density (absorbance) of these cultures was measured and 
used to inoculate 3 mL of YPD containing varying concentrations of metal salts (CrIII,CuII and 
AsV ranging from 128 mM to 100 nM) at an initial optical density of 0.1. 3 mL of the medium 
containing cells was then transferred to individual falcon tubes. The cells were cultured 
anaerobically at 30 °C, 250 RPM for 48 hours. The cultures were pelleted by centrifugation 
and the supernatant was retained for HPLC analysis. Fermentation of hydrolysed wood 
samples was carried out in 10 mL centrifuge tubes (Falcon). Saccharification was carried out 
to obtain sugar solutions concentration of around 20 mg.mL−1: around 330 mg of pretreated 
samples and 1.6 g of non-pretreated samples were incubated in a medium consisting of 4 mL 
of 5 M sodium citrate buffer, 4 mL of DI water and 400 μL of CTec2 enzyme mix (Novozymes). 

It should be noted that the enzymatic hydrolysis was run using an excess of enzymes in order 
to achieve high enough glucose concentrations from the non-pretreated biomass (VP-UT). 
Saccharified wood samples were centrifuged to remove the solids and the resulting glucose 
containing solution was used to make a medium by mixing with 1X yeast nitrogen base with 
amino acids (Sigma Aldrich). Samples were standardized to the amount of glucan added to 
the saccharification reaction. Controls containing metals (Cr, Cu, As from chromium sulphate, 
copper sulphate and arsenic(V) in water respectively – all purchased from Sigma) were 
prepared as follows: for samples of CCA-treated wood that had undergone extraction, the 
metal content was readjusted to the amount of Cr, Cu and As in the pulp after pretreatment if 
no extraction had occurred (as a non-extracted control); in regard to the pulp yield after 
pretreatment. All liquid samples were analysed in triplicate through the ICP-OES to check the 
concentration of metals. For the assay, single colonies were used to inoculate YPD medium 
as described above. After 24 hours of growth, cultures were diluted to an OD600 of 0.1 in 
PBS. 3 mL was transferred to each centrifuge tube, cells were pelleted by centrifugation, the 
supernatant was removed, and the cell pellet was resuspended in 3 mL of the appropriate 
wood medium. Cells were grown at 30 °C with shaking at 250 rpm in a Vortemp™ 56 shaking 
incubator (Labnet International) for 48 hours. The OD600 of cultures was measured against a 
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blank of the same type of medium and then the cells were pelleted by centrifugation and the 
supernatant retained for HPLC analysis. The supernatant was pipetted into a HPLC vial and 
submitted for analysis on a Shimadzu HPLC system (RI and UV/Vis detector, Aminex HPX-
87H column BioRad, 300 × 7.8 m, mobile phase 0.005 M H2SO4 as mobile phase, 0.6 
mL.min−1, column temperature 55 °C, acquisition run 35 min). Calibration was carried out 
using standards with concentrations of 0.1, 0.4, 1, 2, 4, 10, 20 and 30 mg.mL−1 of HPLC grade 
ethanol. Ethanol concentrations in the HPLC sample were calculated using the resulting 
calibration curves. 
 

2.5.2 Isolated lignin characterisation 

2.5.2.1 Heteronuclear Single Quantum Coherence Spectroscopy Nuclear Magnetic 
Resonance (HSQC NMR) 

40 mg of lignin was dissolved in 0.5 mL of DMSO-d6 and the solution transferred to an NMR 
tube. HSQC NMR spectrum was recorded on a Bruker 600 MHz spectrometer (pulse 
sequence hsqcetgpsi2, spectral width of 10 ppm in F2 (1H) with 2048 data points and 160 ppm 
in F1 (13C) with 256 data points, 16 scans and 1s interscan delay). Spectra were analysed 
using MestReNova 12.0.4, referenced to the central DMSO-d6 solvent peak (δC 39.520 ppm, 
δH 2.500 ppm) and the assignment of the HSQC spectra based on the relevant literature, 
specific to a species/feedstock.47,99,100,103,104,283–286 Relevant HSQC spectra are found in the 
Appendix. For ether linkages, the C-Hα-signals were integrated, for PCA and H the 2,6-signals 
were integrated. All integrals were normalised to the sum of the G2 + G2 cond volume integrals. 
The S/G ratio of lignin was determined as follows: 

𝑆 𝐺⁄ =
0.5 × 𝑆2,6 + 𝑆2,6 𝑐𝑜𝑛𝑑

𝐺2 + 𝐺2 𝑐𝑜𝑛𝑑
 

 
where S is the volume integral of the relevant syringyl sub-unit, and G is the volume integral 
of the relevant guaiacyl sub-unit. Subscripts 2 and 6 refer to the position of the protons on the 
aromatic ring of the measured sub-unit, and subscript cond refers to condensed sub-units. 
 

2.5.2.2 Thermogravimetric analysis - TGA 
Thermogravimetric analysis of lignin was conducted on a TA Q500 (TA Instruments, USA) 
TGA fitted with a gas switching system, using a platinum pan, with N2 as the purge gas (50 
mL/min). 3±2 mg of freeze-dried lignin was loaded per run.  For proximate analysis of sample 
composition, a drying step at 105 °C for 15 min was carried out before linearly ramping the 
temperature at 60 °C/min over a temperature window of 105 to 600 °C. The sample was held 
at 600 °C for 15 min before a burn-off step was initiated by switching the purge gas to 10 % 
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air and 90 % nitrogen to remove all organic material and determine the ash content. Proximate 
analysis was performed using TA Universal Analysis software using the weight loss curve 
against temperature to determine moisture content, volatile matter, fixed carbon and ash 
contents. 
For thermal analysis, the TGA weight loss curves and their first derivatives, i.e., the differential 
thermogravimetric (DTG) curves with respect to temperature for lignin were plotted and used 
to identify the temperature at which the DTG curve showed the maximum rate of thermal 
composition - DTGmax. DTGmax is the temperature at which rate of weight change (i.e., gradient 
of differential thermogravimetric curve) with respect to temperature is the steepest. 
 

2.5.2.3 Elemental analysis 
The Carbon, Hydrogen, Nitrogen and Sulphur (CNHS) elemental analysis was performed 
using a Vario Micro tube supplied by Elementar, consisting of a dynamic flash combustion 
analysis and thermal conductivity detection. Accuracy is +/- 0.30 % absolute. Oxygen content 
was obtained by difference.  
The Higher Heating Value (HHV) in MJ.kg-1 was estimated according to the Demirbas formula 
(an adaptation of Dulong’s formula)287 on a dry ash free basis, according to the equation: 
 

𝐻𝐻𝑉 =  33.5 ×  𝐶 +  142.3 ×  𝐻 –  15.4 ×  𝑂 –  14.5 × 𝑁 
where C = carbon content, H = hydrogen content, O = oxygen content, and N = nitrogen 
content. 
 

2.5.2.4  Gel Permeation Chromatography (GPC) 
GPC measurements were performed using an Agilent 1260 Infinity instrument equipped with 
a Viscotek column set (AGuard, A6000M and A3000M). The Agilent 1260 Infinity RID was 
used for detection. HPLC grade DMSO containing 1 g/L of Lithium Bromide was used as the 
eluent at 0.4 mL/min at 60°C. Samples were prepared by dissolving 20 mg lignin in 1 mL 
eluent and filtered through a 0.2 µm syringe filter. Ten pullulan polysaccharide standards 
(Agilent calibration kit, from 180 to 780 000 g/mol) were used for calibration. GPC was used 
on the lignin to determine their molecular distributions and absolute molar masse Mw and Mn 
respectively; and polydispersity Đ, where: 

 Đ =  𝑀𝑤 𝑀𝑛⁄  
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2.5.3 Lignin for additional energy production 

2.5.3.1 Post Hydrolysis Solids (PHS) production 

PHS residues were produced using a mixture of wet pretreated CCA-treated wood pulps and 
subjecting them to enzymatic hydrolysis. The pulp mixture consisted of a combination of 11.65 
g of pulp (on an oven-dried basis) from all 6 pretreatment cycles in equal quantities, each 
having been treated at 170 °C for 30 min using [HC1im][Cl] solutions. The enzymatic hydrolysis 
conditions used are described by the NREL in a recent techno-economic study.288,289 31.3 mg 
protein per g of cellulose in feedstock, using cellulase enzymes from Trichoderma reesei 
(Sigma), the saccharification master mix as described in Section 2.2.7 and a solids loading of 
5 wt % at 50°C and 250 RPM. After a residence time of 5 days, the residual solids were 
collected by centrifugation, washed twice with deionized water and freeze-dried. The dried 
post-hydrolysis solids (PHS) were then ground and sieved to a narrow size fraction (106-150 
μm) and stored in air-tight vials before further analysis. 
 

2.5.3.2 Fast pyrolysis experiments 

2.5.3.2.1 Fixed-bed reactor description 
Pyrolysis experiments of PHS were performed by a Dr Clementine Chambon, using a pyrolysis 
reactor designed and built by Dr Matthew E. Boot-Handford from the Fennell Group. The 
description of the reactor can be found in the Appendix and has been reported both in the 
literature and in Boot-Handford’s doctoral thesis.290 The reactor is a single-stage fixed-bed 
downdraft, which allows pre-loaded sample from a solid fuel feeder in a batch wise manner. 
The reactor body consisted of a high temperature BN Incoloy 800HT alloy working tube with 
an internal quartz liner. Sand was loaded into the quartz liner reactor to provide an inert bed 
and heat sink for the K-type thermocouple to be placed in. A sintered quartz disk acted as a 
bed support to retain the ash and residual char. Gases are introduced through a T-piece at 
the top of the reactor, N2 first so the sample could be pyrolyzed generating the different 
pyrolysis products (bio-oils, char and detected gases). During the reaction, the exhaust gas 
and volatiles were swept downstream into the main tar trap. The tar trap was packed with 
glass wool to increase the surface area for the condensation of the bio-oils formed. A 
secondary line diverted the gas flow from the tar trap to the reactor outlet, using two ball valves 
so that the tars could be isolated from the hot gas flow after the reaction time (90s) and sealed 
off from the atmosphere prior to recovery. Two smaller quartz wool traps were placed after the 
main tar trap outlet and at the diversion line outlet respectively to condense any remaining 
tars. A refrigerant solution (30 wt % ethylene glycol in distilled water; -2 °C) was used to cool 
the gases and condense the tars and water vapour contained in the reactor flue gas for 



 

 64 

analysis. Concentration of CO, CO2, CH4 and H2 were measured via an online multi-gas 
infrared detector and analyser (MGA3000, ADC Analyzer) connected after the pressure 
control valve. The gas exiting the analyser was vented in the fume cupboard. A control 
program written in Agilent VEE automated the entire process including fuel feeding, 
temperature control and switching, gas flow rate control and switching, pressure control and 
data monitoring and collection. 
 

2.5.3.2.2 Pyrolysis conditions 
Experiments were done in triplicate. Gas calibration was performed using a certified calibration 
mixture (29.9 vol % CO2, 9.7 % CO, 10.1 % CH4, balance N2) supplied by BOC. The reactor 
was heated up to 500±5 °C under N2 and the temperature was allowed to stabilize for at least 
30 min. Prior to feeding, the loaded sample cylinder was purged for 5 minutes with a 10 ml.s-

1 flow of N2 to displace any air that could interact with pyrolysis results. The biomass sample 
(0.10 g – particle size 106–150 µm) was then fired into the reactor from a pressurized 50 mL 
double-ended sample cylinder, pressurized to 0.5 bar above the reactor pressure (1.5 bara). 
During sample feeding, 20 mlN.s-1 of flow was diverted to the feeder for sweeping the biomass 
particles from the sample feeder into the reactor. After the sample was fed, the reactor was 
held at the set point temperature for 900 s to ensure complete pyrolysis was achieved. The 
pyrolysis tube was flushed with N2 gas with a superficial velocity of 0.25 ms-1(60 mlN s-1 at 500 
°C) to sweep evolving volatiles from the sample bed downstream to the tar trap. After this time 
had elapsed, following the isothermal phase, the char combustion step was initiated by 
switching the gas composition to 10 vol % O2 (balance N2) causing the organic content of the 
char bed to combust. The char combustion step was allowed to continue for a further 10 min. 
Following the char combustion step, the heating was switched off and the reactor allowed to 
cool. All pyrolysis experiments were conducted in duplicate measurements. 
 

2.5.3.2.3 Product recovery  
After cooling down below 60 °C, the reactor and traps were dismantled and each of the reactor 
components (including all three quartz wool samples) was carefully washed with a 4:1 (v/v) 
solution of chloroform and methanol (~300 mL) to collect any liquid products. The washings 
were filtered (Whatman no.1 filter paper) to collect any solid debris. The bulk of the solvent 
was removed under vacuum on a rotary evaporator (Büchi) at 60 °C. The concentrated bio-
oil/solvent solution was then transferred to a pre-weighed aluminium beaker to be further dried 
for 2 hours in a circulating oven at 35 °C under a N2 purge to ensure complete solvent removal 
from the samples. The bio-oil was then weighed to determine the gravimetric yield as a 
percentage of the initial dry weight of the biomass sample. After the bio-oil yield was 
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determined, the bio-oils were transferred to sealed and N2 purged glass vials using ~3 mL of 
4:1 v/v chloroform:methanol solvent. The oils were stored in this solvent in the refrigerator (-4 
°C) before analysis.  
 
The char was recovered from the bed and analysed for its carbon content to calculate the char 
yield. The char yield was determined was determined via the following equations: 

𝐶𝑐ℎ𝑎𝑟,𝑔 = 𝑄𝑜𝑢𝑡,293𝐾 × 𝐴𝑟𝐶 (
𝑥𝐶𝑂2

𝑀𝑅𝐶𝑂2

+
𝑥𝐶𝑂

𝑀𝑅𝐶𝑂
+

𝑥𝐶𝐻4

𝑀𝑅𝐶𝐻4

) 

 

𝑊𝑐ℎ𝑎𝑟,𝑔 =
𝐶𝑐ℎ𝑎𝑟

𝐴𝑟𝐶 × 𝑥𝐶,𝑐ℎ𝑎𝑟
 

 

𝑊𝑐ℎ𝑎𝑟,% =
𝑊𝑐ℎ𝑎𝑟,𝑔

𝑊𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘,𝑔
% 

where Cchar,g is the carbon content of the char from the combustion step, as determined from 
the concentrations of CO2, CO and CH4 measured at the reactor outlet; Qout,298K  is the total 
flowrate at the outlet of the reactor at 293 K and 1 bara (temperature and pressure of the gas 
analysers); ArC is the atomic mass of carbon; xi is the mole fraction of gaseous species i in the 
gas stream exiting the reactor; MRi is the relative molecular mass of gaseous species i; Wchar,g 
is the total calculated weight of char, including ash; Wchar,% is the total yield of char relative to 
the dry feedstock fed into the reactor; xC,char is the mole fraction of carbon in the char where 
𝐴𝑟𝐶 × 𝑥𝐶,𝑐ℎ𝑎𝑟 is the fraction of carbon in the char as determined by elemental CHN analysis of 

the char. 
 
To determine the gaseous product distribution, the concentrations of CO2, CO and CH4 were 
measured in the outlet gas of the reactor after the tar trap via online gas detectors. The total 
gas yields were determined by integrating the signals from the IR detector with reference to 
the gas calibration conducted prior to each experiment.  
 

2.5.3.3 NMR analysis of bio-oils 
Bio-oil sample was analysed within 3 days of production. 30 +/-10 mg of dried bio-oil was 
dissolved in 0.25 mL DMSO-d6 and the solution transferred to a Shigemi tube. 1H NMR spectra 
were acquired on a Bruker 600 MHz spectrometer using 1D pulse sequence zg30 and a 30° 
flip angle; the spectral width was 16 ppm; the acquisition time was 1.7 s and the number of 
scans was 16. The integral values of selected regions of the spectra were calculated on a 
percentage basis after subtracting the region with significant water resonances, which 
interfered with the spectra (δH 3.0–4.5 ppm). Chemical shifts assignments were as follows: 
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alkanes δH 0.5–1.5 ppm / aliphatics δH 1.5-2.0 ppm / methoxy, carbohydrate δH 4.5-6.0 ppm 
/ aromatics δH 6.0-8.5 ppm / aldehydes δH 8.5-10.0 ppm. 
 

2.5.3.4 Energy recovery calculations 
The energy and carbon efficiency of the pyrolysis were calculated based on the input and 
output streams of the pyrolysis products and feed as a system boundary, without including 
the gaseous products and volatiles. Higher Heating Values (HHV) were calculated based on 
the ultimate analysis of the samples (CHNS) using the Demibras formula as previously 
described. The energy requirement for the reactor heating was estimated as 20 % of the 
HHV of the feed.291 
The energy recovered in the char and bio-oil from the pyrolysis of the feed (fuel) is 
calculated following the equation: 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦(%) =
𝐻𝐻𝑉𝑥 × 𝛾𝑥

𝐻𝐻𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝐻𝐻𝑉𝑓𝑒𝑒𝑑
× 100 

where 𝐻𝐻𝑉𝑥 is the energy in the product 𝑥 (char, bio-oil) (MJ.s-1) and 𝛾𝑥 is the yield of the 
product 𝑥. 
 
The carbon recovered in the char and bio-oil from the pyrolysis of the feed (fuel) is 
calculated following the equation: 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝐶𝑥 × 𝛾𝑥
𝐶𝑓𝑒𝑒𝑑 

× 100 

where 𝐶𝑥 is the carbon content of 𝑥 (wt%) and 𝛾𝑥 is the yield of the product 𝑥 (char, bio-oil). 
 

2.5.4 Trace elements analysis and metal recovery 

2.5.4.1 Trace element analysis of waste wood using ICP-OES 
ICP-OES measurements were performed on a Perkin Elmer Optima 2000 for CCA treated 
wood samples. All samples were done in triplicate.  
Standards were prepared using Multielement standard solution 4 for ICP in 10 % nitric acid 
(TraceCERT). The standard solution was diluted with 5 % nitric acid as required to obtain at 
least 4 different concentrations for calibration (maximum 25 ppm). 
Ionic liquid liquors were diluted to approximately 1 % ionic liquid (by mass) concentration with 
5 % nitric acid. In the case of IL liquors with high concentrations of metals, this solution was 
further diluted (maximum concentration of each metal < 25 ppm). All solutions were filtered 
through a 0.22 μm syringe filter prior to analysis. For the analysis of the recycled IL, a blank 

IL without any biomass was subjected to the same experimental procedures as the working 
IL to account for eventual accumulation of metals from external sources, such as metallic dust 
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found on stirrer bars and chromium leaching from stainless steel spatulas. It was used as a 
blank in the ICP-measurements and its metal concentrations (below detection limit for As and 
Cu, <1 ppm for Cr) subtracted from the ones measured for the working ILs. For analysis of 
solid samples (biomass, pulp and lignin), approximately 300 mg of sample was weighed out 
and the exact weight recorded (±0.1 mg, Mettler Toledo NewClassic MS). The samples were 
digested in 1 mL 69 % nitric acid in a closed PTFE vessel (MARSXpress) vessels and 
microwave with power/time control by CEM with the following sequence: 300 W at 83 % power 
for 5 min, 600 W at 66 % power for 5 min and 1200 W at 58 % power for 6 min. The obtained 
solution was cooled in a freezer for one hour before diluting to 10 mL with 5 % nitric acid and 
filtration through a 0.22 µm PTFE syringe filter. 
Percentage recovery of metal M in the pulp was calculated according to the following equation:  

𝑀𝑝𝑢𝑙𝑝 (%) =  
𝐶𝑀,𝑝𝑢𝑙𝑝

𝐶𝑀,𝑈𝑇 × 𝑟𝑝𝑢𝑙𝑝
× 100 

 
Extraction of metal M (%) from the biomass is then calculated as 100 −Mpulp(%). 
   
Percentage recovery of metal M in IL liquor according to equation: 

𝑀𝐼𝐿,𝑛 (%) =
𝐶𝑀,𝐼𝐿,𝑛

𝐶𝑀,𝐵𝑀 × 𝑂𝐷𝑊𝐵𝑀
(𝑚𝐼𝐿 × (1 − 𝑤𝑐𝐼𝐿)) + 𝐶𝑀,𝐼𝐿,𝑛−1

⁄
× 100 

 
Percentage recovery of metal M and in lignin according to equation: 

𝑀𝑙𝑖𝑔𝑛𝑖𝑛 (%) =
𝐶𝑀,𝑙𝑖𝑔𝑛𝑖𝑛

𝐶𝑀,𝐵𝑀 × 𝑟𝑙𝑖𝑔𝑛𝑖𝑛
× 100 

 
where CM,x is the concentration of metal M in component x as measured by ICP, IL,n is the 
ionic liquid liquor at cycle n, BM is the raw biomass, rx is the recovery of component x after 
pretreatment with respect to the initial biomass weight on an oven-dried basis, ODWBM is the 
oven-dried weight of the biomass used in pretreatment, mIL is the initial weight of IL solution 
used for pretreatment and wcIL is the water content of this solution.  
 

2.5.4.2 Trace element analysis of other lignocellulosic samples using ICP-MS 
The trace element analysis was determined by ICP-MS for all other lignocellulosic samples  
by closed microwave digestion followed by ICP-MS, as adapted from the US EPA 3051a 
protocol. All samples were run in triplicate on a dry biomass basis. For each sample, 9 mL 67-
69 % HNO3 (trace element grade, Fischer Scientific) and 3 mL of 35-37 % HCl (trace element 
grade, Fischer Scientific) were added to 400 mg of sample in PFA digestion vessels. The 
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samples were digested using a microwave reactor, whereby the samples were heated to 180 
°C and held for 10 min before cooling down at room temperature. After cooling, the digested 
samples were diluted using ultra-pure 18 MΩ Milli-Q® water and passed through a 0.22 μm 

Whatman syringe filter for ICP-MS (7900 Agilent). The details of the Agilent ICP-MS method 
developed is described in the Appendix. Five calibrated solutions were prepared by mixing 
and diluting single-element and multi-element standards (Inorganic Ventures) of known 
concentrations. The matrix effects of the dilution mixture were corrected using internal 
standards. Certified reference materials for trace elements were systematically digested in 
duplicate using the same procedure in order to validate the results: Sewage Sludge reference 
material ERM® CC144 from Sigma Aldrich292 and Algae reference material 413 from the 
International Atomic Energy Agency.293 The recoveries of the reference materials and detailed 
ICP developed instrumental methodology are presented in the Appendix. 
 
Percentage recovery of metal M in the pulp, lignin and IL liquor and extraction of Metal M (%) 
from the biomass were calculated as described in the previous section. 
 

2.5.4.3 Electrochemical Measurements 
Metal doped-IL solutions were prepared by using chloride metal salts CuCl2, FeCl2, PbCl2 and 
ZnCl2. Solutions of 1000 mg.kg-1 in [H1Cim][Cl] (40 wt % water, Millipore Milli-Q purification 
system, resistivity ca. 18.2 MΩ cm at 25 °C) were used.  
An Autolab PGSTAT302A potentiostat (Metrohm) with NOVA software was used for all 
electrochemical experiments.  
For all cyclic voltammetry experiments, a glassy carbon disc electrode (1.5 mm radius) served 
as the working electrode. Prior to use, the working electrode was polished with a slurry of 0.05 
μm alumina particles on a soft microfibre polishing pad (MicroCloth, Buehler Ltd.) and then on 
a clean wet microfibre pad. A platinum coiled wire acted as the counter electrode and the 
reference electrode comprised a Ag/AgCl (3 M NaCl) glass-fritted electrode.  
Electrolysis experiments were conducted with a copper foil (Goodfellow, 99.9 %) substrate 
acting as the working electrode. The surface area of the copper foil electrode is 8.4 cm2 (7cm 
length x 0.6 cm width both sides). The counter electrode was a platinum coiled wire inserted 
into a glass tube fritted with CoralPorTM (7.8 nm pore size). This served to separate the anolyte 
solution from the catholyte. The reference electrode comprised a Ag/AgCl (3 M NaCl) glass-
fritted electrode. The electrolysis experiments were carried out for 1 hr at varying potentials (-
0.9 V vs Ag/AgCl for Pb and Cu deposition and -1.2 V and -1.4 for Fe and Zn deposition, 
respectively). During the electrolysis, small aliquots of the catholyte were taken (0.1 mL) and 
the concentration of metals were determined using ICP-MS.  
The charge efficiency η from the electrolysis was calculated using the following equation: 
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η =
𝑄𝑡ℎ

𝑄𝑎𝑐𝑐
=

𝑛 × ℱ × 𝑚
𝑄𝑎𝑐𝑐

 

where 𝑄𝑡ℎ is the theoretical charge calculated from the change in solution concentration, 𝑛 is 
the number of electrons, ℱ is the Faraday constant, 𝑚 is the number of moles converted from 
the electrolysis solution and 𝑄𝑎𝑐𝑐 is the accumulative charge passed during the electrolysis 
experiment. 
 

2.5.5 Statistical analysis and projected willow biorefinery yields calculation 

Experiments were carried out on three biological replicated (trees, one per plot) per treatment 
and three technical replicates per tree. Significant difference was assessed on biological 
replicates by using the Student’s t-test (p<0.05).
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3 Invasive species: biological waste valorisation into ethanol 
 

3.1 Introduction 
While most of pretreatment technologies are designed for a specific type of feedstock and 
end-product, we test the hypothesis that the ionoSolv process is flexible enough to integrate 
two selected invasive species. To become a promising feedstock, we focus on the 
pretreatment step and the valorisation of this unconventional biomass and fractionation 
products. In this chapter, we will investigate the potential to supply the ionoSolv process with 
discarded, biologically hazardous terrestrial invasive species. Terrestrial plant invasive 
species are diverse, but they do exhibit one common chemical characteristic: (1) they are 
comprised of lignocellulosic biomass, (2) they produce a high yield of biomass, and (3) they 
do not compete with agricultural land use, as they tend to grow in marginal areas (e.g., acidic 
soils, road-sides, discarded agricultural areas). Three characteristics pursued for bioenergy 
production. Japanese knotweed (JPK) and Rhododendrons (RHDN) are two famous example 
of UK’s most invasive species that mobilize significant financial resources towards their 

eradication and which residues once teared out are considered as waste.294 Despite the 
potential environmental positive impact of using waste and/or marginal land for renewable 
energy, little research has been given to using such species as an innovative renewable 
energy source.295–297 Most studies revolving around invasive species focus on African and 
North American species and their safety practises.298,299  
In this chapter, we investigate for the first time, the composition in structural carbohydrates 
and lignin of invasive species such as JPK and RHDN and valorisation of these products. 
Once their composition revealed, it led to the question: can an ionic liquid-based process 
experimentally produce renewable energy from such invasive species? Possible synergies 
between integrating an unconventional feedstock to the ionoSolv feedstock supplier chain, 
and the chemical engineering barriers are studied here: time and temperature of pretreatment 
for optimised glucose release, and subsequently fermentation into ethanol. Established 
dedicated bioenergy crop (i.e. grasses, softwoods, hardwoods) will be used alongside as a 
reference against JPK and RHDN, to weigh those alternative crops and guide pretreatment 
parameters adjustments. 
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3.2 Results and discussion 

3.2.1 Valuable compositional of selected invasive species 

The composition in structural carbohydrates and lignin has not been reported in the literature 
for invasive species such as JPK and RHDN. However, in order to optimise a pretreatment 
technique and its desired outcomes, it is crucial to determine the composition of the biomass 
input. The ionoSolv process has been successfully applied to a variety of lignocellulosic 
feedstocks already such as pine (softwood), miscanthus (grass) and willow (hardwood). 
Compositional analysis for glucan, hemicelluloses and lignin was performed on JPK and 
RHDN, along with typical biofuel feedstocks, as seen in Figure 3.1. The results show that JPK 
is richer in glucan and lignin compared to RHDN with 40.2 % and 42.7 % and 32 % and 32.6 
% respectively, with a lower hemicellulose content than RHDN. Rhododendron exhibits a 
higher hemicellulose content than JPK of 26.9 %. If we compare these values to established 
typical biofuel feedstocks, JPK would be closer in composition to a softwood such as pine: a 
high glucan (above 40 %) and lignin contents (30-40 %), with lower hemicelluloses content. 
RHDN exhibits a similar composition to a hardwood such as willow with a more evenly 
distributed portions of the polymers. These results show that these invasive species exhibit a 
composition comparable to those suitable for second generation biofuels. Moreover, 
comparing the compositional analysis results of these new feedstocks with the ones that have 
already been extensively studied for the ionoSolv process, gives an indication of the range of 
pretreatment parameters that would be successful using low-cost acidic ionic liquids. The 
ionoSolv process is a fractionation process, where the lignin is solubilised in the ionic liquid 
by the breakage of bonds between the lignin and the hemicellulose-glucose backbone, leaving 
behind a cellulosic pulp.  

Figure 3.1: compositional analysis of RHDN, JPK and 3 other typical biofuel feedstocks 
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3.2.2 IL pretreatment parameters optimisation towards bioethanol production  

3.2.2.1 Glucose release over time and temperature to tune the pretreatment 
The severity of the ionic liquid pretreatment conditions (temperature, time) is a trade-off 
between the prevention of extensive cellulose degradation and sufficient lignin solubilisation 
and recovery, which depends on the initial lignin content of the biomass.  
The parameters of the ionoSolv pretreatment can be tuned depending on the biomass and the 
preferred outcome of the pretreament: mostly the time and temperature of the treatment, but 
also the biomass loading (for process intensification purposes). Time course pretreatments 
(varying of time and temperature of the biomass – ionic liquid reaction) were performed to 
investigate how these invasive species responded to ionoSolv fractionation. The glucose 
release after pretreatment from the pulp was selected as an assessment of the success of the 
pretreatment, in order to produce fermentable glucose solutions for conversion into bioethanol. 
 
N,N,N-dimethylbutylammonium hydrogen sulphate [DMBA][HSO4] is a low-cost protic ionic 
liquid. This ionic liquid was selected for its easy synthesis consisting of an equimolar acid-
base reaction between two cheap starting chemicals; but also for its performance for 
quantitative sugar release from pine compared to other protic ionic liquids.103 The price range 
of [HSO4]− based ionic liquids was estimated between $0.78 to $5.88.kg-1, which is competitive 
with organic solvents such as acetone or ethyl acetate.109,110  
Time courses at 150°C and 170°C were performed, based on the compositional analysis of 
the feedstocks studied here, and previous research carried out for woody samples, involving 
high temperatures above 120°C combined with shorter reaction times (less than 2 
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hours).97,100,103,104 The yields of the pretreatment fractionation process into a cellulose rich pulp 
and a lignin stream are shown in Figure 3.2.  

Figure 3.2: pulp and lignin yields from the time course pretreatments of JPK and RHDN using 
[DMBA][HSO4] (20 %wt water) at 1:5 g/g biomass:IL loading 
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Figure 3.2 shows two trends concerning the pulp and the lignin yield that are characteristic to 
the pretreatment. The pulp yields decrease as the pretreatment time increases; this is due to 
the amount of hemicellulose and lignin solubilised in the ionic liquid. On the other hand, the 
lignin recovered from the ionic liquid liquor increases as the pretreatment time increases: the 
lignin is hydrolysed and extracted at longer pretreatment times as more lignin ether linkages 
are being cleaved. However, little information can be interpreted from the pulp and lignin 
recovery yields; the success of the pretreatment is often measured by the enzymatic glucose 
release from the cellulose rich pulp, also known as saccharification yield. This is a key value 
in determining the accessibility of the glucose by enzymes and therefore the deconstruction 
of the lignocellulosic matrix from the pretreatment (as lignin hinders glucose accessibility). 
Given the nature of the feedstocks (waste invasive species), the glucose release from the pulp 
will be optimised here, as we have selected fermentation of glucose into bioethanol for this 
study as an end-use example of the cellulose rich pulp. Other routes of valorisation such as 
cellulose crystallinity or cellulose fibres properties required for cellulose-based materials have 
more complex routes, best to be kept for ‘textbook’ typical biofuel feedstocks which have been 
extensively studied. 
 
The results of the enzymatic saccharification of the cellulose pulps are shown in Figure 3.3. 
The enzymatic hydrolysis of non-treated samples for the two invasive species only yielded 
12.6 % and 9.2 % of glucose for RHDN and JPK respectively. This shows that the presence 
of lignin does hinder the access of enzymes to the cellulose and the need for pretreatment 
prior to subsequent utilisation of the cellulose. The maximum glucose release for RHDN was 
achieved after 30 minutes at 170°C with 75.6 % glucose (a 6-fold increase compared to the 
untreated tests) and 71.5 % after 45 minutes at 170°C. This is similar to what has been 
reported with pretreatment of pine using [DMBA][HSO4] with sugar releases over 70 % at high 
temperature and short reaction time (170°C, 30 min).103 After reaching the optimal value, the 
glucose yields decrease at both temperatures. This indicates either degradation of the 
cellulose, charring of the pulp at harsher pretreatment conditions, or re-deposition of pseudo-
lignin (hydrolysed smaller fragments of lignin, possibly re-condensed with degradation 
products) onto the surface of the pulp during the process.100 Shorter reaction times are 
preferable for a pretreatment process (since this reduces equipment size and cost); this is why 
the optimal pretreatment condition was subsequently considered to be 170°C for 30 minutes 
for RHDN for further analyses. 
 
The glucose release from JPK at 170°C after pretreatment was consistently lower than at 
150°C. This indicates that 170°C is too harsh for pretreating JPK. This is consistent with the 
composition of the biomass and differences between the two feedstocks. JPK has a greater 
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glucan content than RHDN; higher temperatures would degrade the glucan faster, while 
solubilising the lignin is achieved at lower temperatures. The highest glucose release for JPK 
was observed at 150°C for 1 hour at 85 %, a 7.7-fold increase compared to untreated samples. 
The pulps at 150°C for 1 hour and 170°C for 30 minutes were selected for further 
compositional analysis for JPK and RHDN respectively.  

Figure 3.3: enzymatic hydrolysis conversion of untreated samples and the pulp obtained from the 
pretreated pulps at 150°C (left, dashed) and 170°C (right) for JPK (top, yellow) and RHDN (bottom, 

blue) 

At lower temperature (150°C), the effect of time has only a lower impact on saccharification 
yield, than at a higher temperature (170°C) where an optimal duration of pretreatment needs 
to be respected before the drop of the saccharification yield, especially for RHDN. 
If a more universal / feedstock agnostic condition is to be chosen, a lower temperature (150 
°C) but longer pretreatment (45-60 mins) seems to be the most interesting consensus, 
reaching out 70% of saccharification yield for both invasive species. 
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3.2.2.2 Optimised pulp composition for cellulose purity 
The pulps were analysed for their cellulose purity and the effect of the ionic liquid pretreatment 
on the lignocellulosic matrix using compositional analysis, as shown in Figure 3.4. The pulps 
still retain some lignin since the delignification rates are just below 90 %. This level of lignin 
extraction in the pulps is enough to deconstruct the biomass and achieve significant 
saccharification yields as shown in Figure 3.2 (85 % for JPK, 75.6 % for RHDN). The lignin 
content of the RHDN pulp is higher than in the untreated samples. This could be due to the 
deposition of a condensed lignin oligomers (pseudo-lignin), which are water soluble, on to the 
cellulose-rich pulp at harsh pretreatment conditions (170°C for RHDN compared to 150°C for 
JPK).286,300 
 
The pretreatment yields high cellulose purity of the pulps: 62 % for RHDN and over 73 % for 
the JPK, which represents glucose recoveries of 96.2 % and 70.8 % respectively. Even though 
the glucose recovery is lower for the JPK, which has a higher initial glucan content (Figure 
3.1), the cellulose purity of the pulp is higher. This could be due to hydrolysis of the less 
crystalline regions of cellulose during pretreatment, or better delignification.106 Overall, the 
ionic liquid fractionated the biomass during the pretreatment, leaving a rich cellulose pulp with 
around 5 % of hemicelluloses and some lignin, which has been disrupted. 
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Figure 3.4: A. Compositional analysis of the pulps recovered from the pretreatment  (170°C 30 mins 
for RHDN, 150°C 1 hr for JPK) B. Analysis of the pulp from the pretreatment (170°C 30 mins for 

RHDN, 150°C 1 hr for JPK). Values are in weight percentage. 

 

3.2.3 Ionic Liquid liquor analysis for degradation products: potential inhibitors 

Before the precipitation of the lignin with the addition of water, the ionic liquid liquor or ‘black 

liquor’ can be analysed to assess the concentration of sugar degradation products from the 

biomass fractionation, as more than 80 % of the hemicelluloses were removed from the 
biomass (Figure 3.4B). Moreover, liquor analysis can reveal the presence of valuable by-
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products, which can be recovered; or potential inhibitors for subsequent biorefinery steps, i.e., 
here fermentation. The results are presented in Figure 3.5 for the ionic liquid liquors derived 
from the ‘optimum pulps’ (170°C 30 min for RHDN and 150°C 1hr for JPK). The two main 

chemicals found in the liquor are acetic acid and furfural for both feedstocks. The glycosylic 
bonds from the hemicelluloses and cellulose are hydrolysed in the acidic ionic liquid, leaving 
monomers in liquor.301 This explains the presence of glucose and hemicelluloses (arabinose, 
mannose, galactose) in the IL. These monomers can then go through further transformation 
in the IL at such temperatures: the dehydration of sugars lead to the formation of furfural and 
HMF.61 The removal of acetyl groups from sugars lead to the formation of acetic acid in 
relatively important concentrations. More than 8 mg/g for acetic acid and furfural were found 
in the liquor for both feedstocks. Other degradation products are also observed in the liquor in 
smaller concentrations: levulinic and formic acid – from the further degradation of HMF.301 
Degradation products found in the liquor could be recovered via distillation to maximise the 
biorefinery products. However, recovery was not in the scope of this study, but this analysis 
was used to understand which compounds are found in the liquor and their impact on the 
subsequent stages of the process, such as enzymatic saccharification and fermentation.302 

 

Figure 3.5: analysis of the compounds found in the ionic liquid liquor after pretreatment (in mg of 
compound per g of ionic liquid liquor) 

 

3.2.4 Significant fermentation and bioethanol yields of invasive ionoSolv pulps 

To demonstrate potential valorisation of the hydrolysate, fermentation of the glucose solutions 
into bioethanol was performed. The obtained hydrolysates which released the highest glucose 
yields were used to grow yeast cells (Saccharomyces cerevisiae) for ethanol production. 
Ethanol production was observed for the two feedstocks, as shown in Figure 3.6.  
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The ethanol yields observed for the untreated invasive species are below 2 %, much lower 
than the ones obtained from the pretreated samples, as a result of the high amount of biomass 
necessary to achieve a sufficient sugar concentration for the fermentation. This further 
demonstrates the necessity of pretreatment for lignocellulosic biomass and subsequent 
valorisation into a fuel. The yield of glucose conversion into bioethanol from pretreated RHDN 
reached 75.7 % showing that this feedstock is suitable for fuel production under these 
conditions. The yield of ethanol from pretreated JPK is slightly below 25 %, which is a 67-fold 
increase compared to untreated JPK.  
 

Figure 3.6: ethanol yields from the hydrolysate of pretreated pulps (with the highest glucose release), 
standardised to the amount of biomass used (dry matter) 

 

The significant difference between the fermentation of RHDN and JPK can be explained by 
the presence of fermentation inhibitors in the hydrolysate.303 The presence of degradation 
products from the pretreatment such as furans and carboxylic acids can hinder the 
fermentation of yeasts.304 In fact, the HPLC analysis of solutions after fermentation shown in 
Figure 3.7 exhibits higher concentrations of acetic and levulinic acids for the JPK than for the 
RHDN; with the presence of formic acid only in the JPK fermentate. These compounds were 
also found in the IL liquor right after pretreatment (Figure 3.5), showing that removing and/or 
recovering such compounds before fermentation could have a positive impact on the 
bioethanol yields. Looking at the value for fermented JPK pulp, it looks like the feedstocks did 
not perform as well. However, it needs to be taken into consideration that the fermentation 
process is not optimised, but merely used at a proof of concept of biofuel production derived 
from ionoSolv pulp. Perhaps a threshold of minimum of bioethanol yield could be established, 
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using this fermentation protocol and ionSolv pulps; however, the optimisation of the 
fermentation process is out of scope for this thesis. 
 

Figure 3.7: HPLC analysis of the weak acids found in the solutions after fermentation for JPK and 
RHDN  

We have shown here that these invasive species samples can be deconstructed using a low-
cost innovative solvent and that the cellulose pulp derived from the process can be converted 
into a biofuel with significant yields, especially for RHDN. Such biomass can be used as a 
resource to feed into the ionoSolv process and could have a significant positive environmental 
impact. Instead of being burned as contaminated waste, this biomass could be used to yield 
renewable and financially attractive compounds using an innovative technology that has 
proven successful on other feedstocks (softwoods, hardwoods, grasses). 
 

3.2.5 Unveiling lignin analysis for such unconventional species 

The lignin stream was studied for its value as a fuel, and the lignin structure of the lignin was 
analysed using 2D HSQC NMR, and to further analyse ionoSolv product streams. Elemental 
analysis was performed to assess the higher heating value of the ionoSolv lignin compared to 
untreated biomass. Thermogravimetric analysis was used to study the thermal stability of the 
lignins from the pretreatment, while gel permeation chromatography (GPC) was used to 
determine the molecular size and weight of the lignin extracted from the pretreatment.  
 

3.2.5.1 Lignin solubilisation over time from the protic acidic ionic liquid mixture treatment 
2D HSQC NMR was employed here to gain insights on the structure of the isolated lignins 
obtained at optimum conditions (170°C 30 min for RHDN and 150°C 1hr for JPK). HSQC NMR 
analysis is a two-dimensional NMR technique that resolves signals that otherwise overlap in 
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one-dimensional spectra. The resulting NMR spectra can be analysed into two sub-sections: 
the aromatic region showing cross-signals of the aromatic sub-units (p-hydroxyphenyl H, 
guaiacyl G and syringyl S as well as p-coumarates) and the region representing cross-signals 
for the linkages between these aromatic subgroups as seen in Figure 3.8 (taken from 
reference 52). The structural changes in isolated lignin from miscanthus have been previously 
reported using acidic ionic liquid water mixtures.47 Lignin extracted from invasive species has 
not yet been reported in the literature and therefore the assignments of 13C–1H cross signals 
in the HSQC spectra were performed based on the existing literature for a range of 
lignocellulosic feedstocks.283,284,305–307 The structure of lignin changes depending on the 
extraction or isolation method applied. HSQC NMR here is not used to determine the native 
structure of the lignin from such invasive species, as its structure has been altered by chemical 
modification from the pretreatment, but to look into the aromatic sub-units and side chains 
linkages present in the ionoSolv lignin from RDHD and JPK. Softwoods are made 
predominately from guaiacyl (G) sub-units, while hardwoods are made of G and a large 
amount of syringyl (S) sub-units and grasses are made of all three S, G and smaller amounts 
of p-hydroxyphenyl (H) sub-units.35 Some biomass lignins may also contain p-coumaric acid 
(PCA) and ferulic acid (FA) units. The S/G ratio is used to characterise the lignin type of 
feedstock and is known to have an impact on the delignification of hardwoods, as well as 
hydrolysis of the cellulose and hemicellulose.308–311 Moreover, HSQC NMR technique is used 
to semi-quantity the major linkages between these units: β-O-4’ aryl ether, phenylcoumaran 

β-5’ and β-β’ resinol linkages.  
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Figure 3.8: major sub-units and linkages found in lignocellulosic biomass 

 

The results of the HSQC of the lignins are presented in Figure 3.9. Neither feedstock showed 
any signal for H sub-units in their lignin HSQC. The S/G ratio of the recovered lignin was 
determined as 0.5 and 0.8 for JPK and RHDN, respectively. These results are in agreement 
with the compositional analysis of the untreated biomass. These species are not considered 
grasses due to the absence of H sub-units. The ionoSolv lignin from RHDN showing higher 
amounts of S aromatic units is closer to that of hardwoods such as willow, while the lignin 
extracted from JPK has a lower S/G ratio with lower S units.103,104 Since the degree of 
condensation of G2 units is similar between the two feedstocks, it could also be that a greater 
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amount of S sub-units were extracted from JPK than RHDN. S-rich lignins are easily extracted 
in mild pretreatment conditions, as G sub-units are more prone to condensation, forming C-C 
bonds between units and resulting in cross-linking of the aromatic ring. In fact, JPK lignin 
exhibits fewer β-O-4’ linkages than RHDN, which adds to the evidence that JPK lignin is more 

condensed (nucleophilic attack of the G sub-units onto the alpha carbon of the β-O-4’ linkage 
in acidic conditions). JPK lignin was found to show PCA linkages, which are usually in grasses 
and believed to be involved in cross-coupling with lignin monomers and the formation of lignin 
carbohydrates-complexes (LCCs).83  
 

Figure 3.9: HSQC NMR results of lignin recovered after pretreatment of RHDN at 170°C for 30 min 
with [DMBA][HSO4] and JPK at 150°C 1 hour, biomass to solvent ratio of 1:5 g/g and a final water 

content of 20 wt% 
 

3.2.5.2 Invasive ionoSolv lignin properties over time via Gel Permeation Chromatography 
Lignin can also be used as a precursor for value added chemicals, for which characterisation 
of the lignin is often needed.45,312 The GPC results determined the weight average molecular 
weight (Mn), the number average molecular weight (Mw) and the dispersity (Đ) of the lignin 
extracted from the pretreatment (Table 3.1). Pretreatment conditions such as temperature, 
time, acid/base ratio of the IL, have an impact on the molecular distribution of the ionoSolv 
lignins.97,104 However, the relation between pretreatment conditions and impact on the lignin 
structure and weight is not always straightforward. The ionoSolv pretreatment utilises an acidic 
ionic liquid to deconstruct and react with the lignin from the biomass. At the molecular stage, 
there is a balance between lignin condensation reactions and depolymerisation of lignin 
through the cleavage of β-O-4’ linkages into smaller lignin fragments.47 These phenomena 
have been observed for other lignocellulosic feedstocks such as miscanthus and willow with 
protic ionic liquids and similar pretreatment conditions.100,104 Mw decreases through lignin 
depolymerisation, while Mw increases as lignin condensation reactions are favoured, resulting 
in longer chains of cross-condensed lignin.  
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The pretreatment of RHDN at 150°C yielded larger lignin chains than at 170°C because lignin 
hydrolysis is favoured at higher temperatures based on the Mw values. For RHDN at 150°C, 
the highest Mw and Mn was observed at 0.5 h. This is the early extraction stage, where the 
lignin is extracted with remaining cleavable ether bonds and low polydispersity. Mw increases 
with pretreatment time due to the continued extraction of lignin; and later condensation of G 
sub-units with longer residence time within the ionic liquid, while Mn and Đ decrease due to 
further hydrolysis of already extracted shorter chain lignins. At 170°C for RHDN, Mw increases 
from 0.25 to 0.75 h of pretreatment, and decreases at even longer reaction times. This shows 
that beyond 0.75 h at 170°C, lignin extraction has ceased, resulting in the coexistence of more 
heterogenous condensed lignin and smaller lignin fragments.  
The extracted lignin from JPK have lower Mw and Mn compared to RHDN. It is interesting that 
JPK at 170°C seems to follow the same trend as RHDN at 150°C. Mw and Đ increase as the 

pretreatment time increases, showing that the lignin is continuously extracted at 170°C but 
Mn decreases from 3.90 to 5.96 between 0.25 h and 1.25 h respectively. While lignin is 
extracted and smaller fragments are being hydrolysed, lignin condensation is accelerated 
within the G sub-units, with other fragments of lignin and possibly degradation products 
(pseudo-lignin and LCCs). At 150°C, Mw reached its maximum at 5040 Da for 1 hour of 
pretreatment, then decreases, while Mn remains fairly constant. It seems that the lignin 
extraction stage ceased after this point and the presence of PCA linkages confirmed by HSQC 
NMR (Figure 3.10) could be further evidence of pseudo-lignin formation and interaction with 
residual carbohydrates. 
 

 
Table 3.1: GPC results of the lignin. Mn and Mw (Da) 

 
Differences in molecular weight of the lignin are inherent to the species of the biomass itself, 
but also to the pretreatment technology used, and its severity.104,313 The desired properties of 
ionoSolv lignin from invasive species would depend on its end application. Lignin with higher 

Sample RHDN - 150°C RHDN - 170°C JPK - 150°C JPK - 170°C 

Time (h) Mn Mw Đ Mn Mw Đ Mn Mw Đ Mn Mw Đ 

0.25 - - - 1272 6130 4.82 - - - 1274 4672 3.90 
0.5 1436 6824 4.97 1291 6321 5.10 1218 4544 3.59 842 4067 4.95 
0.75 1311 7204 5.14 1201 6666 5.56 1050 4063 3.96 824 4322 5.48 
1 1187 7386 6.02 1166 6226 5.36 1064 5040 4.67 990 5484 5.68 
1.25 1113 7798 6.83 1131 6287 5.56 1077 4063 4.12 857 5332 5.96 
1.5 1037 7893 7.48 - - - 1019 4371 4.46 - - - 
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molecular weight, high aromaticity and increased C-C bonds is preferrable for composite 
materials such as fillers, carbon fibres or resins,314,315  while lower molecular weight lignin is 
proposed in biological valorisation routes.316–318 
 

3.2.5.3 Proximate analysis of lignin: invasive ionoSolv lignin as a fuel 
Thermogravimetric analysis (TGA) was used to assess the thermal properties of the lignin 
extracted from the invasive species, as the application of lignin in fast pyrolysis could be an 
interesting end application. Proximate analysis was conducted employing an incremental 
heating process up to 600°C to quantify the composition, moisture, volatile matter, ash and 
fixed carbon components of the lignin and raw biomass. DTGmax is the peak in the DTG curve, 
which correlates to the temperature at which the sample exhibits the maximum rate of 
degradation and is used to compare the relative thermal stability between samples. 
Similarly to the molecular weight of lignin, the thermal degradation of lignin is inherently linked 
to the chemical structure of the extracted lignin. Lignin linkages begin to break where the bond 
dissociation energy is relatively low, mainly hydroxyl groups and in a second instance ether 
bonds (including β-O-4 linkages). It was found that the thermal stability of lignin (DTGmax) 
increases with incrementally higher molecular weight.319 Moreover, the thermal behaviour of 
lignin is driven by the presence of highly crossed linked and condensed lignin: with a greater 
degree of condensation of the lignin macromolecule, the thermal energy needed for bond 
cleavage increases.320,321 
  
Table 3.2 shows the thermal stability parameters of the lignin from the time course using 
invasive species. The proximate analysis data is coherent with the GPC analysis of lignins for 
the invasive species. As the severity of the pretreatment increases, more ether bond linkages 
are broken during pretreatment and fewer are left in the resulting lignin. Hence the gradual 
increase of DTGmax with pretreatment time for all lignin samples. Harsher pretreatment 
conditions lead to more hydrolysed and more condensed lignin: this results in an increase in 
fixed carbon content during thermal decomposition, corresponding to the remaining volatilized 
lignin due to the formation of highly condensed aromatic structures; and decrease in volatile 
matter from less oxygenated lignins. 
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Table 3.2: thermogravimetric analysis of the lignin derived from the pretreated invasive species 

 
The Higher Heating Values (HVV) of the lignin for the two time courses performed were 
calculated according to the Demirbas formula,287 based on the elemental composition of the 
samples (values shown in the Appendix); and shown in Figure 3.10. The HHV for the untreated 
biomass is 16.3 MJ.kg-1 for both feedstocks. This is within the range of the values reported in 
the literature for other biomass feedstocks (8-20 MJ.kg-1) or bio oils (16-19 MJ.kg-1).322,323 The 
highest energy value of lignin was obtained from of RHDN at 170°C for 15 minutes (25.7 
MJ.kg-1), a 1.5-fold increase compared to untreated raw biomass. This is due to the higher 
carbon and lower oxygen contents of the lignin compared to untreated biomass.324,325 For 
RHDN, HHVs range between 23.7 MJ.kg-1 and 25.7 MJ.kg-1 , with slightly higher values for 
pretreatments conducted at 170°C compared to 150°C, due to the higher degree of 
condensation of lignin at harsher pretreatment conditions. We can observe an opposite trend 
for JPK, with values ranging from 22.9 to 24 MK.kg-1; with higher values at 150°C than 170°C. 
These differences could be due to the reaction of lignin with more oxygenated compounds 

Sample RHDN - 150°C RHDN - 170°C 

Time (h) DTGmax (°C) VM (%) FC (%) VM/FC (%) DTGmax (°C) VM (%) FC (%) VM/FC (%) 

0.25 - - - - 315 69.1 30.9 2.2 

0.5 332 64.1 35.9 1.8 320 60.2 39.8 1.5 
0.75 331 61.4 38.6 1.6 327 60.1 38.9 1.5 

1 332 58.6 41.4 1.4 329 57.8 42.2 1.4 
1.25 336 58.0 42.0 1.4 337 56.6 43.4 1.3 
1.5 342 58.7 41.3 1.4 - - - - 

   
Sample JPK - 150°C JPK - 170°C 

Time (h) DTGmax (°C) VM (%) FC (%) VM/FC (%) DTGmax (°C) VM (%) FC (%) VM/FC (%) 

0.25 - - - - 328 65.6 34.4 1.9 
0.5 335 66.2 33.8 2.0 338 60.0 40.0 1.5 
0.75 336 71.7 28.3 2.5 341 60.5 39.5 1.5 

1 344 59.4 40.6 1.5 347 55.6 44.4 1.3 
1.25 329 59.6 40.4 1.5 346 57.4 42.6 1.3 

1.5 343 57.0 43.0 1.3 - - - - 
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such as pseudo-lignin and carbohydrates; as the presence of LCCs was already suspected 
from the HSQC NMR.  
The N and S content between 1-3 % in the lignin indicate residual IL contamination; nitrogen 
is representative of the dimethylbutylammonium cation and sulphur is representative of the 
hydrogen sulphate anion. Further washing of the lignin could be investigated to remove any 
contamination such as a Soxhlet ethanol extraction overnight as it is performed on the pulp at 
bench scale. 
IonoSolv lignin can be burned for energy as a fuel, with more energy liberated per unit mass 
than untreated biomass, contributing to the valorisation of all products derived from the 
pretreatment of the biomass.  

Figure 3.10: Higher Heating Values (HHV) of the ionoSolv lignins from A. Rhododendron (RHDN) and 
B. Japanese Knotweed (JPK) at 150°C and 170°C for short reaction times (0.25-1.5 hr) 
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The structures and properties of lignin differ between feedstocks and are affected by the 
delignification chemistry and its severity in biomass fractionation using ionic liquids.326 The 
conditions of the pretreatment will essentially depend on the desired outcome of the process, 
whether it is bioethanol production from the pulp, or high purity of cellulose for nanocellulose 
production, or even specific properties for extracted lignins for carbon fibres. Nonetheless, this 
study demonstrates that the ionoSolv pretreatment can be feedstock agnostic and applied for 
a variety of different lignocellulosic feedstocks, such as UK invasive species, to extract high 
quality lignin and generate a cellulose rich pulp, which was fermentable into bioethanol. 
 

3.3 Conclusion: waste invasive species as a resource for a biorefinery 
To the authors’ knowledge, this is the first time UK invasive species such as JPK and RHDN 
were investigated as biofuel feedstocks. The composition of these two invasive species was 
determined and found to be similar to typical biofuel feedstocks, such as pine and willow. The 
ionoSolv process was able to integrate such biomass for lignocellulosic fractionation at high 
temperature and short reaction times into value-added bioproducts, demonstrating potential 
as an energy feedstock. This pretreatment process proves that it is flexible regarding the 
biomass feed, yielding a cellulose rich pulp from these two invasive species, as well as a lignin 
stream. The cellulose was hydrolysed and successfully fermented into bioethanol, while the 
lignin was isolated and valorised into bioheat. While JPK seemed a more promising feedstock 
based on compositional analysis; RHDN lead to higher yields after transformation mainly due 
to a higher pulp yield. This highlights the non-linearity between glucose composition and 
bioethanol yields, as well as the importance of inhibitors derived from the during the biomass 
fractionation process. However, the optimisation of fermentation was out of the scope of this 
thesis and merely served as a proof of concept for biofuel production.  
 
In Great Britain, the estimated total cost of removal and disposal of JPK alone stands at £165 
million per year, whereas the current control efforts against RHDN species are estimated to 
cost over £8 million per year.55,327,328 Through this study, we have shown that a chemical 
engineering process for biomass can be an alternative to waste disposal and that these  
invasive species can instead be a source of useful products and fuels. In combination with 
strict management practises to avoid further spreading of invasive species (i.e., transport, 
harvest), they could be fed into the ionoSolv process. Such a strategy could lead to creating 
renewable energy from these species and generate a revenue, allowing eradication at a lower 
cost. Moreover, as these feedstocks are easily available and not agriculturally grown on 
purpose, they have the advantage of taking the pressure off land use and land availability for 
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the production of bioenergy. This represents an upgrading of an underutilised biomass, 
extremely hard to eradicate by conventional chemical and physical means.329–332 
The results should be leveraged with accurate biomass yields and of course, biomass 
availability on the short, medium and long term. With RHDN taking up 3.3 % of Britain’s 

woodland (98 700 ha),333 this feedstock could represent a market for a biorefinery; and a 
significant increase in land used for bioenergy without competing with food or forests. JPN 
would still have value and could be used in co-processing with RHDN. If the goal is to both 
supply the ionoSolv process with biomass and exterminate the threat of such invasive species, 
one should agree that the supply of such invasive species will be decreasing over time. The 
biomass supplied for the ionoSolv biorefinery should not be only from one source, but from a 
myriad of feedstock solutions. In the next chapter, we will further investigate the ability and 
chemical engineering barriers to integrate another type of waste, metal contaminated waste 
wood, into the ionoSolv supply chain and test the ability of the ionic liquid solvent to dissolve 
metal species in the wood. 

4 Consumer waste wood: the challenge of highly contaminated 
feedstock for the ionoSolv process 

 

4.1 Introduction 
While invasive species offer a promising alternative for sourcing lignocellulosic feedstock to 
the ionoSolv process, their availability and potential misuse raise long-term complexities. In 
this chapter, we investigate using another alternative waste feedstock, which availability is 
directly induced from human activities and demographic growth: construction waste wood. We 
test both the flexibility of the ionoSolv process to pretreat unconventional feedstocks and its 
ability to treat a waste with imbedded metals. What happens to waste wood after its shelf life? 
Waste wood is associated with a major environmental burden, often landfilled, or incinerated 
in specialised burners. Copper Chromated Arsenate (CCA) wood is a type of construction 
wood that has been extensively used all around the world.334–336 It is being phased out by the 
Environmental Protection Agency and production has been banned but scientists agree that 
dealing with the disposal of waste CCA wood will remain an environmental challenge for the 
coming decades.337  
In the effort of finding innovative feedstocks for the ionoSolv process, this chapter investigates 
the use of post-consumer and hazardous waste wood as a biorefinery feedstock. Similarly to 
invasive species, using such waste is more sustainable than using conventional biofuel crops 
for two reasons: it uses waste as a resource in the context of a circular bioeconomy and it 
diverts a waste from landfill, freeing land and avoiding contamination of the environment from 
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metals. Moreover, this chapter capitalises on the unique properties of ILs as designer solvents. 
Here we suggest that some PILs can both deconstruct the lignocellulosic feedstock and 
decontaminate the waste by extracting its metals within the wood. Thanks to their ionic nature, 
ILs have been studied for their ability to dissolve various metals.166,338–341  Moreover, PILs often 
show higher solubility of metal salts than their aprotic analogues.161,162 
In the effort of further enhancing the process’ recyclability and separation system, the following 
aspects are investigated in this chapter: the fractionation of waste wood for the ionoSolv 
supply chain, the metal extraction from its solvent, the impact of metals on subsequent 
fermentation and recycling of the solvent over 6 cycles. Finally, the diversification of by-
product valorisation is widened beyond the binary of glucose and lignin based products, with 
analysis and valorisation of a waste stream: post hydrolysis solid residues via pyrolysis. 

4.2 Results and discussion 

4.2.1 The composition of the waste-wood feedstock is similar to pine 

Compositional analysis was conducted, showing 43.5 % glucose, 20.1 % hemicelluloses 
(xylose, galactose, arabinose and mannose), 30.9 % lignin and 1.4 % ash – as seen in Figure 
4.1. Structural carbohydrates and lignin are similar to those of a softwood such as pine, 
displayed along with the results for CCA. The main differences between the two feedstocks 
are the ash content and small differences in lignin and hemicellulose contents, which can vary 
even from within the same species of tree. 
 

Figure 4.1: compositional analysis of the CCA treated wood used for the experiments and a virgin 
softwood pine, for comparison 

 
The ash content is due to the presence of metals in the biomass in very high concentration 
and confirmed by ICP-OES, as shown in Figure 4.2. The CCA treated wood contains nearly 
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4000 mg.kg-1 of Cr and As, as well as 2000 mg.kg-1 of Cu. As explained in the methodology 
section, the error bars shown refer to a single standard deviation value from the technical 
triplicate experimental measurements. The metal content of the untreated CCA wood shows 
some variability even within the same sample, especially for As. Even homogenised after 
grounding, the CCA wood could exhibit some small variations in metal owning to the metal 
impregnation process. 
Its metal content categorised CCA treated wood as Grade D waste and its waste poses an 
environmental issue: it is either necessary to dispose of it using special expensive burners, or 
in specialised landfills to avoid metal leaching in the soil and groundwaters. 
 

Figure 4.2: trace element analysis of the CCA treated wood used for the experiments 

 

4.2.2 Stable fractionation and saccharification of waste wood with recycled liquor 

Based on the compositional analysis results of the treated wood and previous studies 
published using the ionoSolv process, CCA samples were pretreated as a softwood feedstock: 
170°C for 30 minutes, 20 wt % biomass loading.103 The IL [C1Him][Cl] was selected for its 
imidazolium cation to deconstruct lignocellulosic biomass and its chloride anion known to 
coordinate with metals in aqueous phases.35,158,342 In order to investigate the process 
economics of this feedstock, the same pretreatment conditions were used but the ionic liquid 
solvent was recycled over the course of 6 cycles. IL recovery was found to be 99.06 ± 0.72 % 
overall, showing it can be recycled with minimal losses. After each cycle of pretreatment, the 
isolated wet pulps were subjected to enzymatic hydrolysis and the lignin was recovered by the 
addition of an anti-solvent into the ionic liquid liquor. Finally, the water from the ionic liquid 
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liquor was evaporated and the liquor was analysed and recycled for the subsequent 
pretreatment. The impact of the recycling of the ionic liquid was studied using key performance 
indicators for this pretreatment: the theoretical maximum glucose release, also called 
saccharification yield (Figure 4.3). 
 
The analysis of pulp and lignin yields are limited as they are only quantitative weight 
measurements by mass of the products recovered from the pretreatment. However, in the 
case of recycling of the ionic liquids, these pretreatment values can be insightful. The pulp 
yields were stable along the different cycles, between 53-54 % (n=1 and n=5 respectively) 
and 62 % (n=6), with standard deviations increasing with the number of cycles. This indicates 
that the variability of the cellulose pulp recovered increases with the repeated recycle of the 
IL.  
On the other hand, lignin yields increased from 12.1 % of the whole initial biomass in cycle 1 
to almost double, with a lignin yield of 21.5 % in cycle 6. As lignin is being dissolved in the 
ionic liquid over the course of each pretreatment, a significant amount of lignin in the form of 
small water-soluble fragments (also called pseudo-lignin) can stay dissolved in the liquor from 
one cycle to another. These small lignin fragments can also re-condense during the following 
cycles until they eventually precipitate out, though they may stay in the liquor for a few cycles 
before precipitating. Those fragments are likely to have had more of their ether bonds broken 
and a significant amount of condensation occurs between aromatic units over the repetitive 
recycling of the IL. This can explain the monotonic increase in lignin yield over a number of 
cycles: more lignin can be precipitated from the liquor as the cycle number increase and the 
pulp yields increase as some of this pseudo-lignin fragments can also redeposit on the 
cellulose pulp during pretreatment.106,343 
 
Glucose release, or percentage of saccharification yields are key parameters to assess the 
performance of the pretreatment, recycle, and overall valorisation of the biomass. Comparing 
the values for saccharification of the ionoSolv pulp (n=1) and the untreated biomass (n=0), a 
14-fold increase compared between the two samples, showing the crucial importance of this 
specific [HC1im][Cl] pretreatment step for any subsequent chemical valorisation. 
Saccharification yields, starting at 67 % after the first cycle, gradually decreased over the 
subsequent 3 cycles to 55 % in cycle 4 before increasing to 75 % in the 6th cycle. Again, this 
could be due to the amount of lignin accumulating as water soluble fragments on the surface 
of the pulp over the cycles 2-4. After cycle 4, these fragments finally condense and are able 
to be precipitated in cycle 5, which improves the accessibility of enzymes for the 
saccharification. We can note that the standard deviation between samples at cycle 6 is higher 
than for the previous ones, showing that the recycling of the IL can introduce variability. 
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However, we can conclude that the pretreatment is efficient and robust for at least 6 cycles 
providing a significant glucose release from such waste wood, with minima impacts on the 
performance of the process from the recycling of the solvent. 
 

Figure 4.3: pulp, lignin and saccharification yield of untreated and pretreated CCA wood over 6 cycles 
 

4.2.3 Significant metal extraction from the waste wood into the ionic liquid liquor 

Given the concentration of metals from the trace element analysis of the wood, it is crucial to 
assess the fate of metals along the process explored, i.e., the second aspect of the 
pretreatment step, which is the removal of metals within the biomass using [HC1im][Cl]; and 
explore the opportunity to recover them as a by-product. 
CuII, CrIII and AsV are potent biocides, which could not only hinder a biological fermentation of 
the sugar solutions derived from the pretreated pulp but would kill any yeast cultures in the 
process.250,344 Therefore, it is crucial that these metal contaminants at such levels be removed 
from the cellulose pulp. The metal extractions results are presented in Figure 4.4. 
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Figure 4.4: A. Metal extractions from IL PT calculated from the metal content found in the pulp  
B. Metal content found in the IL liquor after pretreatment for n cycles  

C. Percentage of Cu, Cr as As found in the IL brown liquor after n cycles based on the metal 
concentration prior to the cycle and the amount of new metal entering the system (fresh biomass) 

 
In the first instance, trace elements were carried out on untreated biomass and ionoSolv pulps 
to assess the metal removal from the ionic liquid pretreatment. [C1Him][Cl] was found to be an 
excellent agent to solubilise impregnated metals present in the biomass, to the extent that the 
metals were extracted in the ionic liquid liquor. Copper extraction was very high through the 6 
cycles, consistently above 98 %. Chromium and Arsenic extraction were not as linear. Cr 
extraction decreased from an initial 88 % to 55 % after the cycle 4, slightly increased again 
during cycle 5 and went back down to 51 % at cycle 6. Arsenic extraction fluctuated between 
80 and 94 %. As and Cr extraction behaved in opposite ways from cycle 2 onwards, with As 
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extraction increasing with a decreasing Cr extraction and vice versa. Competition for ligands 
is likely an underlying cause, i.e. the addition of recycled solvent might cause some lignin 
precipitation, leading to adsorption of metals to the pulp. An altered washing protocol where 
less wash solvent is used, or where recycled IL that contains less lignin is used, may yield 
better metal extractions over many cycles. 
 
As can be seen from Figure 4.4B, Cu and As concentrations steadily increased in the IL over 
the 6 cycles. Despite there being almost twice as much As in the wood as Cu, concentrations 
in the IL were found to be similar. Cr concentration however only increased slightly over the 
first 4 cycles and then remained stable at around 1200 mg.kg-1. These results suggest that a 
large proportion of Cr and smaller amounts of As and Cu could precipitate out during the lignin 
recovery, as lignin is known to be a sorbent for transition metals.345  
 
Figure 4.4C shows the percentage of the different metals found in the IL after each stage, 
taking into account the metal in the IL from the previous cycle. Cu recovery into the IL was 
initially ~ 90 %, rising to ~ 95 %. As extraction started off at 81 % and subsequently fluctuated 
at around 75 %. Despite the deviation within the triplicate experiments being fairly small, a 
spike is observed at cycle 4 where 102 % of Cu appeared to have been found in the IL liquor; 
while the As percentage in the liquor showed an increase. Inhomogeneity in the untreated 
sample (Figure 4.2), metal contamination or instrumental accuracy could be one the reasons. 
An apparently higher concentration of As and Cu in one cycle would then reflect negatively on 
the next cycle, where the concentration of the IL in the earlier cycle is the baseline for the 
consecutive cycle. Cr appeared to be unaffected by this outlier, quite possibly due to the 
system having reached a saturation limit (1100-1200 mg.kg-1) as we saw in Figure 4.4B where 
Cr concentration in the IL stagnated after cycle 4. 
 

4.2.4 Fate of metals over subsequent recycling: metal mass balance 

The isolated pulps, recycled IL and lignin precipitates were analysed for Cu, Cr and As content 
and the metal balance was calculated, as seen in Table 4.1. For As and Cu the mass closures 
are more or less close to 100 % for the various cycles, taking into account the standard 
deviations. As we have seen for metal extraction, Cu is the most consistent metal from all 3, 
with a mass balance around 100 (± 5 %). The numbers were consistently below 100 % for As. 
Volatilisation of As compounds is a possible explanation for this, however it is unclear whether 
this would have happened during the biomass pretreatment or during the sample preparation 
for ICP analysis (acid digestion). As and Cr mirrored each other for metal extraction, Cr metal 
mass balance is often above 100 %, with significant variations between the triplicate 
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experiments. While all numbers are corrected for a blank IL which went through the same 
process steps of ethanol and water addition and evaporation, it cannot be excluded that minor 
Cr contamination was introduced to one or more of the samples, as explained in the previous 
section. 
 

Cycle n Cr Cu As 
n = 1 95.1 ± 4.3 % 94.7 ± 4.3 % 92.3 ± 3.0 % 
n = 2 111.4 ± 2.9 % 93.8 ± 0.7 % 98.1 ± 0.8 % 
n = 3 125.9 ± 0.2 % 99.0 ± 2.4 % 97.6 ± 1.8 % 
n = 4 133.1 ± 26.4 % 105.4 ± 2.9 % 99.6 ± 6.7 % 
n = 5 109.7 ± 19.6 % 98.9 ± 7.2 % 92.9 ± 6.3 % 
n = 6 128.9 ± 4.2 % 105.4 ± 2.3 % 97.8 ± 0.9 % 

 
Table 4.1: mass closures from ICP-OES analysis of pulp, lignin and brown liquor isolated after each 

cycle of pretreatment of CCA treated wood 

 

4.2.5 Impact of metals on the fermentation from toxic wood pulp 

To assess the impact of the metal removal from CCA pulp on a biological process, i.e., 
fermentation, Cu, Cr and As were added to CCA treated pulp to mimic the original metal 
content in the waste wood. Following saccharification, the obtained sugar hydrolysates were 
used to grow yeast cells for ethanol production, together with controls consisting of enzymatic 
hydrolysates of non-pretreated virgin pine (VP-UT), pretreated virgin pine (VP-PT), pretreated 
CCA treated wood (CCA) and glucose solutions of equivalent concentrations. Ethanol 
production was observed for all feedstocks, as shown in Figure 4.5. The findings are most 
significant for the potential valorisation of waste wood. Heavy metals are clearly detrimental 
to fermentation using Saccharomyces cerevisiae: 10.1 % ethanol yield was obtained for CCA 
wood pulp, compared to 1.3 % from CCA treated wood pulp in the presence of metals. This 
shows that CCA treated wood would not be suitable for the production of bioethanol or other 
fermentation products without an additional decontamination/detoxification process. The 
decrease of only 1.2 % in ethanol yield for CCA treated wood pulp compared to pretreated 
virgin pine (VP-PT) demonstrates that the difference in the quality of the pulp for fermentation 
is minimal between ionoSolv pulps from CCA wood and a typical biofuel feedstock. The 
ethanol yields obtained from lignocellulosic hydrolysates are higher than the ones from 
untreated pine (VP-UT) and glucose medium. This might be due to the presence of other 
sugars (e.g. mannose) and other carbon and nitrogen compounds from the hydrolysate of the 
pretreated pulp, that enhance the growth and fermentation of the yeasts. Finally, the untreated 
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virgin pine showed a low yield of 3.2 % due to the high amount of biomass that was necessary 
to achieve a sufficient sugar concentration for the fermentation (details in the materials and 
method section). 
 

Figure 4.5: ethanol yields (standardised to the amount of glucan added for the saccharification 
reaction) from CCA treated wood pulp (CCA), CCA treated wood pulp with added metals back in 

(CCA +metals), virgin pine pulp (VP-PT), untreated virgin pine (VP-UT) and glucose medium after 48 
hours of fermentation 

 

4.2.6 Product diversification: unveiling lignin analysis of waste wood 

Changes occurring in the lignin structure during ionoSolv pretreatment have been reported for 
miscanthus47 and pine and for up to 4 cycles of IL use.97,103 Here the lignins obtained after the 
1st, 2nd and 6th cycle were analysed via 2D HSQC NMR to gain insight on the sub-units and 
main linkages present in the extracted lignins.  The results are displayed in Figure 4.6. The 
data indicate that recycling of the IL has a similar effect on lignin properties as have been 
reported for prolonged pretreatment, mainly relying on condensation reactions and formation 
of higher chains of lignins.12-14, 25 We can observe an increase in condensation as evidence by 
a shift of the G2 signal (see G2 vs. G2 condensed) and a decrease in G6 signal intensity, 
accompanied by a weaker signal for ether bonds in the isolated lignin. Indeed, part of the lignin 
precipitating from the liquor at the second cycle will have been in the IL for two cycles but was 
in the form of water-soluble fragments after the first cycle. Precipitating after the 2nd cycle, 
those fragments are likely to have had their ether bonds broken and a significant amount of 
condensation between aromatic units, resulting in a decreased signal intensity in the ether 
and G2 areas, and an increase in signal in G2,cond. The same, but in a more pronounced way, 
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can be observed for lignin precipitated after cycle 6. The signal intensities for β-O-4’ and G6 
have changed significantly between cycles 2 and 6, potentially indicating that lignin fragments 
can spend several cycles in the IL before precipitating. This is consistent with the analysis of 
the previous saccharification yields of the pulp with recycled IL. The G5 signal remained 
relatively stable, indicating that the incorporation of carbohydrate degradation products 
increases signal intensity in this area while the condensation occurring in G6 decreases it in a 
complementary fashion. 
 

Figure 4.6: HSQC NMR results of lignin recovered after pretreatment of CCA treated wood at 170°C 
for 30 min with fresh, recycled and 5 times recycled [C1Him][Cl] with a biomass to solvent ratio of 1:5 

g/g and a final water content of 20 wt% 
 

4.2.7 Product diversification: ionoSolv post-hydrolysis solids residue (PHS) 

The saccharification yields from the ionoSolv pulps over the average of the 6 cycles was 62.5 
%, with an overall metal extraction (3 metals 6 cycles) of 85.6 %. This suggests that a post-
hydrolysis solids (PHS) residue remains after the hydrolysis of the cellulose rich pulp and this 
residue still retains some metals. In order to enhance the techno-economics of a potential 
biorefinery and valorise CCA wood waste streams, the PHS from CCA wood pulp was 
analysed and valorised through pyrolysis and the fate of the metals was investigated 
throughout the process. The results are shown in Figure 4.7. 
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The saccharification yield obtained from the pulp mixture after 5 days of enzymatic hydrolysis 
was 45.5 ± 0.4 % of theoretical maximum sugar release, an acceptable result given the 
average value of glucose yields from all six cycles was 54 % (7-day saccharification).  The 
yield of recovered solids following enzymatic hydrolysis relative to the amount of pulp mixture 
present before hydrolysis, was 61.2 % on a dry basis. The compositional analysis of the 
residue shows that it consists of 56.7 % carbohydrates and 45.5 % lignin, with a remaining 
0.36 % ash content. The trace element analysis of the residue is consistent with the extraction 
results from the ionoSolv pulp, with Cr remaining the main metal present in the pulp and PHS 
at 806 mg.kg-1 (with significant fluctuation between samples also observed for metal 
extraction), followed by 198 mg.kg-1 of As and only 25.6 mg.kg-1 of Cu. The trace element 
analysis of the hydrolysate solution did not detect any metal, showing that the metals present 
in the pulp did in fact stay in the pulp and did not dissolve into the enzymatic solution.  

Figure 4.7: A. Compositional analysis of the post-hydrolysis solids (PHS) of the combined CCA pulps 
from cycles 1-6 after a 5-day enzymatic saccharification and B. properties of the derived PHS 

4.2.8 Pyrolysis of PHS product: high temperature treatment for further product diversification 

Solid residues from the production of cellulosic ethanol are lignin-rich solids, which represent 
10-30 wt % of the feed.346,347 Since their composition is variable and often contain residues 
enzymes and hydrolysis products, they are often used as fuel in a boiler for the cogeneration 
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of steam process and electricity or utilised in a thermochemical process such as pyrolysis or 
gasification.288,348 In this study, fast pyrolysis was used to valorise the residue to enable to 
maximisation of liquid (bio-oils) products rather than char by using shorter residence time and 
moderate temperature (400-500°C).349–353 
 

Figure 4.8: pyrolysis product distribution of PHS 
 

It was found that the fast pyrolysis of PHS gave 36 % bio-oil, 26 % char and 12 % detected 
gases, as shown in Figure 4.8. The yield of bio-oil is fairly low for such a lignin-rich and 
carbohydrate sample, which composition resembles lignocellulosic biomass, compared to 
typical biofuel feedstocks. Herbaceous biomass samples were reported to have bio-oil yields 
with ranges of 40-60 % and woody feedstocks 60-95 % respectively.354–356 However, it was 
reported that bio-oils yields from agricultural residues are typically lower than the ones for 
woody feedstocks due to the catalytic effect of inorganic ash content.357,358 1H NMR was used 
as a means of obtaining approximate ratios of the chemical environments of protons present 
in the PHS bio-oil. Changes in the hydrogen type distribution in the bio-oil in terms of the 
structural assignments are shown in Figure 4.9. The majority of protons are in alkane or 
unsaturated aliphatic compounds, followed by a significant proportion of 
methoxy/carbohydrate protons. This is similar to the bio-oils from biomass such as 
switchgrass reported in the literature.359–361 The presence of aromatics shows that some 
aromatic rings were not destroyed during pyrolysis at 500 °C. Only 5 % of protons are 
attributed to aldehydes, which is expected. Aldehydes can arise from multiple reaction 
pathways, including α-O-4’, β-O-4’ and β-1’ cleavage.362 As we have seen from the HSQC 
NMR (Figure 4.6), the number of such bonds are significantly reduced in the lignin over the 
recycling of the liquor, and we would expect the same from the residual lignin in the PHS.  
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Figure 4.9: 1H NMR of liquid products obtained by fast pyrolysis of PHS. Spectra were normalized to 
the total number of protons after subtracting signals from the region δH 3.0–4.5 ppm 

 
The pyrolysis of the PHS resulted in 26 % char. Given the nature of the fuel derived from metal 
contaminated waste wood, it is interesting that the char is not the main product of the fast 
pyrolysis process by mass (char being essentially the metals and non-volatile elements in the 
ash). Only 12 % of gases (CO2, CO and CH4) were detected from the exhaust gas, while 26 
% of pyrolysis products were not accounted for. Heavy metals can volatilise during pyrolysis 
in samples with high ash content such as sludge.363,364 Studies have found that Cr can volatise 
in the form of chromium chloride when chloride is present in sludge samples.365,366 Given the 
nature of the ionic liquid used for pretreatment, the PHS derived from the pretreatment could 
certainly contain residual chloride-based ionic liquid. As being volatile below 500°C, it was not 
detected in any of the products and was released into the fume cupboard. Other products 
unknown/unaccounted for are likely to include losses during drying and recovery steps, as 
well as light molecular weight compounds such as alcohols, water and hydrogen. 
Proximate analysis of the PHS and the pyrolysis yields are consistent: total volatile yields of 
75 % did not exceed the sum of the bio-oils and gas quantified (48.3 %); and fixed carbon 
content of 24. 9 % given the char yield of 25.6 %. This demonstrates that some compounds 
were not able to condense in the tar trap during fast pyrolysis. Some of the yields observed 
can also be reduced due to technical difficulties recovering products from the reactor and 
handling of such small quantities of samples (0.1 g initial feed). 
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Table 4.2 showed that the bio-oil (23.5 MJ.kg-1) is more energy dense than PHS feed itself (19 
MJ.kg-1) and char even more so (26.5 MJ.kg-1). The table shows that 80.1 and 79.9 % of 
energy and carbon recovery respectively are in the detected pyrolysis products (without 
gases); with 40-45 % of energy and carbon in the bio-oil only.  
 
A trace element analysis on the bio-oil and chars was conducted but given the very small 
amounts of sample, the likelihood of contamination and detection limitation of the ICP-OES 
instrument used, the results were inconclusive. 

 

 
Table 4.2: summary of the elemental analysis and calculated HHV values for the PHS and products 

the pyrolysis PHS in a downdraft fixed-bed pyrolysis reactor 

 

4.3 Conclusion: ionic liquid based process leads to clean biofuel from 
pernicious wood 

We have shown that CCA waste wood is capable of being integrated into the ionoSolv 
process, with yields similar to those of virgin pine wood, a conventional biofuel crop. Moreover, 
impregnated metals in the wood are not a process barrier, but can be extracted from the wood 
using PILS: the ionoSolv process is capable of efficiently decontaminating and extracting the 
cellulose contained in heavy metal-contaminated waste wood. With 99 % of the ionic liquid 
solvent being recovered and recycled 6 times with retention of its dual efficacy for 
deconstruction of biomass and metal extraction, we have shown the robustness of the 
ionoSolv process and its sustained yields with recycling of the liquor. The resulting sugar 
hydrolysate was readily fermentable to bioethanol at levels commensurate or even higher than 
with sugars derived from traditional biomass sources. These results would be highly relevant 
for assessing the techno-economics of such waste wood as a biofuel feedstock.  
In the effort of valorising biorefined waste streams, the potential of ionoSolv PHS from waste 
wood was assessed for the first time via pyrolysis to yield yet another set of bioproducts. 

Sample 
Ultimate analysis (wt% daf) Atomic ratio HHV Energy 

recovery 
Carbon 
recovery 

C H N O H/C O/C (MJ.kg-1) (wt%) (wt%) 

PHS 49.6 6.2 2.3 41.9 2.02 0.63 19.0 - - 

PHS oil 55.8 7.0 3.6 33.6 2.01 0.45 23.5 44.5 40.6 

PHS char 73.1 3.7 2.0 21.2 0.81 0.22 26.5 35.6 39.2 
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Approximately 4.5 million tonnes of waste wood are produced in the UK annually (and 
collected, transported and stored, without any need for silage) and would be ready to be 
pretreated.367 According to a study on the economic viability of the ionoSolv process at scale, 
with an ionoSolv biorefinery plant size of 770 000 tons of biomass per year, UK waste wood 
alone would be enough to feed this scale-up ionic-liquid technology.97 Nevertheless, even if 
this supply is plentiful, such CCA waste wood is meant to be eradicated and therefore the 
ionoSolv plant would need to be feed with more long term oriented biomass supply.  
Moreover, metals in consumer waste wood are impregnated chemically in the biomass. Would 
the metal extraction process wood, which had been metal contaminated from natural means, 
i.e., the environment? The fate of the metals and build-up in the liquor during the recycle is 
still a chemical engineering aspect of the process to consider, to separate them from the 
stream but also potentially recover such metal species. In the next chapter, we look an 
another, but yet different alternative feedstock for the ionoSolv process in long term supply, 
and investigate further the process intensification at bench scale. 
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5 Real life contaminated feedstocks into the ionoSolv process: 
the valorisation of metal contaminated biomass 

5.1 Introduction 
We have shown that contaminated waste wood and invasive species can be biorefined for the 
production of energy and bulk chemicals on a chemical engineering level. However, being 
waste feedstocks, they could be challenging in terms of long term availability and therefore, 
dedicated crops could still be required in the supply chain to reach the minimum of biomass 
input for a profitable biorefinery. Growing dedicated biofuel crops raises the question of not 
only land use, but also the choice and screening of a food crop on a given land. Land use is 
of huge concern when it comes to bioenergy, to the extent that it generated research from 1st 
to 2nd to 3rd generation of biofuels.  
As presented in Chapter 1, the use of marginal and contaminated land (MaCL) can offer 
opportunities for crops and land use, but is particularly challenging because of the complexity 
and case-specificity of the process of growing biomass on MaCL. Metal contaminated soil 
from a ‘real-life’ contaminated area was used to screen a variety of crops in such an 
environment to gain insight on potential trace element uptake/contents and showcase how 
discarded metal contaminated sites can still be suitable for the growth of renewable biomass. 
Results from the previous chapters have shown that metal impregnated waste wood and 
invasive species can be biorefined for the production of energy and bulk chemicals. In this 
chapter, we investigated the combination of larger phytoremediation trials with the ionoSolv 
process to process ‘real-life’ metal contaminated biomass to act simultaneously as a 
biorefining (access to carbohydrates and a lignin stream) and decontamination (extraction and 
recovery of the metals from the biomass) process, without extractive metallurgy. Process 
intensifications are also studied with increased biomass loading, recycling of the liquor and 
diversification of product outcomes with the recovery of metals via electrodeposition. 
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5.2 Results and discussion 

5.2.1 Valuable and alternative supply of biomass: metal-contaminated biomass from 
phytoremediation processes 

5.2.1.1 Highly diverse feedstocks collected on real life contaminated soil 

5.2.1.1.1 Description and means of contamination of Stoke Bardolph and Severn Trent sites 
The site located in Stoke Bardolph, Nottinghamshire is owned by Severn Trent, a sewage 
treatment plant. Despite being composed of mostly water, wastewater can still contain less 
than 0.1 % total dissolved solids. As the sewage is treated, the process produces an insoluble 
solid residue, referred to as sewage sludge, which needs to be disposed of. Landfill and land 
applications have been found to be the most economical methods for sewage disposal, but 
are of growing major environmental concern.368 The benefits of such methods are soil 
fertilisation and enhancement of soil properties, as sewage sludge contains significant 
amounts of organic carbon, nitrogen, phosphorous and other plant nutrients for agriculture. 
However, sludge can also contain non-essential hazardous and toxic trace elements such as 
Cd, Zn, Cu, Ni, Pb and Hg. Sewage sludge from the Nottingham treatment works had been 
disposed of onto the land for several decades. The amounts of sludge applied has declined 
to conform with new sewage sludge application regulations, as the amounts of trace elements 
in the soil in the southern area of the site have been found to increase significantly since their 
first soil survey in 1987.369 The latest survey performed on the soil in 2003 revealed levels of 
heavy metals in top layers of the soil reaching 932 mg.kg-1 of Cu, 1922 mg.kg-1 of Zn, 387 
mg.kg-1 of Ni, 722 mg.kg-1 of Pb and 38.7 mg.kg-1 of Cd. 
In such areas of the estate, the land is not considered suitable for agriculture as metals can 
be taken up by the crops and may end up accumulating in the human body via the food chain. 
Severn Trent put in practise polyculture crops for energy generation. Maize was grown that 
year for anaerobic digestion. This bioconversion process also produces a sludge, while 
providing for energy (biomethane). The sludge is then reapplied onto the metal contaminated 
soil, as a way to maintain biomass production on the site but avoiding any human 
contamination via agriculture food crops. 
 
The second site accessed is located in Market Harborough, in Leicestershire. The site used 
to be a pigeon clay shooting site and this resulted in very high contamination from shotgun 
pellets, with Pb concentration in the topsoil ranging from 50 to 4000 mg.kg-1. The site has been 
found contaminated since 2014 and the land had been used to grown wheat until the company 
started the remediation work and clean-up of the soil. The soil had been ploughed for the 
wheat crops, resulting in a homogeneous concentration of Pb within the top 0.4 meters of the 
topsoil.  
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5.2.1.1.2 Analysis of the soil: cation exchange capacity and pH 
Both soil and biomass samples found on these contaminated sites were collected and 
analysed to assess the trace metal content and study the soil properties. The results are of 
the analysis of the soil are presented in Table 5.1. The soil from Stoke Bardolph has the 
highest carbon and nitrogen contents - even compared to commercial topsoil- from the 
continuous sewage sludge application, making this soil a fertile environmental for plant growth. 
Other soil parameters are key for phytoremediation purposes, such as pH and cation 
exchange capacity (CEC). These soil characteristics play a role in metal bioavailability and 
therefore metal uptake from the plant. Ideally, the soil should be rather acidic for 
phytoremediation purposes as heavy metal cations are most mobile in low pH 
environments.177,370 The soil collected from Market Harborough is more acidic than the other 
samples, but also less fertile with the lowest carbon and nitrogen contents of all three. 
 
The CEC of the soil sampled at Stoke Bardolph is 20.29 centimoles kg-1, with the dominant 
exchangeable cation being K+, followed by Ca2+, Na+ and Mg2+. This value is higher than the 
ones from the topsoil and soil from Market Harborough at 17.22 and 14.41 centimoles.kg-1 

respectively; with the dominant cation for the topsoil and the soil from Market Harborough 
being K+, followed by Na+, Ca2+ and Mg2+. 
 

Sample pH  
(1:1 H20) 

C (%) H(%) N(%) CEC  
(centimoles kg-1) 

Stoke Bardolph soil 6.58 14.3 ± 2.6 1.92 ± 0.3 1.24 ± 0.3 20.29 ± 0.6 
Topsoil (John Innes 

#2) 
7.08 6.6 ± 0.4 0.75 ± 0.02 0.29 ± 0.03 17.22 ± 0.7 

Market Harborough 
soil 

5.91 2.73 ± 0.2 0.83 ± 0.1 0.19 ± 0.02 14.41 ± 0.8 

 
Table 5.1: chemical characteristics of soil used in this study 

 

5.2.1.1.3 Screening of metal contaminants in agricultural biomass 
Biomass samples found growing on the contaminated sites of Stoke Bardolph and Market 
Harborough were analysed for their trace element contents. The analysis was carried out for 
the different parts of the plant, as seen on Figure 5.1, to study if some contaminants would 
preferably concentrate in certain locations of the biomass. The trace element analysis of the 
feedstocks is shown in Table 5.2, and were compared to the acceptable limits for metals for 
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commercial or residential use of the resultant biomass pellets if they were to be used as solid 
biofuels.  
The wheat from Market Harborough shows levels of Pb contamination in both parts of the 
biomass studied, more than 3 times above the criteria for lead concentration of non woody 
pellets for biofuels. The level of As is also above the ISO 175255 criteria and Cu in the ear of 
the wheat. This demonstrates that the soil is contaminated with Pb and As and that the 
contaminants can be taken up by a food crop such as wheat. 
The maize collected from Stoke Bardolph is above the ISO 175255 for Zn in both the leaf and 
the stem of the plan, as well as Cu for the leaf. These metals would be found in the sludge 
after the process. The trace element assessment from food crops such as maize and wheat 
reveals the environmental dispersion of soil contamination through the food chain, which 
represent a risk for human and animal health.371,372 

Figure 5.1: illustration of the different parts of the biomass found on the metal contaminated sites: 
wheat in Market Harborough (left) and maize in Stoke Bardolph (right) 
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Location Market Harborough Stoke Bardolph 

Graded non 
woody 

pellets for 
Solid 

Biofuels 
Criteria 

Sample Ear of wheat Wheat Stem Maize Shell Maize Leaf Maize Cob Maize Stem ISO 17255-6 
Analyte 
(mg/kg) 

 

Cr 
1.65  
(0.1) 

4.12  
(0.5) 

0.73 
 (0.2) 

6.28  
(1.5) 

0.46  
(0.03) 

3.67 
 (0.1) 

50 

Ni 
1.09  

(0.03) 
2.06  
(0.2) 

0.61 
 (0.2) 

1.72 
 (0.5) 

0.97  
(0.01) 

1.57  
(0.01) 

10 

Cu 
13.6  
(0.4) 

6.73  
(0.5) 

3.98  
(0.7) 

16.7 
 (1.2) 

2.50  
(0.01) 

7.56  
(0.7) 

10 

Zn 
45.7 
 (3.5) 

26.0 
 (2.1) 

25.5  
(3.1) 

107.2  
(9.5) 

18.4  
(5.3) 

139.2  
(6.5) 

100 

As 
1.05  
(0.1) 

1.97  
(0.2) 

BDL 
0.53  
(0.1) 

BDL 
0.42 
 (0.1) 

1 

Cd BDL 
0.04  
(0.1) 

0.09 
 (0.01) 

0.25  
(0.1) 

BDL 
0.42  
(0.1) 

0.5 

Pb 
18.61  
(2.4) 

31.98  
(2.7) 

BDL 
1.48  

(0.37) 
0.15 

 (0.07) 
2.10 

 (0.05) 
10 

 

Table 5.2: trace element analysis of the biomass found on the sites in Stoke Bardolph and Market 
Harborough. Standard deviations are displayed between parentheses, bold indicates the values are 

above the speciation for non woody solid fuels pellets (ISO 17255-6).232 BDL = Below Detection Limit 

 

5.2.1.2 Cinderhill tarpit marginal contaminated land 

5.2.1.2.1 Description and means of contamination of the site 
In 2007, the Borough of the Amber Valley identified the site of Cinderhill in Derbyshire as a 
contaminated land under the Environmental Protection Act of 1990.260 In the 1970’s, the site 

was used to tip tar waste, ash, saturated oil and foundry sand. The acid tar pit deposition 
activities ceased in the late 1970’s and the pits were covered with a range of waste materials. 

The industrial activity in the area left very large water logged and partially vegetated lagoons 
and numerous acid tar pits; with significant risks of groundwater contamination.261 A project of 
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restauration of the area has been initiated via the Environmental Agency, Atkins Limited and 
the Clean Rivers Trust; around phytoremediation using a horizontal planting of willow to 
stabilise the area. 
Several native species occurring in and around the tar pits were collected, along with a sample 
of the tar pits, for trace element analysis.  A sample of the raw tar pit was digested and 
analysed for its metal contaminants; the results are shown in Table 5.3. The major metal 
contaminant is Pb, with a concentration of 4612 mg kg-1, from the oil refining process. The 
focus of this study was trace elements but the tar pits must also contain hazardous 
hydrocarbons from the oil recycling industry in great quantities. 
 

 
Table 5.3: trace element analysis of a tar sample taken from the Cinderhill contaminated site 

 

5.2.1.2.2 Screening for metal contaminants in native biomass 
A variety of softwood and hardwoods species have been growing in the vicinity of the tar pits 
on the Cinderhill contaminated land. Woody biomass has been studied for the ability to either 
stabilise contaminants or extract them from the soil. The trace element analysis of 
representative tree species is shown in Table 5.4. The opportunities for woodland on metal 
contaminated sites have been reviewed and showed that species from the Betulaceae and 
Salicaceae families have potential to accumulate metal contaminants in the below-ground 
biomass (roots).196,240,373–377 The results show that only species from the Betulaceae family, 
Hazel and Silver Birch, have Pb above the criteria only for commercial or residential use of 
derived woody pellets from the trees. The Cd content of above-ground biomass of goat willow, 
from the Salicaceae family, is also above the same criterion for this contaminant. This shows 
the ability of a variety of tree species to grow on contaminated land, mainly excluding metal 
contaminants from translocation from the roots to the shoots. Other tree species, from the 
Fagaceae, Oleaceae, Platanaceae and Rosaceae families, exhibited an ability to tolerate 
contaminants in the soil and the environment without translocating them to the stems. 

Analyte Cr Fe Ni Cu Zn As Cd Pb 
Concentration  

(mg kg-1) 
19.8 
± 2.3 

 

1873 
± 89 

3.73 
± 0.5 

372.8 
± 31.8 

34.1 
± 2.5 

3.14 
± 0.05 

0.18 
± 0.001 

4612 
± 228 
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Table 5.4: trace element analysis of a variety of trees species found in the vegetative areas of the 

Cinderhill tarpit in mg/kg. Standard deviations are displayed between parentheses, bold indicates the 
values are above the speciation for non woody solid fuels pellets (ISO 17255-2).232 BDL = Below 

Detection Limit 
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5.2.2 Dedicated bioenergy crop biomass from controlled-environment trials 

Artificially metal contaminated soils are often used for pot trials in order to assess the viability 
of plant species growing in media with contaminants. However, working with ‘real’ life soil from 

contaminated land benefit from the results for a specific case study. Since the 
phytoremediation potential of a feedstock depends on the soil parameters, the clay content, 
its microbiome, the mobility of the metal ions in the soil (redox potential, pH, metal 
concentration, cation exchange capacity, etc). This is why pot trials with soil collected from 
recognised contaminated land were carried out. The potentials of various feedstocks are 
investigated: 

- willow as an emerging crop for phytoremediation for its high biomass yield and 
resilience for contaminants,378,379 

- sunflowers as a biofuel feedstock with rapid growth and tolerance for Pb,380–383 
- tobacco for its ability to extract a variety of contaminants at significant levels.384,385 

 
The results of the trace element analysis of the plants are shown in Table 5.5. Even within the 
same soil (the one collected from Stoke Bardolph in this study), the different species were 
found with various amounts of trace elements in their upper organs. Firstly, 3 species of Willow 
hybrids were analysed for their phytoremediation potential. From all the willow species 
studied, BG1 contains the highest amount of metals: Cr, Cu, Pb. Cd reached 6.18 mg.kg-1 in 
the BG1 grown in the Stoke Bardolph soil, compared to 8.22 mg.kg-1 in the controls (compost 
soil). This shows the ability of this species to extract and translocate metal species from the 
soil to its upper organs. However, the controls and samples grown in metal contaminated soil 
show similar levels of these trace elements.  
The hybrids Gaston and Rocket grown in the Stoke Bardolph soil have extracted more than 
the controls for Ni, Cu, Zn, Cd and Pb. It seems that this species is a candidate for 
phytoremediation of Cd in particular, with levels reaching 11.2 mg.kg-1. The wood ash of willow 
has been reported to reach 70 mg.kg-1, and its reported tolerance for metals made it a great 
candidate for the remediation of a wide range of metals.386 
The metal content of giant sunflowers grown in metal contaminated soil exhibited higher metal 
concentrations than the controls for Cr, Ni, Zn and Cd. Zn and Ni being essential nutrients, it 
is possible that these elements were simply taken up in higher quantities for the metabolism 
and photosynthesis of the plant only and not a result of a higher contamination from the soil. 
Sunflowers had been used in previous studies for the remediation of Cd-polluted soils, which 
is consistent with the content of 0.93 mg.kg-1 in Stoke sunflower samples compared to 0.04 
mg of Cd per kg of plant in controls.386 
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Tobacco leaves and stems were separated for analysis, as the leaves had not yet fallen off at 
the time of harvest. Several studies reported the ability of tobacco to translocate metal 
contaminants such as nickel from the shoots to the leaves.387,388 Considering the totality of the 
trace metals, tobacco is the species that exhibits the highest contamination of metals, 
particularly for Ni and Cd. The leaves in the Stoke samples have a 7.2-fold increase in Ni 
concentration compared to controls and 43-fold for Cd; a 10.9-fold increase in the stems for 
Ni compared to controls and 12.7-fold increase for Cd. In the context of a biorefinery, flowers 
would not be necessarily separated from the stems during harvest and most likely lost during 
transport / processing. 
 
This study showed that the soil from Stoke Bardolph has both suffered from historical repeated 
trace metal application from sewage sludge application but also gained in fertility from the 
application of the organic components. A variety of feedstocks, whether they are typical biofuel 
crops such as willow, or accumulators like tobacco, are able to thrive on such soil. The small 
differences in some metal uptakes between controls and samples grown in the soil from Stoke 
Bardolph can be explained by an insufficient growth time and cropping of the biomass material 
(rotations for willow), where the plants did not have sufficient time to bioactivate metals or 
transfer them from roots to shoots; the roots were too constricted in the pot trials and the 
bioactivation of the rhizosphere was limited; this was caused by a depletion of soil 
microorganisms to facilitate root uptake and translocation. 
However, no growth factors, chelating agents, pesticides nor fertilisers were used in this study. 
Even if the metal uptake of any species grown on metal contaminated soil should be 
monitored, the strategy of phytostabilisation of metal contaminants from growing feedstocks 
into this soil brings eco-system services to marginal areas where the biomass can act a carbon 
sink.  
Even though levels of metal contamination in the above-ground tissues have found to be low 
under such short periods (months), they would need to be monitored. Such practices still 
constitute a way to increase the carbon sink by growing renewable biomass on marginal land. 
Phytoexclusion also participates in the enhancement of soil properties and fight against soil 
erosion: the eco-system services and advantages of phytoexclusion on marginal land should 
be studied further to reveal the actual carbon savings and benefits of such processes 
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Table 5.5: trace element analysis of the different feedstocks used in pot trials. ‘Stoke’ indicated 

biomass samples grown in metal contaminated soil collected from the Stoke Bardolph site in mg/kg. 
n=number of samples analysed =3, standard deviations omitted for clarity. 

.
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5.2.2.1 Polish samples, low Pb contamination 
The trace element analysis of Polish Miscanthus is shown in Table 5.6. It reveals levels of 
contamination in the biomass: a content 5.75 mg of Pb per kg of biomass, along with the 
presence of other contaminants such as Cu, As, Cd and Cr.  
 

Metal Metal content in mg.kg-1 

Pb 5.75 (0.12)  
Zn 167.8 (6.4) 
Cu 2.23 (0.15) 
As 0.12 (0.01) 
Cd 0.40 (0.01) 
Cr 0.47 (0.01) 

 
Table 5.6: trace element analysis of Miscanthus giganteus grown on lead contaminated land in 

Poland (Phyto2Energy field trial). The standard deviation is shown between parentheses. 

 

5.2.2.2 Welsh Bwlch samples: high metal content, mainly Pb 
Miscanthus sinensis (OPM-10) had performed well in multilocation trials across Europe and 
was selected for trialling on this exposed mine site because of its demonstrated resilience to 
cooler environmental conditions at a field trial in Wales.389–391 Both Reeds and miscanthus 
yielded very poorly in terms of biomass yield (12.1 g ± 0.29 per plant for miscanthus, 9.1 g ± 
0.15 for RCG). The site is highly exposed, with organic matter and pH well below levels 
required for good productivity, ranging from 0.52 to 0.94 % and 4.32 to 5.67 %, respectively.392 
Portable X-ray fluorimeter readings indicated major metal contaminant concentrations in the 
unamended spoil, ranging from 5599 to 121261 mg.kg-1 for Pb and 1008 to 1744 mg.kg-1 for 
Zn. The EC Directive 86/278/EEC sets the limit for agricultural soil after treatment with sewage 
sludge to 300 mg.kg-1 for Pb, and 200-250 mg.kg-1 for Zn (at this pH). 3 different rows of 
Miscanthus and 6 different rows of Reed Canary Grass (RCG) were analysed for their trace 
element content, as shown in Figure 5.2. 
The main contaminant in quantity found in all the biomass samples is also Pb, reaching 20200 
mg.kg-1 in RCG H and 6500 mg.kg-1 in Miscanthus E. Previously reported excessive Pb 
contents in top parts of grasses grown on contaminated sites in the literature ranged 63 to 232 
mg.kg-1 in the UK.393,394 Anomalous levels Pb have also been observed in Canadian lettuce, 
which contained as much as 0.15 % Pb; as well as grass shoots with up to 0.27 % Pb.393,395,396  
The presence of Pb at such high levels could be due to surface adherence from windborne or 
splashed (following rainfall) contamination. It has previously been found that even rigorous 
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biomass washing would not be able to fully remove such Pb-containing particles entrapped 
onto the biomass.397,398,399 However, where the aspiration is to remove and extract metals, 
such surface adhesion could be advantageous. Other contaminants in smaller quantities 
include Cr, As and Cd, which are not essential nutrients to the plant but are tolerated by the 
plant in extreme conditions. 
With anomalous contaminant contents usually comes very poor biomass yields, which are 
observed here. Phytoremediation and stress resistance are a strenuous activity for plants, 
especially under very high level of metal contamination. Even with species that exhibit large 
crop yields (e.g., biofuel crops), the biomass yields after harvest can be greatly affected by 
the presence and uptake of contaminants from the environment.  
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Figure 5.2: trace element analysis of biomass grown on a former mining site in Wales 
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5.2.3 Biomass loading: an important parameter for process intensification 

For any prospective technological process, it is often crucial to work on the process 
intensification parameters. Researchers often overlook the transition between bench scale 
experiments, focusing on the purity and characterisation of the product, to up-scale and larger 
scale experiments. One important factor of the process intensification is the biomass loading, 
i.e., the amount of biomass used in relation to the amount of solvent (ionic liquid mixture). This 
plays a role in the techno-economics of the process. This is particularly relevant for feedstocks 
or processes which suffer from poor economics. Phytoremediation is often discarded as a soil 
remediation option because of the time needed to remediate the soil and the downstream 
processes of managing contaminated biomass. Therefore, ashing and burning techniques are 
mostly used because they are easy to put in place and relatively cheap. Increasing biomass 
loading has numerous advantages such as reducing the amount of solvent and therefore the 
cost of IL needed, lower water consumption, reactor size (as the solids loading directly 
correlates with the size of the reactor).168 However, high solids loading can also lead to 
operational and technical challenges such as mixing and higher viscosity. In the context of 
metal extraction from the ionic liquid pretreatment, increasing the biomass loading could have 
an impact on the amount of metals in solutions coordinating to the ionic liquid and the purity 
of the product (metals remaining). In this study, the purity of the cellulose pulp (glucan 
recovery, enzymatic glucose release and metal extraction) was investigated at 20, 35 and 50 
wt% biomass loading (1:5 to 1:2 g.g-1 biomass: solvent ratio) using [C1Him][Cl] (20 wt% water) 
at 150°C for 1 hour – as  shown in Figure 5.3A. The highest glucose release was achieved at 
20 wt% loading at 70.8 % and decreased to 58.7 % and 56.1 % for 35 and 50 wt% loading 
respectively. The decrease in saccharification yield can be attributed to the minor decrease in 
delignification of the pulp, suffering a 10 % (absolute) decrease from the lowest to the highest 
biomass loading. The hemicellulose removal remains stable between 20 and 35 wt% loading, 
while it suffers a slight decrease in hemicellulose extraction at 50 wt% loading. This could be 
due to the reduced mobility of the ions at higher biomass loadings, making more difficult to 
extract hemicelluloses in greater quantities, as well as lignin availability. Moreover, we can 
see a sharp increase in glucan degradation with 79 % glucan recovered to only 60.7 % for 20 
and 35 % biomass loading respectively. The pretreatment performance slightly decreases as 
the solids loading increases. This is expected when the process intensifies and could be due 
to poor mixing or wetting of the biomass from the ionic liquid as the biomass loading increases; 
especially when the biomass has a low density, and it is therefore harder to homogenise the 
solution when vortexing the pretreatment tube. 
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Figure 5.3: A. key indicators of the outcome of the ionSolv process using contaminated Polish 
Miscanthus at 150°C for 1 hour with [C1Him][Cl] and increasing biomass loadings and B. metal 

extractions from the pretreatment of contaminated Polish Miscanthus at 150°C for 1 hour and different 
biomass loadings 

 
The performance of [C1Him][Cl] for the extraction of lead and other contaminants was also 
studied at higher biomass loadings and the results are presented in Figure 5.3B. As expected, 
the metal extraction performance from the ionic liquid was slightly impacted by the increase in 
solids loadings (and therefore in metals dissolved). Pb extraction only decreased from 97.2 to 
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91.5 % with solids loading of 20 to 50 wt% respectively. The extraction of the other 
contaminants, Cu, Zn, As, Cd and Cr suffered a similar and slight decrease. Rather than metal 
solubility limitations in the ionic liquid and given the absolute low levels of metal contamination 
of this phytoremediation feedstock (compared to waste wood previously studied, this change 
in metal extraction from the increase of the biomass: solvent ratio should be due to lack of 
wetting of the biomass from the IL. An Alternative explanation could be that waste wood is 
chemically impregnated with metals (so perhaps more available for chemical extraction), while 
the metals that were plant-extracted from contaminated soil are likely to be much more 
integrated into the biomass through biological mechanisms (confined in the vacuole of cells 
for example). 
 

5.2.4 Interaction of metal contaminants in the biomass and ionic liquids 

As we have seen previously, the biomass loading aspect of process intensifications mostly 
have an impact on the fractionation aspect of the pretreatment (glucan recovery, glucose 
release from pulp). We have studied in Chapter 4 the metal extraction from CCA wood and 
the impact of recycling on metal extraction. Cu extraction was very consistent and remained 
above 90 % along the 6 subsequent recycle of the ionic liquid liquor. Cr and As extractions 
displayed greater variation. However, some of the possible underlying reasons for this were 
contamination from stainless steel equipment and shared lab equipment and the 
troubleshooting of the ICP-OES instrument.  
In this chapter, the metal extraction from the ionic liquid pretreatment was assessed using the 
two most contaminated Welsh feedstock: Miscanthus E and Reed Canary Grass (RCG) H. 
 

5.2.4.1 Presence of metals and its effect on pretreatment performance between recycling 
cycles 

The biomass was pretreated using a low-cost ionic liquid that has previously been successful 
in removing a range of metals including Pb, Cu, Cr and As from metal contaminated waste 
wood. Here we have used the same ionic liquid, 1-methylimidazolium chloride [C1Him][Cl], for 
its metal extraction properties. The pretreatment conditions of the biomass were set at 150°C 
for 1 hour, given the compositional analysis the grassy feedstock shown in Figure 5.4A and 
previous studies carried out.103,104 Figure 5.4B shows the key performance indicators of the 
ionoSolv pretreatment and in this case, the pretreatment exhibits better performance for 
miscanthus than RCG.  A cellulose-rich pulp from miscanthus was produced, with 84 % glucan 
recovery, while removing 97.5 % of the hemicelluloses and 60 % of lignin. This deconstruction 
of the biomass from the ionic liquid pretreatment enabled 81.5 % of the theoretical maximum 
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of glucose to be released through enzymatic saccharification of the pulp, a 3.8-fold increase 
compared to saccharification of the untreated samples.  
However, the pretreatment of RCG using the same conditions produced a pulp with only 53 
% glucan with an ash content of 22.5 % ash. The delignification was 52 % and hemicellulose 
removal remained high at 96.7 %. The pulp was enzymatically hydrolysed to glucose with a 
saccharification yield of 56.4 %, a 2.6-fold increase compared to the untreated sample. The 
presence of high ash content has been known to be problematic for pretreatment processes. 
The ash does not only contain metals such the one studied here, but also silica and alumina, 
which can also interact with the acidic ionic liquid pretreatment itself.99,400,401 It should be noted 
that the chemical analysis of the ash content here reveals only such acid insoluble inorganic 
matter (e.g. silica), whereas acid soluble ash components are likely to have dissolved in the 
ionic liquid (i.e. metal contaminants) during the pretreatment (or in the sulfuric acid during the 
compositional analysis laboratory procedure). A solution would be to perform a prewashing 
step of the biomass prior to pretreatment, but this would involve creating another potentially 
contaminated aqueous stream. 
After recovery of the pulp, the dissolved lignin in the ionic liquid can be recovered from the 
ionic liquid liquor by anti-solvent precipitation. Lignin is often valorised for its energy value as 
a fuel - but lignin analysis was not in the scope for this study.  
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Figure 5.4: A. compositional analysis of the studied untreated biomasses and the pretreated pulps B. 
outcome of the pretreatment using an aqueous mixture of 80 % [C1Him][Cl] 20 % water with a 1:5 g/g 

biomass/solvent loading at 150°C for 1 hour 
 

Recycling of the solvent is an important aspect to take into account for a more sustainable 
process and integrating such a chemical processes into a circular economy.86 The results of 
the pretreament after recycling are shown in Figure 5.5. We observe a noticeable decrease in 
delignification rate of the biomass from 60 % to 49.2 % from cycle 1 to cycle 2 respectively, 
whereas the saccharification yield (glucose release) increased from 81.5 % to 90.3 %. In 
contrast to virgin IL, the IL liquor after pretreatment contains sugar degradation (i.e. HMF, 
levulinic acid, acetic acid, formic acid) products from the extraction of the hemicelluloses, and 
to some extent, solubilised lignin fragments, which have not precipitated. Small fragments of 
lignin are still solubilised in the liquor from the previous cycle, which can recondense back on 
the pulp in the subsequent pretreatment. Some of these fragments, also called ‘pseudo-lignin’, 

can even recombine with sugar degradation products (exhibiting lignin carbohydrates 
linkages) in solution and inhibit further enzymatic saccharification.100,402 The changes in lignin 
structure during the IL pretreatment occur in different stages and take time to reach equilibrium 
and steady state.100 Small water-soluble lignin fragments can redeposit onto the pulp during 
cycle 2, but these fragments had not had enough time to react with sugar degradation 
products. Longer-chains of extracted, more condensed lignin from cycle 1 and 2 precipitate in 
the liquor during cycle 2, rather than forming inhibitory pseudo-lignin entities. Overall, the 
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pretreatment with recycled IL provided sufficient fractionation to give access to the cellulose 
for the enzymes. 

Figure 5.5:  comparison of biomass pretreatment using [C1Him][Cl] for 1 hour at 150°C on metal 
contaminated miscanthus with virgin ionic liquid (cycle 1) and recycled ionic liquid (cycle 2) 

 

5.2.4.2 Fate of metal contaminants in the IL process 
[C1Him][Cl] not only has the ability to deconstruct lignocellulosic biomass but it is also able to 
coordinate with metal species present in the biomass. The metal contents in the ionoSolv 
cellulose rich pulp and precipitated lignin from the liquor were analysed for the two most 
contaminated feedstocks and the results are displayed in Figure 5.6.  
Miscanthus E was the less contaminated of the two feedstocks, and the pretreatment showed 
the highest metal extractions compared to its RCG analogue. [C1Him][Cl] pretreatment was 
able to extract 99.3 % of the major contaminant Pb from both miscanthus product streams, 
namely the pulp and lignin. The percentages of metal extraction found in the pulp and lignin 
for Cu, Zn and Cd are also very high, ranging between 97 and 99 %. However, there are some 
differences in metal extraction for the other metals as 61.5 % of Fe remained in the pulp, while 
only 29.1 % of As, 28.8 % of Ni and 50.2 % of Cr remained in the cellulose pulp after 
pretreatment. Based on lignin analysis, the metal extractions are above 99 % for Zn/Cd, 
around 94-96 % for Fe/As/Ni and 79.8 % for Cr. The Cu content of the lignin is higher than in 
the pulp, with Cu extraction at 96.3 % in the pulp vs 89.6 % in the lignin. 
Despite lignin being a potential absorbent for metals, the metal preferably remained in the 
[H1Cim][Cl]  liquor, and in the pulp to a lesser extent.345,403 The metal extraction from the ionic 
liquid occurs during the pretreatment at high temperature, where some metal (Fe, As, Ni, Cr) 
remain or redeposited onto the pulp. After pulp separation, water is added to the ionic liquid 
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liquor to precipitate out and recover the lignin from the solvent. During this last stage, the 
metals stayed in the liquor and the lignin was found to only have a small residual metal content 
(Cu, Cr). 
 
The overall metal extraction in the RCG pulp is slightly lower that from Miscanthus, One of the 
reason explaining that difference is the initial higher metal contamination of the feedstock 
leading to a quicker saturation of the IL. Pb extraction in the pulp was 93.2 %. The metal 
extraction in the lignin and the pulp follows a similar trend between the two feedstocks, with 
high Zn and Cd extractions, the lowest extraction observed for Fe. This shows that the metals 
are located in/on the biomass similarly between the two feedstocks; and that the level of 
contamination and the affinity of the metals for the Cl anions are likely to be the limiting factors 
in ionic liquid metal extraction for such highly contaminated biomass. 
The high ash content of the RCG pulp observed by compositional analysis (Figure 5.4A) is 
due to acid insoluble matter (silica and/or alumina), as the ionic liquid removed more than 90 
% of Pb, Zn, Cd, 70 % of As and Ni, 50 % of Cr and 39 % of Fe. The remaining ash content 
of the pulp is not contaminated with components harmful to the environment. Similar ash 
contents are managed via post hydrolysis solids for agricultural waste for example, and 
valorised for cement production or wastewater treatment applications.404  
 
It is necessary to consider the recovery of metals from the contaminated ionic liquids.  Figure 
5.5B shows that the ionic liquid liquors exhibit more than 2000 mg.kg-1 of Pb, with other metals 
such as Fe, Zn, Cu, Ni, Cr, As and Cd in smaller quantities. We now discuss the recyclability 
of the solvent, the potential for metal extraction after re-using the solvent for another round of 
pretreatment. It should be noted that the following experiments were only performed on the 
Miscanthus E, as there was not enough biomass material from RCG H to work with. 
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B. 
Sample concentration (mg.kg-1) Pb Fe Zn Cu Ni Cr As Cd 
Ionic Liquid Liquor after 
pretreatment of Miscanthus E 

1477.9 
± 97 

 

172.5  
± 50 

 

80.9 
± 5.1 

6.70 
± 0.55 

3.11 
± 0.60 

0.73 
± 0.01 

0.15 
± 0.009 

0.09 
± 0.004 

Ionic Liquid Liquor after 
pretreatment from RCG H 

2776.05 
± 107 

297.59 
± 52 

41.82  
± 0.25 

14.69 
 ± 1.7 

2.12 
 ± 0.7 

0.94  
± 0.12 

0.50 
 ± 0.07 

0.18 
 ± 0.01 

 
Figure 5.6: A. metal extraction from the pretreatment of Miscanthus E and RCG H using [C1Him][Cl] at 

150°C for 1 hour 20 wt% biomass loading in both cellulose pulp and recovered lignin B. final metal 
concentrations of the ionic liquid liquor after the pretreatment 

 

5.2.5 Electrochemistry: a way to maintain process performance and recover metals 

5.2.5.1 Electrochemical behaviour of PbII, CuII, FeII, ZnII from [C1Him][Cl] virgin solutions 
For the IL to be used in a cyclic manner, the accumulation of metal ions in the IL stream needs 
to be managed. First, the electrochemical behaviour of CuII, PbII, FeII and ZnII in [C1Him][Cl], 
40 wt% water, was studied with cyclic voltammetry to assess the feasibility of using 
electrochemical strategies for the removal of metals from the IL stream and to define the 
electrode potentials for metal deposition.  
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ILs are very attractive solvents for electrodeposition because of their high electrochemical 
stability and innate conductivity, that is, no addition of a supporting electrolyte is required.  

Figure 5.7: cyclic voltammograms showing the potential cycling of a 3 mm-dia. glassy carbon 
electrode in 1000 mg kg−1 (a) PbII, (b) CuII, (c) FeII and (d) ZnII in [C1Him][Cl] (40 wt% water). Scan 

rate was 50 mV s-1. 

 
Figure 5.7 (a) shows the voltametric behaviour of Pb2+ in [C1Him][Cl], 40 wt% water. A 
negative-going potential scan produced a reduction current wave and stripping peak. This was 
consistent with the two-electron reduction of Pb2+ to deposit Pb0. The subsequent positive-
going potential scan produced a sharp oxidative peak, consistent with the dissolution of 
deposited Pb0 from the electrode surface. The formal potential for the PbII/0 redox couple is -
0.62 V as previously reported.405  
Figure 5.7(b) shows the voltametric behaviour of Cu+ in [C1Him][Cl] (40 wt% water). The initial 
negative potential scan starts from 0 V to -1.0 V, producing a reduction current and peak at -
0.60 V. This is consistent with the reduction of Cu+ and deposition of Cu0. At -1.0 V, large 
reduction currents are observed due to hydrogen evolution reaction catalysed by 
electrodeposited Cu0 on the electrode surface. The subsequent positive-going potential scan 

(a) PbII (b) CuII

(c) FeII (d) ZnII
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produced a sharp oxidative peak at -0.18 V, consistent with the dissolution of deposited Cu0 
from the electrode surface. The potential EI=0, at which the current, I = 0, on the positive-going 
potential scan can be used as an estimate of the formal potential for the Cu0/Cu+ redox couple 
and was found to be -0.37 V. At more positive potentials, an oxidative peak is observed at 
0.43 V followed by a reductive peak at 0.36 V on the negative going scan. This is consistent 
with the oxidation and reduction of the Cu+/2+ couple. The peak-to-peak separation of 70 mV 
is close to expected for a reversible redox couple and the formal potential for this redox couple 
can be estimated from the half-wave potential, E1/2,app = 0.40 V. Stabilisation of the Cu+ ion 
species is well known in chloride media as previously reported.406  

Figure 5.7(c) and (d) show the voltametric behaviour of FeII and ZnII, respectively, in the ionic 
liquid aqueous media. Neither of CVs show an oxidising stripping peak for the analytes, which 
are characteristic of the deposition of the metal onto the electrode. However, we can observe 
a large and sharp reduction current around -1.5 V. This is the result of mixed solution 
processes, such as the hydrogen evolution reaction at the cathode from the electrochemical 
splitting of water. From the CV of Fe2+, the smaller intensity peaks at 0.42 V and 0.36 V 
correspond to the reversible oxidation and reduction respectively of the Fe2+/Fe3+ chloride 
complexes in the ionic liquid. The cathodic wave observed at -0.75 V from the CV of ZnII 

(Figure 5.7 (d)) is the bulk reduction of ZnII. 
 

5.2.5.2 Proof of concept: electrodeposition of metals from IL 
Electrolysis experiments were carried out for 1 hour at varying potentials for each analyte. The 
accumulative charge was recorded (Figure 5.8) to calculate the charge efficiency by 
comparison to the recovery of metal on the working electrode, which was obtained by 
measuring the analyte content of the main electrolysis solution using ICP-MS. Even though 
no oxidising stripping peak was observed for Zn and Fe, the ICP-MS measurements confirm 
that the metals can be deposited using these potentials. From Figure 5.9, it is observed that 
that 91.5 % of Pb can be deposited after 1-hour electrolysis from this particular media and this 
electrochemical set-up with a charge efficiency of 0.69; while only 40 % of Cu, 28 % of Fe and 
44 % of Zn are removed with 76.1 %, 5 % and 9.6 % efficiencies respectively. Efficiencies for 
Fe and Zn are low because of the high accumulated charge passed during the electrolysis. 
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Pb being the main metal contaminant present from the biomass studied here, this shows that 
the concentration of Pb while recycling the ionic liquid for subsequent pretreatment can be 
managed in the IL via electrodeposition. 
 

Figure 5.8: accumulative charge over 1 hr for the electrodeposition of 1000 ppm in [C1Him][Cl], 40 
wt% H2O of (a) CuII, potential applied was -0.9 V vs. Ag/AgCl, (b) PbII, potential applied was -0.9 V 

vs. Ag/AgCl (c) FeII, potential applied was -1.2 V vs. Ag/AgCl, (d) ZnII potential applied was -1.4 V vs. 
Ag/AgCl 
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Figure 5.9:  A. percentage of recovery by mass and B. charge efficiency of PbII(II), CuII(II), FeII(II) 
and ZnII(II) recovery from 1000 ppm solutions of [C1Him][Cl], 40 wt% H2O after 1 hr electrolysis with 
a copper foil electrode. Electrode area = 4.2 cm2. The deposition potential was -0.9 V for Pb and Cu 

recovery experiments and -1.2 and -1.4 V for Fe and Zn recovery experiments, respectively. 

 

5.2.5.3 Feasibility of electrodeposition of metals from ionic liquid liquors after pretreatment 
Based on the results from metal doped-IL solutions, the ionic liquid liquor obtained after the 
pretreatment of miscanthus was recycled and subject to 1-hour electrolysis at -0.9V to manage 
metal concentration and recover the metals extracted from cycle 1. As we can see from figure 
3.9A, the potential used does not only remove Pb and Cu from the solution as expected, but 
also Zn and Fe to a lesser extent, as these metals have standard potentials less cathodic than 
-0.9V. 
 
Figure 5.10B shows the metal extraction efficiency of the IL pretreatment with recycled IL, with 
and without the electrodeposition of Pb before the second cycle. The overall metal extraction 
efficiency is increased from 51.5 % to 63.11 % with the extra electrodeposition step, with all 
metal extractions significantly enhanced from the electrodeposition of Pb. The 
electrodeposition of Fe from the IL liquor results in observable Fe extraction in the second 
cycle compared to recycled IL without electrodeposition (where no Fe extraction from the 
biomass is observed). As and Cr extractions are not affected by the electrodeposition, as the 
standard potentials of these metals are more cathodic compared to the electrolysis potential 
used, with similar extractions for both processed samples. Pb extraction increased by a 1.3-
fold from the electrodeposition of Pb prior to cycle 2; Cu and Cd extraction also increased 
when comparing the two recycled ionic liquids used. The metal extraction from the 
pretreatment with recycled IL does decrease compared to the first cycle for all metals, due to 

A. B. 
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metal solubility of the metals in the ionic liquid mixture. However, depositing some of the 
metals prior to recycling via electrodeposition enhances the metal extraction properties of the 
IL liquor for a subsequent cycle. The competition for ligands to form metal-IL complexes would 
be a limiting factor at such high concentrations of metals.407,408 Further recycling studies 
involving electrodeposition should be investigated. This study has shown the ability of the 
ionoSolv process to be able to integrate highly contaminated lignocellulosic biomass from 
MaCL into a sustainable biorefinery to produce clean energy and chemicals; [H1Cim][Cl]was 
recycled efficiently without impact on the performance of the pretreatment and is a suitable 
medium for the recovery of metals from the biomass via electrodeposition. 

Metal extraction Pb Fe Cu Zn Cd As Ni Cr Overall 

Cycle 1 
99.26% 

 (0.46) 

38.45 % 

(8.19) 

96.26 %  

(0.90) 

97.45 % 

(0.34) 

97.45%  

(0.39) 

70.89%  

(1.40) 

71.17%  

(3.68) 

49.79%  

(6.20) 
77.69% 

A. 

B. 
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Cycle 2 with 

electrodeposition 

83.37%  

(5.20) 

14.09%  

(0.61) 

87.27%  

(1.85) 

95.75%  

(1.76) 

95.19%  

(1.50) 

54.95%  

(5.55) 

53.20%  

(3.31) 

22.42%  

(1.40) 
63.11 

Cycle 2 without 

electrodeposition 

67.47%  

(7.69) 
none 

73.89%  

(2.09) 

92.20%  

(1.69) 

71.61%  

(0.39) 

51.87%  

(1.85) 

35.3%  

(0.86) 

19.85%  

(2.67) 
51.47 

 

Figure 5.10: A. dissolved metal concentrations determined in IL liquor E during the 1 hour electrolysis 
of the IL liquor E [C1Him][Cl] (40 wt% H20) from the first cycle of pretreatment. Copper foil electrode 

area = 4.2 cm2, potential applied -0.9V vs Ag/AgCl and B. metal extraction based on pretreated pulps 
from the ionic liquid pretreatment of metal contaminated miscanthus at 150°C for 1 hr using virgin 
[C1Him][Cl] (cycle 1), recycled [H1Cim]Cl and recycled and electrodeposited [C1Him][Cl] (cycle 2) 

(standard deviation between parentheses) 

 

5.3 Conclusion: ionic liquids can both deconstruct and decontaminate biomass 
grown on marginal, contaminated land 

Trace element analysis was carried out to study the wide range of metal contents in a variety 
of plants growing on marginal contaminated land: willow, sunflowers, tobacco, maize, but also 
hardwoods and softwoods from the Betulaceae and Salicaceae families. Growing feedstocks 
constitutes the first step of suppling renewable energy, even without phytoextraction of metals 
from the soil, and constitutes a valorisation of MaCL.  
Combining highly contaminated perennial feedstocks grown on marginal land with a 
comprehensive low-cost ionic liquid pretreatment process could lead to environmental 
remediation, clean biofuel production and metal recovery, without the need to incinerate the 
biomass. After screening of multiple plant species from different phytoremediation contexts,  
lead contaminated Polish Miscanthus was used as a model crop. It was successfully 
fractionated and Pb was extracted from the biomass, at biomass loadings up to 50 wt % 
without a significant impact on the process performances. Such moderately heavy metal 
containing biomass grown on pernicious metal contaminated areas is an ideal candidate for 
the ionoSolv pretreatment. It both responds well to the fractionation, and to the metal 
extraction process at high biomass loadings, enhancing the systems’ economics. 
 
Highly contaminated miscanthus from Wales was then fractionated into a clean cellulose pulp, 
and further saccharified into glucose, extracting 99 % of the main contaminant, Pb, from the 
feedstock. Lignin was precipitated and successfully recovered from the ionic liquid liquor. After 



 

 131 

one cycle of pretreatment, the ionic liquid liquor, which contained more than 1000 mg kg-1 of 
Pb, was used as a medium for the electrodeposition of Pb. After clean up and electrolysis for 
1 hour, the ionic liquid liquor was reused on fresh biomass and demonstrated the ability to 
fractionate the biomass and extract metals for a subsequent cycle. However, the recycle of 
ionic liquids should be studied over a larger number of cycles to investigate the impact of the 
electrodeposition and presence of degradation products on the overall ionoSolv process. 
Extensive contamination, trace metal content and biomass yields of the feedstock should be 
closely monitored in terms of valorisation and scale-up processing. The risks of transport, 
handling and processing of such biomass also need to be closely monitored for marginal 
areas, which are site specific. This study demonstrates a new and innovative way to integrate 
the properties of ionic liquids into a process for phytoremediation feedstocks. Further life cycle 
and techno-economics assessments are needed to prove the benefits of this approach in 
terms of ecosystem services from marginal land and bioenergy production.
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6 Analysis and processing of willow from a wastewater 
remediation irrigation trial for the inoSolv process 

 

6.1 Introduction 
Throughout the chapters, we have shown that we can integrate innovative and unconventional 
feedstocks to the ionoSolv process, with pretreatment performance, production of variable 
products and management of metals thanks to the unique properties of studied ionic liquids. 
However, the limitation of these unconventional feedstocks resides in their long term 
availability: whether they are invasive species, which need eradication, or waste wood, a 
prohibited waste. Biomass from MaCL can be limited in terms of biomass yields and are very 
much specific to the nature of the contaminated sites. A possible option to improve biomass 
yield is to amend the plantation with nutrients, usually in form of synthetic fertilizer. In this last 
chapter, in the continuity of a sustainable approach, we rather exploited the properties of 
municipal wastewater, rich in nutrient, to boost the biomass production of a dedicated willow 
plantation. Willow is wildly acknowledged as  a leading biofuel crop and was a good candidate 
to study the implication of the stress on the composition of the biomass, its recalcitrance to 
fractionation by the ionoSolv process and potential metal uptake. To further enrich the analysis 
of this case study and further develop the theme of this thesis to diversify the valuable 
outcomes for a biorefinery, the profile and production of bioactive phytochemicals was also 
studied in the context of the phytofiltration of municipal wastewater. 
Willow plantations can be a sustainable approach for generating valuable biomass, but also 
treating primary municipal wastewater, potentially reducing both the environmental and 
economic burdens associated with conventional treatment. However, there are still unknown 
implications for the value of biomass as a biofuel crop using phytofiltration plantations, where 
municipal wastewater is used to irrigate non-food crops, such as fast-growing trees.257,258,409 
A mature willow phytofiltration field trial was conducted in Quebec, Canada, where trees were 
either left as controls or irrigated with 29,500,000 L ha-1 yr-1 primary effluent municipal 
wastewater. For this PhD research, the impact of the wastewater irrigation on biomass 
composition, bioenergy potential and persistent phytochemical production from this field trial 
were investigated to assess the potential of willow irrigated with wastewater to be integrated 
to the ionoSolv biorefinery.  
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6.2 Results and discussion 

6.2.1 Increased biomass yields and no significant trace element uptake 

The impact of wastewater irrigation on aboveground biomass yield was measured at the end 
of a 3-year coppice cycle of the willow plantation. Stems had a noticeable difference of colour 
once freshly debarked, with pink spotted stains on wastewater irrigated stems as observed in 
Figure 6.1. Biomass yields (based on dry matter) significantly increased from 6.7 (±0.4) t ha−1 
yr−1 for control trees to 20.3 (±4.3) t ha−1 yr−1 for wastewater irrigated trees. Wastewater 
irrigation substantially increased aerial growth and subsequent biomass yields by 200 % at 
harvest. The major factors likely to have influenced the development ofthese wastewater 
irrigated trees were the very high water load of 29.5 million L ha−1 yr−1, high macronutrient 
loads of 1245 N and 121 P kg−1 ha−1 yr−1 and high salt loads of 4.31 t Na ha−1 yr−1 and 5.63 t 
Cl ha−1 yr−1. Willow is considered to have high nitrogen-use efficiency and nitrogen recycling 
which allows for high yields from minimal fertilisation.410,411 However, high water load alone 
(without macronutrients) is insufficient to induce such higher biomass yields.258 This 
emphasises the key role of high macronutrient loads in wastewater. While very high salt loads 
can be detrimental for tree growth, the large quantities here did not inhibit growth.412 Moreover, 
as controls had similar yields to the standard ~ 9 t ha−1 yr−1 of contemporary willow plantations, 
wastewater irrigation is likely to be the major contributing factor to the exceptional 200 % 
biomass yield increase.413 
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Figure 6.1: A. aerial photograph of the Saint-Roch-de-l'Achigan field trial and experimental design B. 
representative photograph of a control and a wastewater irrigated debarked willow stem C. diagram of 

the analytical workflow of biorefinery characteristics used here to compare control and wastewater 
irrigated trees. 

 
Similarly, trace metal analysis was carried out as heavy metals have the potential to 
accumulate in biomass and influence downstream bioenergy process. Special care was given 
to the quantification of metals in biomass, for controls and wastewater irrigated trees. Their 
presence in the wastewater did not inhibit the growth of willow. Table 6.1 shows the trace 
element analysis of both the water and the harvested biomass. Metal concentrations in 
biomass did not significantly vary between control and wastewater irrigated trees for 
chromium, nickel, arsenic, cadmium, lead, zinc and copper. Iron was significantly higher in 
wastewater irrigated trees, increasing from 13.14 to 25.72 mg.kg−1, the element in the highest 
concentration in the wastewater compared to the other analytes. The results show that willow 
exhibits tolerance for metals but did not accumulate toxic contaminants from the wastewater 
over the period of growth studied. Given the concentration of metals from the wastewater, it 
could be that the plant simply excluded these compounds to survive from their nutrients uptake 
(phytoexclusion). Although biomass metal concentrations were low in wastewater irrigated 
trees  and similar to controls, the increased biomass yields represent 3-fold increases in total 
amounts of extracted metals. Metal uptake should be closely and regularly monitored at scale 
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over longer period of times to ensure that the plant is still adopting a phytoexclusion strategy 
in such environments. 
 
Sample Municipal 

Wastewater 
Control 

trees 
Wastewater irrigated 

trees 
Trace metal / units 

μg.L-1 mg.kg-1 

Cr 1.68 ± 0.24 0.31 ± 0.03 0.73 ± 0.43 
Ni 3.33 ± 0.47 0.33 ± 0.05 0.70 ± 0.15 
As 0.24 ± 0.04 0.01 ± 0.001 0.03 ± 0.01 
Cd 0.10 ± 0.02 1.05 ± 0.11 0.85 ± 0.17 
Pb 1.44 ± 0.12 0.05 ± 0.001 0.06 ± 0.02 
Zn 116.2 ± 7.4 55.58 ± 5.01 44.30 ± 6.48 
Fe 187.8 ± 9.7 13.14 ± 0.35 25.72 ± 1.00 
Cu 16.72 ± 2.3 3.38 ± 0.24 3.06 ± 0.45 
Table 6.1: trace element analysis of the wastewater used for the field trial and the trees harvested 

used in this study (means of biological replicates, each biological replicate was analysed in triplicate) 

 

6.2.2 Similarities and differences in biomass composition  

As wastewater irrigation led to a substantial increase in biomass yields, modification of 
biomass composition could also be expected. Figure 6.2 shows the compositional analysis 
from control and wastewater irrigated trees. Changes induced by the wastewater treatment 
were induced in the structural carbohydrates. Glucan content was significantly higher in 
wastewater irrigated trees, at 418 mg glucan g-1 compared to 386 mg.g-1 in control trees. Net 
cellulose contents can increase in willow from tension wood development, associated with 
mechanical support to stems and characterised by the production of cellulose rich gelatinous 
fibres in secondary xylem.414 However, the minor hemicellulose components arabinose and 
galactose were significantly lower in wastewater irrigated trees at 15 mg.g-1 and 22 mg.g-1 
respectively compared to 21 mg.g-1 and 24 mg.g-1 in control trees. Xylose, the major 
hemicellulose backbone monomer of willow, remained constant (average of 14.5 wt%). 
Lignification provides mechanical strength to stems and therefore could be predicted to 
increase in order to support higher biomass weight and nutrient-water transport requirements, 
potentially impairing biomass pretreatment and enzymatic saccharification.308,415,416 
Interestingly, the lignin content was similar for both treatments at an average of 276 mg.g-1 
(28 wt%).  



 

 136 

Figure 6.2: A. harvested stem biomass yields from control C and wastewater irrigated W trees, dry 
matter tons per hectare per year after a three-year harvest cycle. B. Compositional analysis of raw 

biomass from control and wastewater irrigated trees. Mean values are based on n =3 trees. 
Significant differences indicated by * (t-test, p<0.05) 

 

6.2.3 Impact of stress factor of biomass on the ionoSolv pretreatment 

The biomass was pretreated as feedstock for the ionoSolv process and the results are 
presented in Figure 6.3 (from products recovery yields and compositional analysis of the pulp). 
The pretreatment led to 526 mg.g−1 recovery of biomass in the pulp fraction from control trees, 
and 573 mg.g−1 recovery from wastewater irrigated trees. The resulting pretreated pulp 
compositions did not significantly vary between treatments (except for higher mannose 
content in controls compared to wastewater irrigated trees). The ionic liquid pretreatment led 
to an equivalent fractionation of the biomass from control and wastewater irrigated trees into 
a cellulose-rich pulp and a lignin-rich liquor, even with a higher glucan content to begin with 
for wastewater irrigated trees. Specifically, 91–92 % of the glucan was recovered in the pulp 
while 75–77 % of hemicelluloses and 56–57 % of lignin were removed by the ionic liquid for 
control and wastewater trees respectively. Lignin recovered by precipitation from the ionic 
liquid liquor was similar for both treatments, reaching 33–35 % of the initial lignin or 77–79 % 
of the lignin solubilised by the ionic liquid.  
These yields from ionic liquid pretreatment are comparable or better than other pretreatment 
approaches used in willow, such as hot water pretreatment,417 acid pretreatment,418 alkaline 
pretreatment419 or Organosolv.420,421  
 
Enzymatic saccharification of raw (before pretreatment) biomass performed equally for both 
control and wastewater irrigated biomass (Figure 6.3), suggesting cell wall structure and 
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glucose accessibility was not substantially affected by wastewater irrigation and increased 
growth. This is coherent with stable lignin content, often considered as a key parameter in cell 
wall recalcitrance to enzymatic deconstruction.308  
Final glucose release from pretreated biomass was achieved with similar high yields from 
control and wastewater irrigated trees, corresponding to a glucose release of 92-94 % of the 
initial glucan in the biomass. This similarity between treatments suggests the pretreatment 
may have degraded readily accessible, and therefore more vulnerable, glucose from the 
higher initial glucan in wastewater irrigated trees and could benefit from process optimisation 
with reduced severity. The severity of the ionic liquid pretreatment condition is a trade-off 
between the prevention of extensive cellulose degradation and sufficient lignin solubilisation 
and recovery. Moreover, as sugar degradation compounds, such as HMF, furfural or acetic 
acid, can inhibit downstream fermentation to biofuels,422,423 milder severity could potentially 
better protect sugars within wastewater irrigated trees and further enhance bioenergy yields. 
At larger scale, recycle of the ionic liquid is also a factor to take into account for the overall 
ionoSolv pretreatment efficiency, and its impact on the subsequent cycles of the process, e.g. 
presence and build-up of sugar degradation products, solubilised lignin and trace metals.97 
Both untreated biomass and pulp glucose release yields were similar to the ones reported 
using willow (Endurance) cultivated without wastewater irrigation treatment in the UK and 
pretreated with a protic ionic liquid.104  Although the potential for fermentation inhibition needs 
to be tested and yields translated to pilot plant biorefinery, these findings suggest wastewater 
irrigation induced changes in biomass development, but it did not negatively alter willow 
bioenergy potential at field scale.  
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Figure 6.3: A. Mass proportion between solid (pulp) and liquid (liquor) fractions after ionic liquid 
pretreatment. B. Pretreated pulp compositional analysis from control and wastewater irrigated trees. 
C. Inferred biomass composition removed by the ionic liquid pretreatment. D. Glucose release from 
enzymatic saccharification from control and wastewater irrigated trees untreated samples (before 
pretreatment) and from the ionoSolv pulps (after pretreatment). E. Lignin solubilised by ionic liquid 

pretreatment and further precipitated from control and wastewater irrigated trees. Theoretical 
maximum glucose release and lignin recovery is denoted with dashed lines and are based on initial 

glucan and lignin content. Significant differences are indicated: * (t-test, p <0.05). 

 

6.2.4 Impact of stress factor on the structure of lignin 

2D HSQC NMR was employed to gain insight on the structure of the ionoSolv lignins obtained 
from the different treated trees. Since the structure of lignin is altered from the extraction 
method, HSQC here cannot be used to determine the native structure of the lignin derived 
from the control and wastewater trees, but it can certainly indicate any differences between 
the two growth treatment for willow (using the same ionic liquid-based lignin extraction). The 
S/G ratio of hardwoods has been studied regarding pretreatment and is known to have an 
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impact on the delignification of the feedstock, as well as hydrolysis of the cellulose and 
hemicellulose.306,308–312 From the analysis of the spectra analysed in Figure 6.4; the S/G ratio 
of the lignin extracted from the ionoSolv is 0.29 and 0.32 for control and wastewater trees 
respectively. The correlations between plant stress adaptation and lignin biosynthesis at the 
molecular level are still to be fully understood.424–427 However, the S/G ratios are consistent 
with the compositional analysis and response to the pretreatment between the trees. S sub-
units are more easily extractible in acidic conditions due to the lability of the β-O-4 linkages.311 
The intensity for such linkages are less important in the wastewater trees than in the control 
trees’ ionoSolv lignin (Figure 6.4). The S-rich lignin from wastewater tress was more easily 
extracted from the pretreatment and led to smaller fragments from the breakage of ether 
bonds. This is consistent with the previous results, where the lignin content of the wastewater 
pulp was lower than for control trees (Figure 6.3B) and lignin solubilised in the liquor was 
higher for the wastewater pretreated trees than the controls (Figure 6.3E).  
 

Figure 6.4: HSQC analysis of lignin from the pretreatment of the willow trees 
 

6.2.5 Diversification of products from biomass: valorisation of phytochemicals 

Extractable phytochemicals represent another potential valuable bioproduct for biorefinery 
from wastewater irrigated willow. Willow trees produce highly complex mixtures of 
phytochemicals in stems to defend against pathogens and herbivory, to protect against abiotic 
stress as well as for intra and interspecies signalling.428–430 Because of these essential 
biological roles, phytochemicals can have diverse and powerful bioactive functions which can 
make them potentially valuable as extractable bioproducts.431,432  
In parallel to lignocellulosic biomass characterisation, methanol extraction for persistent 
phytochemicals was analysed. The total extractives content was significantly lower in 
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wastewater irrigated trees at 51 mg.g−1 compared to 88 mg.g-1 respectively, 33 % lower in 
wastewater irrigated trees compared to controls (Figure 6.2B). 
 
A total of 213 phytochemicals were detected using untargeted metabolite assessment across 
and shared across multiple trees (biological replicates), as displayed in Figure 6.5. The 
analysis of these chemicals suggest wastewater irrigation alters extractable phytochemical 
profile from willow. One theory behind such substantial changes in phytochemical 
concentrations is the carbon-nutrient hypothesis, proposed by Bryant in 1983, whereby limited 
nutrient availability leads to a decrease in nutrient concentrations and an increase in carbon-
based secondary metabolite concentrations, while greater nutrient availability leads to the 
converse balance through relatively higher limitation of photo assimilated carbon.433 Here, the 
wastewater irrigation provided excess available nitrogen and water, leading to a substantial 
decrease in carbon-nutrient ratios. The decrease in phytochemicals concentration therefore 
could correspond to relatively lower carbon ratios. 
 
Molecular networking of features suggested 9 main cluster groups: salicinoids, glycosylated 
phenolics, glycosylated phenolic acids, glycosylated phenylalkanoids, (7-O) glycosylated 
flavonoids, (3-O) glycosylated flavonoids, flavanols, lignans and fatty acids. More detailed 
analysis of the different phytochemicals is available in the Appendix. 116 of these 
phytochemicals were not significantly different between controls and wastewater irrigated 
trees. However, 97 phytochemical features were significantly differently abundant between 
the control and wastewater irrigated trees (Mann-Whitney U test with Benjamini- Hochberg 
correction p < 0.05). 83 of the phytochemicals were significantly lower (depleted). Within the 
compounds depleted in wastewater irrigated trees, salicinoids were depleted. The biological 
function of salicinoids are associated with plant defence, especially against insect herbivory 
428,434 Similarly, the reductions in other phenolic glycosides, as well as phenylalkanoid 
glycosides, observed here may be associated with antioxidant capacity.435,436 Lipids were also 
universally depleted in wastewater irrigated trees, including multiple C18 fatty acids. The most 
dominant depleted fatty acid was an oxidised linoleic acid (C18H32O3; see Appendix), the stable 
precursor of jasmonic acid, one of the major plant hormones associated with defence 
signalling.437,438  The lipid azelaic acid, a key-signal molecule that triggers accumulation of 
salicylic acid and other defence compounds, was also significantly depleted in wastewater 
irrigated trees.439 This depletion pattern of diminished carbon investment in phytochemical 
defence mechanisms in wastewater irrigated trees might be associated with the increased 
growth and biomass yield in a typical growth-defence trade-off, despite the extremely high 
nutrient, salt and microbial loads which could have induced stress in the trees.440 Although the 
biomass yields were substantially increased over the three-year field trial, longer-term trials 
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need to be conducted in order to establish whether the reduction in these important 
phytochemicals can compromise plant defence in the long-term, particularly as short rotation 
willow plantations are often maintained for continued harvesting for over 20 years.441,442  
14 phytochemicals were significantly higher in wastewater irrigated trees. The 14 
phytochemicals significantly enriched in wastewater treated trees were identified as 6 lignan 
derivatives and 3 flavonoids. The lignans included salcolin A, ramontoside, 
quiquesetinerviusin B and three isomers of quiquelignan B; whereas the flavonoids were 
identified as glabrene, glabraoside A and a procyanidin trimer (Figure 6.5B). Salcolin A 
(C27H26O11) and quiquelignan B (C36H36O13) exhibit structured linked to monolignol, potentially 
acting as nucleation sites for lignin polymerisation.443–445 More broadly, lignans are 
characterised for their biotic defence role and antimicrobial activities and could represent a 
specific type of metabolic investment by willows into defence, particularly in light of very high 
microbial loads in wastewater. 446,447 Overall, these significantly enriched phytochemicals 
represent part of the phenotype underpinning the response to primary municipal wastewater 
irrigation in willow. 
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Figure 6.5: A. Number of phytochemicals identified as not significantly different (NSD) between 
control and wastewater treatment, and those significantly depleted or enriched by wastewater 

irrigation with chemical classes shown (Mann-Whitney U test followed by BH FDR correction, p < 
0.05) B. Molecular structures of significantly enriched phytochemicals in wastewater irrigated trees. 
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6.2.6 Effect of preliminary extractive extraction on ionoSolv pretreatment 

The ionoSolv pretreatment conditions at high temperatures (>120°C) degrade the extractives 
during the reaction. In the context of a biorefinery, phytochemicals of interest would need to 
be extracted prior to the lignin and hemicellulose extraction from the IL pretreatment. We 
investigated the impact of the ASE methanol-water extraction prior to the pretreatment of the 
biomass on both product streams: the pulp and the lignin – as shown in Figure 6.6. Both trees, 
control (Figure 6.6A-B) and wastewater (Figure 6.6C-D), follow the same trends regarding the 
impact of the extractives’ extraction on the pretreatment, with the exception of glucan recovery 

between control and wastewater trees, mostly because the wastewater treatment led to a 
depletion in extractible phytochemicals (Figure 6.5A). The compositional analysis of the pulp 
after the pretreatment of the extractives free pulps revealed a higher hemicellulose removal 
and delignification and lower glucose release compared to the trees pretreated with 
extractives still intact before pretreatment.  
Differences were expected as the ASE extraction uses an organic solvent, 75 % of methanol 
by volume, to extract the extractives from the biomass at 100°C. This extraction step acts a 
preliminary treatment of the biomass, similar to the Organosolv, a well-known process for its 
ability to extract high quality lignin and aqueous hemicelluloses from a lignocellulosic 
feedstocks.420,421,448 A hybrid ionoSolv-Organosolv fractionation process designed by Chen et 
al, revealed that this pretreatment produced a more digestible cellulose pulp with higher lignin 
extraction.286 However, this was a simultaneous IL-organic solvent pretreatment and 
hardwoods were not studied. The HSQC lignin analysis of the lignins shown in Figure 6.6 B 
and D indicates a decrease in the β-O-4 linkages, which are more representative of the 
enhanced lignin extraction; with an increase in S condensed sub-units, which can redeposit 
onto the pulp and negatively impact the enzymatic hydrolysis of the pulp. The extraction of 
phytochemicals prior to pretreatment acts as a preliminary organic solvent-based treatment 
for the biomass, which leads to a harsher subsequent IL pretreatment with enhanced 
hemicellulose and lignin extraction, but also leads to more condensation of the lignin.  
 
Cellulose digestibility is only one of the possible valorisation routes for the cellulose pulp. In 
the context of a comprehensive biorefinery, compounds of interest and valorisation routes 
would need to be defined in order to tune the process for the desired extracted platform 
chemicals (phytochemicals, high purity pulp, sugar degradation products, chemical structure 
of lignin etc) pretreatment and process conditions accordingly. 
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Figure 6.6: Effect of the extractives extraction with methanol-water (75/25 v/v %) prior to ionoSolv 
pretreatment for both trees A. key outome parameters of the IL pretreatment for the pulp from control 

trees and B. wastewater trees C. HSQC analysis of ionoSolv lignins for control trees and D. 
wastewater trees 

 

6.2.7 Large scale predictions: integrated biorefinery projected yields 

Willow plantations can provide fundamental environmental services as part of green 
infrastructure, such as greenhouse gases reduction, soil erosion limitation and biodiversity 
support.191,449,450 The integration of wastewater phytofiltration and biomass production within 
a willow plantation extends this environmental utility with potential economic and social 
benefits.451–454 
By combining biomass yield, glucan content and enzymatic saccharification conversion from 
the ionoSolv pretreatment, projected glucose and ethanol yields per hectare were calculated 
and compared as seen in Figure 6.7. The yields were significantly increased from 2.73 t 
glucose ha−1 yr−1 and 1592 L ethanol ha−1 yr−1 from control trees, to 8.89 t glucose ha−1 yr−1 
and 5186 L ethanol ha−1 yr−1 from wastewater irrigated trees. The projected ionoSolv lignin 
yields per hectare also significantly increased from 0.64 t lignin ha−1 yr−1 for control trees to 
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1.89 t lignin ha−1 yr−1 for wastewater irrigated trees. The total extractives yield is projected at 
0.66 t extractives ha−1 yr−1 from control trees and was significantly higher from wastewater 
irrigated trees, at 1.40 t extractives ha−1 yr−1. Purified standards were used to precisely quantify 
absolute amounts of catechin C15H14O6 and salicin C13H18O7 as examples of phytochemicals. 
Catechin yield was projected to 10.2 kg ha−1 yr−1 from control trees and 23.7 kg ha−1 yr−1 from 
wastewater irrigated trees, whereas salicin yield was projected to 12.1 kg ha−1 yr−1 from control 
trees and 25.2 kg ha−1 yr−1 from wastewater irrigated trees. These yields are likely meet the 
minimum thresholds estimated in recent technoeconomic assessment of >0.6 mg g−1 for cost-
effective extraction of a single compound valued at > $10 kg−1 for a biorefinery.455  
 

 
 

Figure 6.7: willow wastewater treatment integrated biorefinery illustration and projected yields, 
illustrating a proposed biorefinery integrating willow wastewater treatment by phytofiltration, biomass 

production, lignocellulosic bioenergy and phytochemicals extraction 



 

 146 

6.3 Conclusion: willow as a stable and sustainable biomass feed under stress 
condition 

Biomass availability is one of the crucial parameters to the feasibility of a biorefinery feedstock. 
The high biomass willow yields of over 20 t ha−1 yr−1 from wastewater irrigation could be 
influenced by multiple factors (willow genotype, site soil and climate, and plantation 
management practices,456–460), but similar yields of up to 22 t ha−1 yr−1 have been reported in 
the literature in willow plantations with high nitrogen fertilisation.411,461 This system takes 
advantage of nutrient loads in wastewater to displace the use of synthetic fertiliser, and its 
associated economic and environmental costs, together with removing freshwater use and the 
associated environmental costs in traditional agriculture.462–466 Furthermore, those results of 
stable quality of biomass in increased yields demonstrate that the ionoSolv could take 
advantage from such phytoremediation trials and as a long term biomass supply, as opposed 
to their short to medium term availabilities investigated in previous chapters. 
An integrated ionoSolv biorefinery is able to produce bioenergy, lignin, as well as high-value 
specialised phytochemicals from willow. These findings and diversification of phyto-
extractives outcomes could also be applied to other types of biomass, such as waste wood 
and invasives species studied previously. Such synergies could help improve the economic 
feasibility of a biorefinery as a closer cost-competitive analogue of petroleum refinery, but with 
the advantage of a reliance on renewable inputs instead of fossil fuels. The complementary 
benefits of integrating wastewater treatment with the production of sustainable bioproducts 
illustrate the potential of multifunctional biotechnologies to address environmental challenges 
caused by human activities. Finally, as land-use is an important consideration when growing 
bioenergy crops, the capability of willows to grow on marginal lands,467,468 combined with the 
use of municipal wastewater to provide high water and nutrient loads, could help to unlock 
new valorisation for MaCL. Nevertheless, the long-term impact of wastewater irrigation, in 
particular the accumulation of trace metals and salts, should be assessed before the 
ecological benefits and ecosystem benefits can be asserted.  
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7 Conclusions: ionoSolv process flexibility towards a wide-
ranging biorefinery 

 

7.1 Key messages 
This PhD research has demonstrated the flexibility and versatility of an ionic-liquid based 
technology, the ionoSolv fractionation process, which allows the sourcing of innovative 
supplies of biomass and the production of sustainable bioenergy and bioproducts. These 
unconventional feedstocks explored here are terrestrial invasive species - knotweed and 
rhododendron – CCA waste wood, biomass grown on marginal land and willow irrigated with 
wastewater, as illustrated in Figure 7.1.  
 
To evaluate their potential, two main fraction streams were used: the first one based on 
glucose release of the resulted fractionated cellulose rich pulp after pretreament, the second 
is the isolated lignin recovered from the ionic liquid liquor. The sugar obtained from each 
feedstock ranges from 289 to 443 kg.t-1 and ionoSolv lignin yields from 91 to 258 kg.t-1 (Figure 
7.1). Different values are due to natural variations between the feedstock themselves (species, 
type of feedstock, growth conditions) and pretreatment conditions used (IL, inherent chemical 
nature of lignin and its solubility in IL). A previous life cycle assessment (LCA) of the 
environmental and economic sustainability of willow bioethanol in the UK proposed a minimum 
70 % conversion of biomass glucan to ethanol (i.e. 0.3 ton of glucose per ton of biomass) in 
an optimised process system using dilute acid pretreatment.469 In comparison, the ionoSolv 
pretreatment resulted in almost complete availability of cellulose from lignocellulosic biomass, 
allowing for nearly all feedstocks studied to reach this threshold of 0.3 ton of glucose per ton 
of biomass (truly indicative, as the LCA was carried out using different boundaries and 
parameters than this study). Protic ionic liquid pretreatment consistently and robustly 
fractionated these unconventional feedstocks into cellulose and lignin streams. Moreover, 
these results from unconventional biomass could serve as references for new feedstocks to 
handle, predict their response to the ionoSolv process and feed future life cycle assessment 
studies.  
 
This ionic liquid based process was also designed to demonstrate the dual property of some 
protic ionic liquids, which are able to both fractionate the biomass and extract metal species 
present in the plant. Adding to the upgrading of an underutilised, potentially cheap, biomass  
(invasive species), this further extends the use of ionic liquid for metal enriched biomass. This 
approach constitutes an alternative to conventional burning or ashing of metal contaminated 
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biomass; an opportunity to generate revenue from clean metal-free renewable chemicals and 
energy. Such promising results can provide a roadmap for possible inroads to the circular bio-
economy by rehabilitating toxic waste material, diverting such materials from polluting landfills 
and incineration and the utilisation and valorisation of marginal land. 
 
After process optimisation, these unconventional feedstocks revealed to be suitable for the 
ionoSolv process, with short reaction time (30-60 mins) and high temperatures (150-170°C). 
However, the use of unconventional feedstock could bring new challenges, especially when 
they contain trace elements, which had until now understudied interaction with the ionic liquid 
based process, as well as on the following transformation steps, such as fermentation. Here, 
we showed that the ionic liquid extracts a wide range of metal contaminants present in 
biomass, including multiple trace elements (Cu, Zn, As, Cd, Pb, Ce, Fe and Ni) and different 
levels of contamination (ranging from 0.1 mg.kg-1 to 20 g.kg-1). Further intensification of 
process conditions was also researched, such as biomass loading and recycling of the 
solvent. Contaminated waste wood was pretreated with the ionic liquid solvent being recycled 
up to 6 times, retaining efficiency for deconstruction of biomass and metal extraction (99%).  
 
Finally, this research demonstrates that valuable products can be obtained from ionic-liquid 
based pretreatment, beyond the binarity of glucose and lignin, and usually exclusive from each 
other (optimised for one or the other). Downstream processes were used in combination with 
the ionoSolv process to produce fermented bioethanol and pyrolysis products from post-
hydrolysis residues (a waste stream from saccharification). The electrodeposition of metals 
from the ionic liquid liquor from highly contaminated biomass (Welsh Miscanthus) showed to 
be a suitable way to recover metals from the solvent, but also to manage the concentration of 
metals in the liquor. The metal extraction efficiency was found to be improved by 20 % by 
removing the metals before subsequent pretreatment with recycled ionic liquid liquor. Willow 
phytochemicals were also studied to show an even wider range of bio-active compounds. 
Extractives were recovered from biomass (before pretreatment) with an organic solvent 
extraction. This extra step could help mitigating softer pretreatment conditions, the organic 
solvent acting as a first pretreatment. 
 
Moving away from imported, standardised American timber wood pellets for Drax co-firing 
power generation plant for example, this coherent body of work shows the importance of multi-
disciplinary research to engineer and tailor solutions for marginal landowners and bioenergy 
suppliers. The experimental boundary of this research was set at bench scale, but it is a first 
step towards understanding and scaling-up ionic liquid-based technologies for sustainable 
bioenergy and bioproducts. For a scale-up of this technology, we showed that the biomass 
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input for an ionoSolv biorefinery could be made of a myriad of different feedstocks, allowing 
to secure the supply chain with different short / medium / long term supplies, and to make it 
financially attractive from producing different and simultaneously biochemicals and bioenergy: 
e.g. high purity cellulose, bioethanol, lignin, bioheat, bio-oils, deposited lead. A techno-
economical assessment of the ionoSolv process carried out in 2017 estimated the ionoSolv 
plant size input at 770 000 tons of biomass per year.97 If this biomass input would be largely 
covered by the estimated 4.5 million tons of the UK’s waste wood,367 biomass supply could 
still be supplemented and/ or supported with other unconventional feedstocks such as invasive 
species and crops grown in unconventional environments. The flexibility of the ionoSolv 
technology supports the idea of the implementation of regional biorefinery plants, using on the 
same ionic liquid process but supplied with locally available biomass. In fact, the reduction of 
distances needed for transport could facilitate the logistics and mitigate the economic and 
environmental impact of the whole biorefinery system. 
 
This body of work represents significant innovation into the sourcing, processing and 
characterisation of bioenergy feedstocks grown / obtained from marginal contaminated areas 
with multiple benefits for both the energy and environmental sectors:  

- in combination with plant management practises, invasive species could be controlled, 
transformed into biochemicals to generate revenue and eventually restore biodiversity 
balance, 

- marginal land can be used and valorised using a second generation pretreatment 
technology to produce for clean energy production and strive for environmental 
remediation, 

- contaminated waste can be diverted from landfill and decontaminated to produce clean 
bioproducts, 

- wastewater can act as a fertiliser and freshwater replacement to enhance and deliver 
a qualitative biofuel crop. 
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Figure 7.1: illustrative conclusion of 3 axes of the research objectives: alternative  inputs, design of 
chemical ionoSolv process and diversification of outputs 

 

7.2 Future work 
The very detailed experimental results presented in this thesis should be used and feed other 
research projects. The collaboration with modelling experts could generate estimation of 
feedstock availability and supply, biomass yields and marginal land mapping and analysis. 
For each unconventional feedstock studied, having an estimated biomass yield and feedstock 
availability (land) would be of great importance to assess the range of biomass, which could 
enter a scaled-up ionoSolv integrated local biorefinery. Techno-economic assessments and 
lifecycle analysis of combined technologies and associated supply chains need to be carried 
out for each bioenergy case study. In particular, short, medium and long term availability of 
these feedstocks need to be obtained and integrated with the concept of a large scale ionic 
liquid based biorefinery; as well as their associated greenhouse gas emissions compared to 
conventional feedstocks to assess their sustainability. Moreover, this thesis aimed to 

I. ALTERNATIVE SOURCE / 
DIVERSIFICATION OF 

BIOMASS

II. IONIC LIQUID PRETREATMENT 
PROCES TECHNOLOGICAL 

BARRIERS AND INTENSIFICATION

III. DIVERSIFICATION 
OF VALUABLE 
OUTCOMES

Conclusion1:
i. While initial structural carbohydrates and lignin
composition of unconventional feedstocks vary between
species and even within species, using specific protic ionic
liquid at short reaction time and high temperatures can
efficiently fractionate these feedstocks into bulk
biochemicals. This supports the feedstock-agnostic property
of the ionoSolv process.
ii. Advantage could be taken from using marginal land,
without compromising the potential for the biomass to be a
good quality feedstock and without the need to incinerate the
plant, thanks to the property of such ionic liquids to solubilize
and extract in the solvent metal contaminants.

Conclusion 3: the ionoSolv process can be
combined with downstream valorisation
processes such as fermentation, pyrolysis and
phyto-extraction to produce clean and metal-
free valuable compounds beyond cellulose
and lignin.

The electrodeposition of metal in ionic liquid
media is a way to manage the concentration of
metals into the solvent and enhance the metal
extraction from the biomass when the solvent
is recycled.

Conclusion 2: Cu, Zn, As, Cd, Pb, Cr, Fe and Ni present in
biomass can be solubilised and extracted during the ionoSolv
fractionation process.
Interactionwithmetal contaminants: efficient metal extraction
at low and higher levels of metal contamination:
- from 0.1 to 20 mg.kg-1 (metal per dry biomass) for Cr, Ni, As,

Cd
- 20 - 700 mg.kg-1 for Cu, Zn
- And up to 1-20 g.kg-1 for Pb and Fe.

Intensification: from 20 to 50 wt% biomass loading and
recycling (up to 6 cycles) without significant loss of
pretreatment and metal extraction efficiency.

INPUTS OUTPUTSKey parameters: IL + short reaction time at high temperature.
§ High purity cellulose and non toxic

glucose hydrolysate.
§ Fermentation into bioethanol from yeasts

and glucose.
§ Characterised ionoSolv lignin using 2D

HSQC NMR.
§ Lignin valorisation for bioheat.
§ Pyrolysis valorisation of downstream

waste products (post hydrolysis residues):
bio-oils, bio-char and gases.

§ Electrodeposition of metals in ionic liquid
liquor media for metal recovery, e.g., Pb.

§ Profile of phyto-extractives compounds,
e.g., salicin, catechin, ramontoside,
quinquelignan.

Consistency 
of supply

• Wastewater irrigated willows
+ high biomass production
+ undisturbed lignocellulosic composition
+ no significant metal uptake
+ wastewater valorisation

• Metal impregnated waste wood
+ waste decontamination and 
valorisation, diverted from landfill

• Invasive species
+ biodiversity maintenance
+ towards species eradication / control

• Bioenergy crop grown on marginal, 
metal contaminated land
+ marginal land use and valorisation

kg of ionoSolv product per tonne 
of dry supplied feedstock

Glucose Lignin

Wastewater filtrating Willow 443 93

CCA waste wood 363 121

Japanese Knotweed 333 258

Rhododendron 301 243

Reed Canary Grass (MaCL) 301 123

Miscanthus highly contaminated 407 157

Miscanthus lower contamination 298 91
Bio-refined products could generate 
revenue from a scaled-up ionoSolv 

biorefinery
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investigate the chemical engineering aspects of the ionoSolv process: economic and 
ecological aspects must be investigated by others to provide a holistic examination of the 
sustainability of the ionoSolv biorefinery.  
 
How many feedstocks can we pretreat with protic ionic liquids to say for certain that the 
ionoSolv is feedstock independent? Perhaps many more, there are always alternative sources 
of biomass to pretreat: e.g., agricultural waste, hydrocarbons contaminated biomass, 3rd 
generation feedstock such as algae. One straight-forward experimental next step for the 
unconventional feedstock ionic liquid pretreatment would be to mix the different feedstocks 
and study the fractionation, purity of outputs and metal extraction process. Would the 
feedstocks have to be sorted by species, lignin content or even level of contamination when 
entering the ionoSolv biorefinery? 
 
One of the barrier to commercialisation of ionic liquids is the cost of the solvent. Economic 
and environmental assessments of chloride-based ILs should be carried out, similarly to the 
study performed for [HSO4]- based protic ILs. Even if pilots have been carried out at larger 
scale, the methodology for washing of the cellulose pulp and lignin is still based on lab scale, 
unknowns remain regarding the rheological properties of produced ionic liquid-based slurries, 
product separation and the possible technologies used for the removal of water between 
cycles. Recycling of the ionic liquid solvent needs to further investigated, especially regarding 
the fate of the metal-enriched ionic liquid liquor, possible ionic liquid degradation, in depth 
chemical characterisation of IL-metals complexes, as well as metal solubility in the ionic liquid 
used. Further study of the recovery of the metals from the liquor should be studied, via 
electrodeposition, the analysis of the metals electrodeposited; or investigating other metal 
recovery process from the liquor (e.g. membrane filtration). The addition of the 
electrodeposition step to the process could hinder the development of the ionoSolv technology 
at scale. 
 
Furthermore, the ionoSolv process optimisation has focused on the production of bioethanol 
as an end product for the cellulose pulp, as a proof of concept for biofuels. However, more 
research is needed on the factors inhibiting both saccharification and fermentation from ionic 
liquid-based pretreatment and impact of residual ILs in product streams. In depth 
characterisation of the cellulose pulp valorisation should be expanded towards the production 
of cellulose-based end-use markets, such as nanocellulose. Similarly, the characterised lignin 
was studied for its heating value as a fuel but characterised lignin can also be a starting 
chemical for high value products.  Lignin is by nature environmentally benign and constitutes 
one of the few renewable sources of aromatic molecules. Ionic liquids have been used as 
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solvent media for chemical modifications of cellulose and lignin to obtain  specialty chemicals: 
plastics from lignin monomers, composite materials, additives, films, fibres; with biomedical 
applications as well as constituents for electronics and batteries. The upstream extraction of 
bio-active compounds could also be extended to other feedstocks, such as the invasive 
species, some of them also known for their medicinal properties. Extractable phytochemicals 
have potential as bioproducts due to antioxidant, anticancer, anti-inflammatory and 
antimicrobial functions with high social, environmental and economic value within the medical 
(pharmaceuticals), agricultural (biopesticides and biostimulants), commercial (cosmetics, 
nutraceuticals and household chemicals) and industrial (lubricants and resins) sectors.470,471  
  
Finally, a lot of the work presented for phytoremediation potential of biomass is limited and 
could have been improved upon in a number of ways, in collaboration with Biology and Plants 
experts. The methodologies for plant selection and environmental sampling should be 
improved, incorporating design of experiments, further characterisation of biomass with longer 
growth periods in controlled environments, plant tissue metal staining experiments and 
estimation of extraction metal phytoextraction kinetics. Complex spectroscopy techniques can 
be employed to study metal speciation and bonding within the plant, as well as microscopy 
analysis for metal spatial distribution. We could envision biological engineering of plants to 
enhance metal extraction and/or tolerance to contaminants for phytoremediation and 
phytomining. Some research has been done on how to improve the bioavailability of the metal 
and therefore, a better metal uptake of the plant. Soil pH adjustments, adding fertilisers (P, N, 
K or S) to increase biomass yields, bacterial inoculation or even adding chelating agents such 
as ethylenediaminetetraacetic acid (EDTA) have been tried - but their toxicity and leaching of 
some of these chelating agents into the environment is controversial. More environmentally 
friendly alternatives are being investigated to increase the metal availability of the metals, such 
as citric acid addition. Many studies have tried to unlock the interactions between the 
microorganisms of the soil and the root system, which plays a crucial role in metal uptake.472–

474 Plant associated microorganisms can be added to the soil to enhance the process of 
phytoremediation: mycorrhizal fungi (AMF) and plant growth promoting rhizobacteria (PGPR). 
However, if the results are promising for understanding of the role of the rhizosphere 
community, the practicality of this technique seems to be a major obstacle on large scales of 
contaminated sites. 
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As we have seen in this thesis, innovative multi-disciplinary solutions are complex, often 
context specific and therefore knowledge from different fields are needed to investigate their 
system scaling, pilots and demonstration schemes for such sustainable biorefineries to make 
sure the solutions are towards economically viable environmental remediation. Moreover, 
research is often triggered and pushed by environment and energy policy: there is a need to 
accompany scientific research and advances with transparent and innovative environment 
and energy policies to meet the Paris Agreement Targets and do so in an economically viable 
manner.
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9 Appendix 

 Figure S0.1: HSQC spectra of lignin from RHDN (top) and JPK (bottom) 
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JPK 

Temperature Time C (%) N (%) H (%) S (%) O (%) 

150  

0 45.9 0.8 5.9 0.0 47.4 
0.25 - - - - - 
0.5 61.0 1.5 6.1 1.1 30.3 

0.75 60.8 1.7 6.0 1.5 30.0 
1 58.9 2.3 6.0 2.9 30.0 

1.25 61.4 1.9 5.8 1.7 29.2 

170 

1.5 59.9 2.0 5.9 2.6 29.5 
0 45.9 0.8 5.9 0.0 47.4 

0.25 59.9 1.7 6.1 1.4 30.9 
0.5 58.0 2.3 6.1 3.2 30.5 

0.75 57.7 2.5 6.1 3.6 30.2 
1 58.9 2.3 6.0 2.9 30.0 

RHDN 

150  

1.25 58.0 2.5 6.0 3.7 29.8 
0 44.7 0.6 6.2 0.1 48.4 

0.25 - - - - - 
0.5 60.5 1.2 6.7 1.1 30.4 

0.75 57.2 2.0 6.9 2.8 31.0 
1 57.3 2.0 6.7 3.0 31.0 

170 

1.25 56.5 2.3 6.9 3.5 30.8 
1.5 55.6 2.6 7.0 4.0 30.8 
0 44.7 0.6 6.2 0.1 48.4 

0.25 61.2 1.2 7.0 0.6 30.0 
0.5 60.6 1.3 6.4 1.5 30.3 

0.75 60.2 1.6 6.5 2.2 29.6 
1 62.0 1.3 6.3 1.5 28.9 

1.25 61.1 1.5 6.5 2.0 28.9 
 

Table S0.1: Elemental analysis of lignin from the time course pretreatment  of JPK and RHDN 
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Figure S0.2: schematic of experimental set-up for fast pyrolysis experiments using a single-stage 
fixed-bed reactor; shown here in two-stage configuration though the second stage was not used 

during experiments 
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Figure S0.3: plant trial block design at Bwlch glas mine 
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Figure S0.4: area of interest from CinderHill
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A. 

B. 
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Figure S0.5: NMR HSQC spectra of Miscanthus ionoSolv lignin samples A. Miscanthus cycle 1, B. 
Miscanthus cycle 2 without electrodeposition, C. Miscanthus cycle 2 with electrodeposition 
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Figure S0.6: percentage recovery of certified trace element reference materials after acid digestion A. 
algae IAEA 413 B. sludge ERM® CC-144. 

 
Mass Element Integration 

Time / Mass 
(sec) 

Gas Mode 
used 

(Stabilisation time 
7s H2 / 5s He) 

Internal 
Standard used 

52 Cr 1.0 He Ge 
56 Fe 0.3 H2 Ge 
60 Ni 1.0 He Ge 
63 Cu 1.0 He Ge 
66 Zn 0.3 He Ge 
75 As 1.0 He Y 
78 Se 3.0 H2 Y 
111 Cd 3.0 He Ir 
201 Hg 3.0 He In/Bi 
208 Pb 3.0 He In/BI 

 
Table S0.2: details of the method developed for ICP-MS analysis. 4 replicates of 100 sweeps for each 

sample, 2 rinses of 60 seconds between each sample, nebulizer pump speed 0.1/0.3 rps
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Figure S0.7: Differentially abundant phytochemicals between control and wastewater irrigated willows. 
Differentially abundant phytochemicals between control and wastewater irrigated trees were 

annotated and grouped by putative phytochemical classes. 
 

Mann-Whitney U test was used followed by Benjamini-Hochberg false discovery rate (FDR) 
correction (p < 0.05). Fold change (FC log2) of mean peak intensities from significantly each), 

Unknown

Fatty acids

Flavonoids

Phenolic glycosides
(Others)

Other phenolics
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glycosides

Phenolic glycosides 
(Salicinoids)

Lignans

Fold Change (log2)
Control Wastewater
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standard error is shown. The dashed line indicates “infinite” fold change, where the 
phytochemical had detectable signal in trees from only one condition. 
 

ID Annotation Formula Compound class Compound subclass Cluster group 
1 Catechin glucose C21H26O12 Flavonoids Flavan-3-ol Flavanols 
2 

Salicin C13H18O7 
Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

3 
Protocatechuic acid 3-glucoside C13H16O9 

Phenolic glycosides 
(Others) 

Phenolic acid 
(glycosilated) 

Glycosilated 
phenolic acids 

4 
2'-O-β-D-Glucopyranosylsalicin C19H28O12 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  
Phenylalkanoid 
glycosides 

5 
Picein_1 C14H18O7 

Phenolic glycosides 
(Others) 

Phenolic cetone 
(glycosilated) 

Phenolic glycosides 

6 Hydroquinone-O-β-L-
glucopyranoside 

C12H16O7 
Phenolic glycosides 
(Others) 

Simple phenol 
(glycosilated) 

Glycosilated 
phenolic acids 

7 Unknown_01 Unknown Unknown Unknown N/A 
8 Rosin C15H20O6 Phenylalkanoid glycosides N/A Phenolic glycosides 
9 

Bungeiside C C19H26O11 
Phenolic glycosides 
(Others) 

Phenolic cetone 
(glycosilated) 

Phenylalkanoid 
glycosides 

10 
Glucovanillin C14H18O8 

Phenolic glycosides 
(Others) 

Phenolic aldehyde 
(glycosilated) 

Glycosilated 
phenolic acids 

11 Luteolin C13H18O7 Flavonoids Flavone N/A 
12 Procyanidin dimer_1 C30H24O12 Flavonoids Flavan-3-ol (polymer) Flavanols 

13 Catechin C15H14O6 Flavonoids Flavan-3-ol Flavanols 
14 

Picein_2 C14H18O7 
Phenolic glycosides 
(Others) 

Phenolic cetone 
(glycosilated) 

N/A 

15 Procyanidin dimer_3 C30H26O12 Flavonoids Flavan-3-ol (polymer) Flavanols 
16 Procyandin trimer_1 C45H38O18 Flavonoids Flavan-3-ol (polymer) Flavanols 

17 
Syringin C17H24O9 

Phenolic glycosides 
(Others) 

Phenolic alcohol 
(glycosilated) 

Phenylalkanoid 
glycosides 

18 
p-Coumaric acid arabinoxylan  C20H26O12 

Phenolic glycosides 
(Others) 

Phenolic acid 
(glycosilated) 

Phenolic glycosides 

19 
Caffeic acid 3-glucoside C15H18O9 

Phenolic glycosides 
(Others) 

Phenolic acid 
(glycosilated) 

N/A 

20 Ampelopsin C15H12O8 Flavonoids Flavanonol N/A 
21 Procyandin trimer_2 C45H38O18 Flavonoids Flavan-3-ol (polymer) N/A 
22 Procyanidin dimer_2 C30H26O12 Flavonoids Flavan-3-ol (polymer) Flavanols 
23 Calomelanone  C17H18O5 Flavonoids Chalcone N/A 

24 2,3,4,6-Tetramethoxychalcone C19H20O5 Flavonoids Chalcone N/A 
25 Benzyl-β-D-apiofuranosyl-(1→6)-

β-D-glucopyranoside 
C18H26O10 Phenylalkanoid glycosides N/A 

Phenylalkanoid 
glycosides 

26 Unknown_02 Unknown Unknown Unknown N/A 
27 Piceol C8H8O2 Other phenolics Phenolic cetone N/A 

28 
Trichocarposide_1 C22H24O9 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  
Phenylalkanoid 
glycosides 

29 Bidenlignaside B  C26H34O12 Lignans Neolignan N/A 
30 Unknown_03 Unknown Unknown Unknown Flavanols 
31 Unknown_04 Unknown Unknown Unknown Salicinoids 
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32 Phylloflavan C26H26O10 Flavonoids Flavan-3-ol (glycoside) Flavanols 
33 

Salicortin C20H24O10 
Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

34 
Eriodictyol-O-hexoside  C21H22O11 Flavonoids Flavanone (glycoside) 

(7-O) glycosilated 
flavonoids 

35 Matairesinoside C26H32O11 Lignans Glycosilated lignan N/A 
36 

Salicortin derivative C20H24O11 
Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

37 Pinoresinol monomethyl ether-O-
β-d-glucopyranoside 

C27H34O11 Lignans N/A N/A 

38 
Unknown_05 Unknown Unknown Unknown 

Phenylalkanoid 
glycosides 

39 
Naringenin-7-glucoside C21H22O10 Flavonoids Flavanone (glycoside) 

(7-O) glycosilated 
flavonoids 

40 
Kaempferol-3-O-glucoside  C21H20O11 Flavonoids Flavonol (glycoside) 

(3-O) glycosilated 
flavonoids 

41 
Salireposide C20H22O9 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

42 
Quercetin-3-rutinoside C27H30O16 Flavonoids Flavonol (glycoside) 

(3-O) glycosilated 
flavonoids 

43 
Quercetin-3-O-glucoside C21H20O12 Flavonoids Flavonol (glycoside) 

(3-O) glycosilated 
flavonoids 

44 3-Hydroxychavicol 1-[rhamnosyl-
(1->6)-glucoside] 

C21H30O11 
Phenolic glycosides 
(Others) 

Phenylpropane 
Phenylalkanoid 
glycosides 

45 1-Caffeoyl-5-feruloylquinic acid C26H26O12 Other phenolics Hydroxycinnamic acid N/A 
46 Unknown_06 Unknown Unknown Unknown N/A 
47 1,3,6,7-Tetrahydroxyxanthone C13H8O6 Other phenolics Xanthone N/A 
48 

Afrormosin-7-O-glucoside C23H24O10 Flavonoids Isoflavone (glycoside) 
(7-O) glycosilated 
flavonoids 

49 Plicatic acid C20H22O10 Lignans N/A Lignans 
50 

Grandidentoside_1 C21H28O10 
Phenolic glycosides 
(Others) 

Hydroxycinnamic ester 
(glycosilated) 

Phenolic glycosides 

51 
2’-O-Acetyl-salicortin C22H26O11 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  N/A 

52 
Populoside (A) C22H24O10 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  Phenolic glycosides 

53 
Miyabeacin C40H44O20 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  N/A 

54 
HCH-Salicortin C27H30O13 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

55 Cinnamyl-β-D-xylobioside C19H26O9 Phenylalkanoid glycosides N/A N/A 
56 

Grandidentoside_2 C21H28O10 
Phenolic glycosides 
(Others) 

Hydroxycinnamic ester 
(glycosilated) 

Phenolic glycosides 

57 Azelaic acid C9H16O4 Fatty acids Dicarboxylic acid N/A 

58 
Iso/Grandidentatin_1 C21H28O9 

Phenolic glycosides 
(Others) 

Hydroxycinnamic ester 
(glycosilated) 

Phenolic glycosides 

59 5,4-Dihydroxy-6-C-
prenylflavanone 4-xylosyl-(1-2)-
rhamnoside 

C31H38O12 Flavonoids Flavanone (glycoside) N/A 
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60 5-(Dihydroxyphenyl)-gamma-
valerolactone 

C11H12O4 Other phenolics Lactone N/A 

61 
Tremuloidin C20H22O8 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

62 
Iso/Grandidentatin_2 C21H28O9 

Phenolic glycosides 
(Others) 

Hydroxycinnamic ester 
(glycosilated) 

Phenolic glycosides 

63 
Scrophenoside B  C23H24O9 

Phenolic glycosides 
(Others) 

Hydroxycinnamic ester 
(glycosilated) 

Phenolic glycosides 

64 
Trichocarposide_2 C22H24O9 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  Phenolic glycosides 

65 Salcolin A C27H26O11 Lignans Flavanolignan Lignans 
66 Unknown_07 Unknown Unknown Unknown N/A 
67 

Dihydrorosarin  C20H30O10 Phenylalkanoid glycosides N/A 
Phenylalkanoid 
glycosides 

68 
Iso/Grandidentatin_3 C21H28O9 

Phenolic glycosides 
(Others) 

Hydroxycinnamic ester 
(glycosilated) 

Phenolic glycosides 

69 Unknown_08 Unknown Unknown Unknown N/A 
70 Oligolignin tetramer_1 C42H50O16 Lignans Oligolignin N/A 

71 Glabraoside A C30H30O13 Flavonoids Flavan-3-ol N/A 
72 Naringenin C15H12O5 Flavonoids Flavanone N/A 
73 Oligolignin tetramer_2 C42H50O16 Lignans Oligolignin N/A 
74 Quiquelignan B C36H36O13 Lignans Flavanolignan Lignans 
75 Luteone 7-glucoside C26H28O11 Flavonoids Isoflavone (glycoside) N/A 
76 

Tremulacin C27H28O11 
Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

77 Disynapoyl-hydro feruloyl-feruloyl-
hydrocaffeic acid 

C40H52O26 Other phenolics Hydroxycinnamic acid N/A 

78 
Disalicortin C40H48O20 

Phenolic glycosides 
(Salicinoids) 

Salicinoid  Salicinoids 

79 Unknown_09 Unknown Unknown Unknown Salicinoids 
80 Quiquelignan B C36H36O13 Lignans Flavanolignan Lignans 
81 Unknown_10 Unknown Unknown Unknown N/A 
82 Unknown_11 Unknown Unknown Unknown N/A 
83 Unknown_12 Unknown Unknown Unknown Lignans 

84 Glabrene C20H18O4 Flavonoids Isoflavan (pterocarptan) N/A 
85 Ramontoside C34H38O16 Lignans Butyrolactone lignan Lignans 
86 Linoleic acid derivative (pinellic 

acid) 
C18H34O5 Fatty acids Linoleic acid Fatty acids 

87 Unknown_13 Unknown Unknown Unknown N/A 

88 Quiquelignan B C36H36O13 Lignans Flavanolignan Lignans 
89 Quiquesetinerviusin B C35H32O11 Lignans Flavanolignan derivatives Lignans 
90 Unknown_14 Unknown Unknown Unknown N/A 
91 Unknown_15 Unknown Unknown Unknown N/A 
92 Linoleic acid derivative (pinellic 

acid) 
C18H34O5 Fatty acids Linoleic acid Fatty acids 

93 2,3-Dinor-8-iso prostaglandin F1 α C18H32O5 Fatty acids Prostaglandin Fatty acids 
94 alpha,omega-9Z-

Octadecenedioate 
C18H30O4 Fatty acids Linoleic acid N/A 
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95 Linoleic acid derivative 
(octadecenedioic acid) 

C18H32O4 Fatty acids Linoleic acid N/A 

96 Linoleic acid derivative 
(octadecenedioic acid) 

C18H32O4 Fatty acids Linoleic acid N/A 

97 Hydroxy-octadecadienoic acid  
 C18H32O3 Fatty acids Linoleic acid N/A 

 
Table S0.3: phytochemicals annotations, formulas and classes associated. 
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Figure S0.8: NMR HSQC spectra of ionoSolv lignin from Canadian willow A. wastewater extractives-
free, B. controls extractives free, C. wastewater with extractives, D. control with extractives 

D. 

C. 
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10 The use of an algae-flow way for consistent biomass 
production and utilisation of compromised waters 

10.1 Introduction 
The Salton Sea is a large, landlocked body of water with a tumultuous ecological history. It 
was formed in 1905 when the Colorado river overflowed a manmade canal and filled the Salton 
Sink, an endorheic basin separating the Imperial and Coachella valleys in California’s 

Colorado Desert.1 While the basin had held standing water many times throughout North 
America’s geological history, it had only been for brief periods of time in the last 3000 years 
prior to this overflow, which created the large sea that exists today. Since its formation, the 
Salton Sea and its tributaries from the Colorado river have played a critical economic and 
ecological role in Riverside and Imperial Counties. Furthermore, the sea itself has become a 
highly trafficked stop for many migratory birds along the Pacific Flyway, and the tributaries to 
the sea, namely the Alamo, New, and Whitefish rivers, have supported a large agricultural 
presence in the Imperial valley.2  
 
Water has become an increasingly constrained resource in the Imperial Valley in recent years 
due to growing metropolitan areas in the Southwest desert and reduced snowpack in the 
Colorado River Watershed.3 The reduction of water flowing to the Colorado River has 
inadvertently  affected the amount of water flowing into the Salton Sea4; in the period of 15 
years from 2004 to 2019, the surface depth has dropped by more than three meters.5 Beyond 
the severe health and economic impacts of the rapidly receding shoreline and exposed playa, 
the decrease in total water volume has significantly increased salinity levels in the Salton 
Sea.6,7 This increasing hyper-salinity has strained the local aquatic ecosystem with cascading 
impacts across the food chain. Of particular concern is the health of the bird populations that 
rely on the Salton Sea during migration. 
 
The Imperial Valley produced roughly $1.5 billion worth of field crops in 2018.8  Water usage 
for agriculture in the region creates significant nutrient runoff, which coupled to reduced total 
water inputs leads to growing concerns around eutrophication and more serious biological 
instability of the Salton Sea.  In addition to nutrients and salinity, weathering of minerals 
accumulated along the Colorado River basin has led to increased heavy metal concentrations 
(As, Cr, Cd, Pb, Zn, Ni, Fe, Mo, Mn, etc.) in soil and water systems. 9 Furthermore, common 
agricultural and industrial effluents contribute to elevated total organics loading, as indicated 
by biological oxygen demand (BOD). Increased agricultural demand and increasing 
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populations in the imperial valley are expected to further exacerbate these issues in the 
coming decades.   
 
In addition to ecological challenges from eutrophication and increasing salinity, the Salton Sea 
is a terminal destination for Selenium salts leached from soil in crustaceous formations in the 
upper regions of the Colorado River watershed.10,11 Selenium (Se) is a known biological 
toxicant to both fish and birds when bioaccumulated.  
 
While there have been many proposals to address the water scarcity and salinity issues of the 
Salton Sea, very few solutions have been proposed to remedy the impacts of trace element 
accumulation and eutrophication. Several previous studies have reported on the performance 
of algae flow-way systems using a variety of source waters; the Alamo River tributary to the 
Salton Sea provides a unique opportunity to evaluate the application of periphytic algae flow-
way systems to bioaccumulate a range of contaminants together.12–14  In principle, 
phototrophic algae have the potential to address these challenges. Algae are widely known to 
rapidly uptake N/P during growth and have also been demonstrated to bioaccumulate 
contaminants, such as Se.15–18 However, the scale of the installation, required flow rates, 
capital cost, and biological stability make traditional open raceway pond algae cultivation 
solutions untenable for this application. To investigate the potential for algae cultivation to 
address the Se and eutrophication issues, we investigated the use of an autotrophic biofilm 
cultivation system which propagates naturally abundant (i.e. periphytic) algae biomass. The 
system and biomass that is produced are generally referred to as “Algae Turf” because of 

resemblance to open field agriculture.  For this study, we investigated the major properties of 
the biomass and metals accumulation resulting from cultivation and weekly harvesting of the 
algae biofilm using untreated Alamo River water.  Through the use of the Algae Turf system, 
we were able to simultaneously intercept dilute N, P, BOD, Se, and other persistent 
contaminants from the runoff. During the full 2-years of operation, turf algae biomass 
production was continuous, demonstrating resiliency and high nutrient utilization efficiencies 
at low nutrient loadings, indicating the potential of attached algae systems to address 
significant environmental challenges facing the Salton Sea. 
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10.2 Materials and methods 

10.2.1 Algae flow-way deployment location and operations 

 

Figure S6.1:  satellite image of study area of the attached algae flow-way deployment at around the 
Alamo River, a tributary of the Salton Sea in Brawley, CA. 

The site of the field trial was adjacent to the Alamo River, one of two southern tributaries to 
Salton Sea; more precisely as a feature of the Alamo River Wetland (Figure S6.1), operated 
by the Imperial Irrigation District.  On Figure S6.1,  S1 indicates upstream of the Alamo River; 
S2 indicates upstream of the wetland, where the water is diverted into the Alamo River 
Wetlands; S3 indicates the end of the settling basin of the Shank Road wetland, where the 
water is split between the West Cell and the East Cell and where the inlet of the algae flow-
way is located; S4 indicates that the outlet of the Shank Road wetland East Cell, where the 
outlet of the algae flow-way is located, S5 indicates the outlet of the Shank Road wetland West 
Cell, where the water is not diverted into the algae flow-way; and S6 indicates Alamo River 
Downstream, bank of the river very close to the delta where the river flows into the Salton Sea.  
The algae flow-way used in this study was acquired from Hydromentia Inc and was 0.3m wide 
and 275 m long. A black nylon 3D mesh, the same model used by Hydromentia Inc, was used 
as the substrate in this study and was laid on the 245m(l) x 0.3(w) flow-way. The Hydromentia 
Inc system included a headwork unit to provide a pulsed flow with an adjustable interval. A 
Grundfos SQF-40 well pump was used to supply water to the surge tank from the terminus of 
the settling basin, labelled as location S3 in Figure S6.1. The pump speed was set so that the 
flowrate going into the surge box of the flow-way was at approximately 35-40 L min-1 with an 
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interval between surges of approximately 1 minute. The flow-way was constructed using stilted 
support for a 0.5 % slope over its 270 m length.  Pumping of water from the settling basin was 
provided by a PV - battery bank.  
The algae biomass was manually harvested on a 7-day cycle using squeegees to scrape the 
filamentous algae into collection pans which were then transferred to fish baskets lined with 
mesh screen for dewatering. The harvested algae was allowed to sit for 24 hours to before 
being weighed. Biomass was harvested sequentially in 30 m sections along the total 270 m of 
length, so for each harvest nine fish baskets were filled, and the tared weight taken. From this 
dewatered material three different samples were taken from the top, middle, and bottom of the 
basket and combined to fill a 1L container. These samples were then shipped on ice to Sandia 
National Laboratories in Livermore, CA for additional analysis. 
 

10.2.2 Ash-free biomass productivity and its compositional analysis 

Dried biomass was ground into a fine powder using a hammer mill (Model CF198, Chippewa 
Falls, WI) and mixed to be homogeneous. Ash content measurement method was essentially 
the same method conducted in the previous study, which is the standard measurement 
method of ash content in biomass reported by NREL.19,20 Proximate analysis was completed 
via EPA method XYZ by New Jersey Feed Lab (NJFL) in BLANK, New Jersey. Calories, 
Phosphorus, crude fat, crude carbohydrate, crude protein, and crude fibre contents were 
analysed from New Jersey Feed Lab (1686 5th St, Ewing Township, NJ). Nitrogen content 
was calculated by dividing protein content by 4.8.21  
 

10.2.3 Microbial analysis 

Microbial analysis data were derived from samples collected in the flow-ways during regular 
biomass harvests. Replicate samples collected at each location were treated as independent 
samples to assess the validity and reproducibility of the results. Pair-end sequencing was 
performed using Illumina MiSeq protocol resulting in 300 base pair reads which were 
converted into demultiplexed fastq files. The periphytic biofilms  are diverse and bioinformatic 
challenges were expected. To overcome these expected challenges we employed the DADA2 
pipeline to produce exact amplicon sequence variants (ASVs).22 Low-quality reads were 
trimmed (approximately 100-150 bp) and Illumina adapters were removed prior to performing 
downstream analysis. A database containing the taxonomic assignment, the ASV table, and 
sample information was generated using the R package phyloseq.23 Normalization and 
rarefying (less than 1,000 ASVs) of the dataset was performed before calculating the 
proportion of the microbial community within the flow way. 
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10.2.4 Environmental sampling for trace elements 

Water samples were collected in clean 250 mL plastic containers and neutralized with Nitric 
Acid Trace Metal Grade for preservation from VWR based on the EPA 200.8 method.24 
Algae samples were collected using plastic spatulas and buckets. The algae was then air dried 
for 24 hours, further oven dried at 100°C and placed in sealed clean plastic bags for analysis. 
Sediment samples were collected in 250 mL plastic containers then further freeze-dried for 
further analysis using a LabConco FreezeDry Benchtop. 
 

10.2.5 Calculations of environmental factors 

Enrichment and contamination factors were calculated according to the following equations: 
 

𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐶𝐹 = 𝐶𝑚𝑒𝑡𝑎𝑙 𝐶𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑⁄  

 

𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐸𝐹 =
(𝐶𝑚𝑒𝑡𝑎𝑙

𝐶𝐹𝑒
)𝑠𝑎𝑚𝑝𝑙𝑒

(𝐶𝑚𝑒𝑡𝑎𝑙
𝐶𝐹𝑒

)𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

 

 
where 𝐶𝑚𝑒𝑡𝑎𝑙 is the concentration of the metal in the sample (mg kg-1), 𝐶𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  is the 

background reference value of the same metal and the subscript Fe refers to the iron 
concentration (mg kg-1). The background values for the sediments are available from the 
‘Distribution of the Elements in Some Major Units of the Earth's Crust’ for North America.25 
The evaluation criteria were as described in the table below: 
 
Environmental Index Criteria References 

EF 

EF > 1.5 (human influence) 
1.5 < EF < 3 (minor modification) 
3 < EF < 5 (moderate modification)  
5 < EF < 10 (severe modification)  
EF > 10 (very severe modification) 26,27 

CF 

CF < 1 (low contamination)  
1 < CF < 3 (moderate contamination) 
3 < CF < 6 (considerable contamination) 
CF > 6 (high contamination) 
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The bioconcentration factor (BCF) was calculated at the inlet and the outlet of the flow-way, 
according to the equation: 
 

𝐵𝑖𝑜𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐵𝐶𝐹 =  
𝐶𝑎𝑙𝑔𝑎𝑒

𝐶𝑤𝑎𝑡𝑒𝑟 
 

𝐵𝐶𝐹𝑖𝑛𝑙𝑒𝑡 =  
𝐶𝑎𝑙𝑔𝑎𝑒 100 𝑓𝑡

𝐶𝑤𝑎𝑡𝑒𝑟 𝑖𝑛𝑙𝑒𝑡
 

 

𝐵𝐶𝐹𝑜𝑢𝑙𝑒𝑡 =  
𝐶𝑎𝑙𝑔𝑎𝑒 900 𝑓𝑡

𝐶𝑤𝑎𝑡𝑒𝑟 𝑜𝑢𝑙𝑒𝑡
 

 
where C is the concentration of a trace element in mg kg-1 in the algae or the water at a given 
time point. 100 ft and 900 ft refer to algae sampled at this exact distance of the flow-way, 
corresponding to inlet and outlet respectively. 
 
The evaluation criteria for the BCF are described in the table below (established for animal 
species): 
 

Factor Criteria References 

BCF 

BCF < 1000 species non accumulative 
5000 > BCF > 1000 species 
accumulative 
BCF > 5000 species very accumulative 
 

28–33 

 
 

10.2.6 Trace element analysis 

All reagents used are trace element pure grade from Fisher Scientific and all equipment was 
soaked into 2 % nitric acid overnight. All trace element experiments were carried out in a 
designated laboratory at Imperial College of London, designed for safety and to avoid any 
trace element contamination. 
Samples were digested in concentrated acids for trace metal analysis from Fisher Scientific 
based on the Environmental Protection Agency Method 3051a.34 In brief, 500 mg of sample 
was weighed into iWave EasyPrep digestion vessels. A mixture of concentrated acids was 
added to the solids: 9 mL of 69 % HNO3 and 3 mL of 37 % HCl; and the vessels were fully 
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tightened. The vessels were placed in CEM MarsTM 6 microwave temperature and power-
controlled reactor. The digestion program had 3 stages: 5.5 minutes at 175°C, followed by 10 
minutes at 100°C and finally cooling down for 15 minutes. After the digestion, the samples 
were allowed to further cool down for a minimum of 3 hours at room temperature. The vessels 
were carefully opened and diluted in 100 mL plastic volumetric flasks with ultra-purified water 
(18.2 Ω.cm-1). The samples were shaken and 10 mL aliquots were filtered (0.22 𝝁m) and used 
for IPC-MS analysis. All samples were done in triplicates, with blanks for each run from the 
digestion vessels. Diluted samples were through an Agilent 7900 ICP-MS. Multi-element 
standard ICP solutions were made from Inorganic VenturesTM stock solutions in the same 
matrix as the microwave digested filtered samples. A mixture of different internal standards 
was used to match the different ionization potentials of the analytes and internal standard 
recoveries were monitored for each run. 
To assess the digestion and ICP methods used, reference standard materials were also 
analysed: Sewage Sludge reference material ERM CC144 from Sigma Aldrich and Algae 
reference material 413 from the International Atomic Energy Agency.  
 

10.2.7 Water quality data 

Water samples were collected at the beginning and end of the flow-ways, filtered through a 
0.2 um filter, and stored at 4°C for analysis. As required, samples were stored with additional 
preservation reagents as outlined by the EPA method used for analysis.24 Samples were 
analysed for BOD via EPA within 24 hours of collection by ATS Laboratories, located in 
Brawley, CA. Samples were measured for chemical oxygen demand (COD), nitrate and nitrite 
as nitrogen, total Kjeldahl nitrogen, and total nitrogen by Anatek Laboratories in San Diego, 
CA.  
 

10.2.8 Weather data 

Daily weather data including solar irradiation on horizontal surface (MJ/m2/day), air 
temperature (°C), dew point (°C), wind speed (m/s), relative humidity (%), and precipitation 
(mm/day) were obtained from the National Aeronautics and Space Administration (NASA) 
Langley Research Centre (LaRC) Prediction of Worldwide Energy Resource (POWER) 
Project funded through the NASA Earth Science/Applied Science Program. Average, 
maximum and minimum of each environmental factors during the cultivation period between 
each harvesting day were than calculated and used for further analysis.    
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10.2.9 Principal Component Analysis (PCA)  

PCA was conducted using an add-on Microsoft Excel-based software (Addinsoft XLSTAT 
statistical and data analysis solution. Boston, USA). Total 30 independent variables were used 
with 80 data points. The type of PCA was Pearson correlation. The minimum total variability 
of the PCA was set to be 60%. Independent variables (environmental factors) were average, 
maximum, and minimum value of weather data including air temperature (T-Avg, T-Max, T-
Min), dew point (DP-Avg, DP-Max, DP-Min), wind speed (WS-Avg, WS-Max, WS-Min), solar 
irradiation (Ins-Avg, Ins-Max, Ins-Min), relative humidity (RH-Avg, RH-Max, RH-Min), 
precipitation (Prec-Avg, Prec-Max, Prec-Min), total precipitation (Prec-Total), and water 
quality data including chemical oxygen demand (COD), nitrate/nitrite as nitrogen, total Kjeldahl 
nitrogen, total nitrogen, total phosphorus, Water N/P, total dissolved solids (TDS), pH, 
conductivity, water temperature, and dissolved oxygen (DO). Dependent variables were 
biomass productivity (BP), ash content (Ash), crude protein content, crude fat content, crude 
carbohydrate content, crude fibre content, calories of biomass, nitrogen content, phosphorus 
content, N/P ratio of biomass, N removal rate, and P removal rate.  
 

10.2.10 Anaerobic digestion 

The anaerobic digestion experiments were carried out using an Automatic Methane Potential 
Test System (AMPTS® ) from Bioprocess Control35, and according to an existing method.36,37 
Biomethane potential was evaluated by following the methane produced during 10 days under 
mesophilic conditions (35°C). The inoculum was an industrial sludge sampled in a UASB 
(Upflow Anaerobic Sludge Blanket) process treating sugar factory effluent. The test was 
performed on 500 mL flask with a working volume of 400 mL. Each flask contained a reactive 
medium composed of substrate sample (5 g), inoculum (187.5 mL), bicarbonate buffer (1 g), 
113 mL of microelements and trace elements solution (NH4Cl, 26.6 g L−1; KH2PO4, 10 g L−1; 
MgCl2, 6 g L−1; CaCl2, 3 g L−1; FeCl2, 2 g L−1; CoCl2, 0.5 g L−1; MnCl2, 0.1 g L−1; NiCl2, 0.1 g 
L−1; ZnCl2, 0.05 g L−1; H3BO3, 0.05 g L−1; Na2SeO3, 0.05 g L−1; CuCl2, 0.04 g L−1; Na2MoO4, 
0.01 g L−1) and water to adjust the volume to 400 mL. The pH was measured using a pH probe 
before and after the experiment; and adjusted to 7 before the experiment using 1 M of HCl. 
Samples with algae and blanks were carried out. The concentration of biogas measured was 
measured using the AMTPS II Bioprocess Control process software. Each sample and blank 
were done in triplicate. 
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10.2.11 Washing protocols 

Water washing protocols of the algae was performed using an algae:purified water ratio of 
1:10 g g-1. The solution was stirred overnight with sonication and finally centrifuged. The ash 
content was measured as previously described. Samples were run in triplicate. 
EDTA washing protocol was carried out using 0.05 M of ethylenediaminetetraacetic acid 
(EDTA) solution (prepared from EDTA powder from Sigma Aldrich). 1 g of algae was mixed 
with 10 mL of 0.05 M EDTA solution and shaken for 1 hour. The mixed solution was then 
centrifuged and rinsed with 10 mL of deionized water. After centrifugation, the supernatant 
was analysed via ICP-MS. 
 

10.3 Results and discussion 

10.3.1 Trace elements in the Alamo River tributary of the Salton Sea 

The environmental monitoring of aquatic ecosystems is complex and often multi-faceted. To 
investigate the level of contamination of the site, namely the presence of heavy metal and 
selenium contaminants, it is important to take a holistic approach and look at various 
components of the ecosystem. Here we have selected the resident biota (terrestrial plant and 
algae biofilm), the water and the sediments. The values were compared to US quality 
standards and guidelines, as well as samples from a non-compromised riverine area – the 
Santa Ana River, which acted as a control.  
 

10.3.1.1 Assessment of trace elements in the sediments 
Previous studies have shown the presence of contaminants such as pesticides, organic 
contaminants and metals in the sediments in the Alamo River and New River, down into the 
Salton Sea.38,39 Heavy metals and contaminants are known to accumulate in river sediments, 
as they can act as potential sink or source of such contaminants into the environment and 
transfer to the water column. The dynamics of such contaminants depend on many factors 
such redox conditions, pH, salinity of the water etc.40,41 However, the trace element analysis 
of sediments can be indicators of anthropogenic contamination of water systems.42–44 Here 
we hope that the measurement of such contaminants in the area would help shape decisions 
in ecosystem management of the Salton Sea area and highlight differences in the Alamo River 
tributary that feeds the Algae Turf System (ATS). 
In this study, 8 metals and metalloids as well as selenium were analysed via ICP-MS, along 
the Alamo River, upstream and downstream and where the ATS is located – the Shank Road 
Wetland. The results are shown in Table S6.1 and compared to Sediments Quality Guidelines 
(SQGs), namely the Threshold Effect Concentration (TEC) established by MacDonald et al.43 
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Along with the comparison with SQGs, environmental indexes were calculated to exhibit 
potential contamination of the area: the Enrichment and Contamination Factors, EF and CF 
respectively.  
The metal and selenium contents follow a trend regarding the orientation of the flow of the 
water: they are higher upstream of the Alamo River than downstream. Lower values 
downstream or at the outlets, suggests the metals are more likely to be trapped in the 
sediments earlier along the river flow way, as a result of lower salinity upstream.16 This has 
been reported elsewhere where the values along the Salton Sea tributaries are higher than in 
the Salton Sea itself.4,10,45  
 
The West Cell is one of the two cells from the Shank Road wetland, where no water was 
diverted to feed the ATS system. The Outlet West Cell exhibits 2 values above the TEC Value 
(SQGs) for Cr, Ci. These heavy metals are often found in agricultural run-off.46,47 On the other 
hand, the Outlet of the East Cell, where the ATS is situated, exhibits the lowest concentration 
of metals across all sites. We can only suggest the hypothesis that the presence of the ATS 
in the East cell has a remediation effect for trace metals; explaining why the outlet of the 
‘control’ West cell exhibits much higher metal concentration in its sediments. However, 

sediments samples were not taken before the implementation of the ATS system or 
periodically throughout the study. 
 
Even though the trace elements assessments did not exceed the TECs in the other sites, the 
trace elements in the Alamo River are significantly higher than those found the Santa Ana 
River (a non-compromised area from agricultural and wastewater runoff), especially for As, 
Cd, and Se. On average across the Alamo River sediment samples, there is a 14-fold increase 
in Se content compared to the Santa Ana sediment sample. 
 

Metal content (mg kg-1) As Cd Cu Cr  Ni  Pb Se Zn 

Upstream Alamo River - S1 5.52 0.39 21.92 32.09 19.52 14.93 0.72 68.39 

Upstream Shank Road Wetland - S2 6.29 0.33 20.14 30.21 22.51 16.98 0.71 65.71 

Inlet of Shank Road Wetland (Inlet ATS) - S3 6.53 0.24 15.07 25.08 14.71 16.73 0.87 54.88 

Outlet East Cell (Outlet ATS) - S4 1.74 0.06 3.32 6.37 6.18 5.68 0.14 21.02 

Outlet West Cell (no ATS) - S5 9.01 0.42 22.62 48.22* 32.04* 30.61 1.17 87.52 

Downstream Alamo River - S6 2.41 0.17 6.65 13.54 7.35 4.89 0.18 30.41 

Santa Ana River 1.32 0.04 10.88 20.36 11.77 8.99 0.09 51.5 

TEC 9.79 0.99 31.6 43.4 22.7 35.8 2 121 
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Table S6.1: trace elements in the sediments in the Alamo river tributary. TEC= Threshold Effect 
Concentration from the Sediment Quality Guidelines. * indicates values above the TEC. 

 
Furthermore, based on the trace element assessment of the sediments, environmental 
indexes were calculated to investigate the enrichment and extent of contamination of these 
elements in the area of study. Figure S6.2 shows that the enrichment factor for Cd, Pb, Se 
and Zn are above 1.5 for all sites, except Site 6 (downstream for Pb only). This exhibits that 
there has been human influence in the heavy metal and selenium contents of the area, with a 
minor but significant modification for Cd (S1, S6) and Se (S3, S4). The contamination factor 
data shows that a significant number of sites exhibit moderate contamination from Cd (S1, S2, 
S5), Pb (S5) and Se (S1, S2, S3, S5). This is clear evidence that this particular tributary of the 
Salton Sea, the Alamo River, is suffering from anthropogenic activities, to the extent that the 
area is contaminated with certain metals, namely Cd, Pb and Se. 
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Figure S6.2: enrichment (top) and contamination factors (bottom) of the sediments at the different 
points of interest.  

S1: Upstream Alamo River; S2: Upstream Shank Road Wetland; S3: Inlet of Shank Road Wetland 
(Inlet ATS); S4: Outlet East Cell (Outlet ATS); S5: Outlet West Cell (no ATS); S6: Downstream Alamo 

River. 

10.3.1.2 Quality of the water in the Alamo tributary 
Previous studies have shown the presence of contaminants including pesticides, organic 
contaminants and metals in the sediments in the Alamo River and New River, which feed into 
the Salton Sea.38,39,45 The trace element content of the water was also sampled along the flow 
of water in the same upstream and downstream locations as the sediments. They were 
compared to samples taken in the Santa Ana River in California, as well as current federally 
promulgated Water Quality Standards for the State of California (Environment Protection 
Agency §131.37). The trace element analysis of the water samples are shown in Table S6.2. 
All samples exceed the criteria for priority toxic pollutant for Se in freshwater at 5 μg mL -1. The 
average concentration for all different sites is 6.441 μg L-1, a 10.3-fold increase from the Se 
content found in the Santa Ana river. This assessment is coherent with the sediment samples 
reported in this study. The latest value for Se reported by the USGS in June 2017 in the water 
from the Alamo River is 4.490 μg L-1. This value is lower than any of the values reported across 
the 6 sites studied here in 2018 in the same tributary of the Salton Sea; confirming that 
selenium contamination is an increasing environmental concern for the area of the Salton Sea. 
In addition, Cu water concentration upstream of the Shank Road Wetland (S2) is above the 
criterion for continuous concentration of this pollutant. Values upstream (S1) and downstream 
(S6) of the Alamo river show levels of Cu above both criterion for maximum and continuous 
of saltwater (4.8 and 3.1 μg L-1 respectively). Finally, the Pb concentration downstream of the 
river (S6) is above the criterion for continuous concentration of the metal in freshwater (2.5 μg 

L-1). Additionally, observed As and Cd values, even being within the federal quality standards, 
indicate levels more than 10 times higher than the water samples in the Santa Ana River.   
These may represent emerging contaminants in the future if they were to rise with the 
intensification of agriculture and wastewater-generating activities upstream.46,47 
 

Element content (μg.L-1) As Cd Cr Cu Ni Pb Se Zn 

Upstream Alamo River - S1 7.680 0.138 1.030 5.746* 2.568 2.640* 6.565* 6.895 

Upstream Shank Road Wetland - S2 7.163 0.074 0.424 3.535* 1.724 0.968 7.840* 2.888 
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Inlet of Shank Road Wetland (Inlet ATS)- S3 6.212 0.039 0.218 2.639 1.390 0.022 6.150* 5.842 

Outlet East Cell (Outlet ATS) - S4 5.645 0.034 0.139 2.498 1.219 0.020 6.386* 3.392 

Outlet West Cell (no ATS) - S5 5.583 0.031 0.174 2.306 1.400 0.194 5.898* 6.491 

Downstream Alamo River - S6 6.578 0.118 0.704 4.805* 2.101 2.245 5.804* 7.646 

Water Santa Ana 0.976 0.015 1.805 1.555 0.683 2.294 0.626 9.982 

 
Table S6.2: trace element analysis of water samples along the Alamo River tributary and Shank Road 

wetland. * indicates that the value is above the toxicity water quality criteria. 

 

10.3.2 Quantitative and qualitative analysis on biomass production of the flow-way 

During the operation of the system between 2017-2019 (Figure S6.3), periphytic algal biomass 
was produced and harvested on a weekly basis and analysed for ash content to obtain ash 
free dry weight (AFDW) of the biomass. Weekly and monthly average AFDW biomass 
productivity along with ash content are plotted and shown in Figure S6.4. 
 

Figure S6.3: pictures of the 900 feet long ATS flow way 
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Figure S6.4: A. Change in biomass productivity and its ash content over the course of entire 
cultivation period, B. overall average biomass composition, C. Change in biomass composition on a 

monthly basis. 

 
 

 N (wt%) P (wt%) N/P 

N removal 
rate 

(mg/m2/day) 

P removal 
rate 
(mg/m2/day) 

BOD 
removal rate 
(%) 

Feb-18 10.2% 0.33% 30.8 325.0 10.6 - 

Mar-18 10.3% 0.32% 32.1 414.5 12.9 - 
Apr-18 8.8% 0.25% 35.4 364.7 10.3 - 

May-18 8.8% 0.27% 32.4 758.2 23.4 - 

Jun-18 9.5% 0.22% 43.2 772.6 17.9 - 

Jul-18 8.5% 0.18% 47.0 745.1 15.9 - 

Aug-18 7.8% 0.16% 48.8 444.0 9.1 - 

Sep-18 8.5% 0.21% 40.7 689.6 16.9 19.5% 

Oct-18 9.3% 0.22% 42.2 555.0 13.2 74.3% 

Nov-18 8.4% 0.20% 41.9 444.1 10.6 92.2% 
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Dec-18 9.2% 0.23% 40.0 458.5 11.5 91.4% 

Jan-19 8.3% 0.18% 46.0 256.6 5.6 78.5% 

Feb-19 10.1% 0.33% 30.7 321.4 10.5 75.1% 

Mar-19 10.9% 0.42% 25.8 360.9 14.0 - 

Apr-19 11.7% 0.48% 24.3 718.3 29.5 76.7% 
May-19 10.3% 0.26% 39.7 799.4 20.2 - 

Jun-19 10.2% 0.22% 46.3 565.5 12.2 - 

Jul-19 10.4% 0.31% 33.5 682.9 20.4 - 

Aug-19 9.0% 0.21% 42.9 610.6 14.2 - 

Sep-19 8.2% 0.16% 51.1 248.5 4.9 - 

Average 9.4±1.0% 0.26±0.08% 38.7±7.7 526.8±185.1 14.2±6.0 72.5±24.6% 

 
Table S6.3: monthly change in nitrogen and phosphorus content of the biomass, N/P ratio, N removal 

rate, P removal rate, and BOD removal rate. 

 
Overall, the average AFDW biomass productivity was 5.8±2.7 g/m2/day with the highest at 
12.4 g/m2/day in July 2018 and the lowest at 1.2 g/m2/day in April 2018. Ash content in general 
was around 70 % to 90 % and was trending down over the cultivation period. Monthly average 
biomass productivity showed that the productivity was generally high in summer with an 
average around 7 to 9 g/m2/day and low in winter with an average around 3 to 4 g/m2/day. 
Although the general seasonal oscillating trend of biomass productivity was similar to what 
has been reported in the previous similar studies, the average productivity was slightly lower 
than what has been reported in the previous study on attached algae flow-way deployment at 
Corpus Christi, TX, and higher than those reported by Mulbry et al. and Kangas et al.20,48,49 
The average ash content in the present study was the highest yet among the reported values, 
presumably due to high total suspended solids of the inlet water, which was 76±55 ppm. High 
TSS has been reported as one of the major cause of high ash content of harvested algal 
biomass.50 Harvested biomass in general consisted of about 30 % of diatoms, including 
Bacillaria, Gomphonema, Navicula, Nitzschia, and Pleurosira, and about 70 % of green algae, 
including Chlamydomonas, Chlorella, Desmodesmus, Mychonastes, Oocystis, and 
Tetranephris. In addition to entrainment of suspended solids in the biomass, the major 
abundance of diatomaceous cohorts also contributes significantly to ash accumulation in the 
biomass. Composition of the ash-free biomass (protein, total lipid, carbohydrates, and fibre 
content) was measured on a monthly basis and their values with overall average are shown 
in Figure S6.4C and B, respectively. The average non-fibrous carbohydrates, crude fibre, 
crude protein, and crude lipid content of the ash-free biomass were 47.7±3.9 %, 6.1±2.8 %, 
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45.2±4.7 %, and 1.1±1.0 %, respectively. Relatively high ash and low lipid contents have been 
reported as a typical characteristic of periphyton.20,49 The monthly change in nitrogen and 
phosphorus content, nitrogen to phosphorus ratio, nitrogen and phosphorus removal rates, 
and BOD removal rate are listed in Table 6.3. The average nitrogen and phosphorus content 
of the biomass was 9.4±1.0 % and 0.26±0.08 %, respectively, corresponding to an N:P ratio 
38.7±7.7, significantly larger than the Redfield ratio, indicating likelihood of P-limiting 
conditions. Relatively higher nitrogen content (or protein content) of the biomass was 
identified, presumably due to relatively higher concentration of total nitrogen of the source 
water.  Similar results has been reported for biomass with excessive nitrogen input, which can 
be attributed to an increase in protein content associated with photosystem biosynthesis.51 
The average of total nitrogen and total phosphorus concentration of the source water were 
7.73±1.83 mg L-1 and 0.52±0.30 mg L-1, respectively, and removal rate of respective nutrients 
were 543.9±248.7 mg/m2/day and 14.5±7.4 mg/m2/day.  The highest major N/P nutrient 
removal rates were observed in summer at ~1000 mg of N/m2/day and ~40 mg of P/m2/day. 
The average removal rate is equivalent to approximately 25 % and 10 % of nitrogen and 
phosphorus removal from the source water, respectively, with the highest during the summer 
(50 to 60 % of N and 20 to 30 % of P) and the lowest during the winter (10 to 20 % of N and 
3 to 5 % of P). Additionally, the attached algae biofilm showed substantial effectiveness in 
BOD removal rate, which an average reduction of 72.5±24.6 % from the source water.52–54 
Highly effective BOD removal is also reported in algae-based wastewater treatment process, 
especially where there is symbiotic reaction between photoautotrophic algae and 
heterotrophic bacteria. High BOD removal by the attached algae biofilm is believed to be 
possible by the favourable environment for the coexistence of bacteria and algae provided by 
the substrate-line flow-way design. 
 

10.3.3 Effects of the length of the flow-way 

Spatial variations in biomass productivity, biomass composition, and nutrient removal rates 
over the length of the flow-way were investigated by harvesting biomass separately in every 
30 m sections of the flow-way. Over the entire cultivation period, total of 774 sectional biomass 
productivity data were generated and corresponding biomass samples were analysed to 
investigate spatial variations in biomass productivity, biomass composition, and nutrient 
removal rate and shown in Figure S6.5. In order to diminish the effect of seasonal variation in 
overall biomass productivity, three different ranges of the biomass productivity, high 
productivity in top 20 % (T20), low productivity in bottom 20 % (B20), and the productivity in 
between top 20 % and bottom 20 % (Med), were analysed separately for their spatial 
variations. Figure S6.5A shows spatial variation in average sectional biomass productivities in 
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cases of T20, B20, and Avg. In general, all three cases, T20, B20, and Med, showed 
decreasing trend as the distance from the inlet of the flow-way increases with the highest and 
the lowest sectional biomass productivities at around 24 g/m2/day and 0.1 g/m2/day, 
respectively. In case of T20, the average of sectional biomass productivity in 30 m section 
was at the highest (12.9±2.4 g/m2/day)  and decreased to around 8.8±1.9 g/m2/day in 210 m 
section then increased back to around 10.4±3.3 g/m2/day at the end of the flow-way. In both 
case of B20 and Med, the average sectional biomass productivity gradually decreased as the 
distance increases from the inlet. The case of B20 showed the average sectional biomass 
productivity decrease from 2.5±0.4 g/m2/day to 1.4±0.4 g/m2/day and the case of Med showed 
the productivity decrease from 6.3±1.8 g/m2/day to 4.4±1.0 g/m2/day over the length of the 
flow-way. In Figure S6.5B and C,  average ash contents of the harvested biomass as well as 
both nitrogen and phosphorus removal rates show a decreasing trend as the distance 
increases from the inlet, concomitant with increase in carbohydrate and protein contents of 
biomass, while total lipid content decreasing over the distance (Figure S6.5D). Average ash 
contents decreased from 82.5±3.6 % to 75.7±7.5 % over the length of the flow-way likely due 
to the more potential of TSS to be caught up at the initial part of the flow-way than at the 
terminus. Nitrogen and phosphorus removal rates were analysed separately for each case of 
T20, B20, and Med in the same context of the analysis in sectional biomass productivity. 
Overall, nitrogen and phosphorus removal rate decreased from 1000~200 to 900~100 mg 
N/m2/day and 26~5 to 20~3 mg P/m2/day, respectively, over the length of the flow-way. In 
average (Med), nitrogen removal rate and phosphorus removal rate decreased from 
~500±150 to ~400±90 mg N/m2/day and ~13±4 to ~8±2 mg P/m2/day, respectively, as the 
distance of the flow-way increased. In the present study, nitrogen and phosphorus contents 
of the biomass initially increased by ~10 %, but subsequently decreased by ~5 %, which led 
to increase in N:P ratio of the biomass by ~17 % between the extrema at the top and bottom 
of the flow-way. The flow-way also showed noticeable decrease in water flow velocity at the 
terminus of the flow-way, which resulted in increased water depth in this section.  We also 
observed a steady increase in pH from ~8 to >9 over the 270 m of distance of the flow-way 
presumably due to reduction of the dissolved CO2/bicarbonate from the cumulative 
photosynthetic activity along the residence time of the flow-way 
A previous study reported a similar decrease in biomass productivity along the distance of an 
attached algae system.  D’Aiuto et al. suggested that this is due to the decrease in phosphorus 

in the source water as it processes down the flow-way.  This was based on the fact that the P 
content of biomass harvested from the downstream section was 15 % lower, while N content 
was only reduced by 5 % as compared to those from the upstream.55 Adey et al also 
documented that precipitation of phosphorus can occur in a longer flow-way due to higher pH 
at the terminus, further driving P-limitation for biomass production. 



 

 223 

 

Figure S6.5: Spatial variations in every 30m over the length of the flow-way including: A. biomass 
productivity in case of the high productivity in top 20 % (T20, dark green), the low productivity in 

bottom 20 % (B20, light green), and the productivity in between T20 and B20 (Med, green), B. ash 
content, C. nitrogen (black) and phosphorus (red) removal rate in case of the T20 (dashed), B20 
(dotted), and Med (solid), D. composition of the biomass including crude protein (orange), crude 

carbohydrate (yellow), crude fiber (blue), and total lipid (grey). (Statistical significance in differences in 
sectional biomass productivities are listed in Table S2, * = p < 0.05, ** = p < 0.01, ns = not significant) 

 

10.3.4 Environmental impact assessment through Principal Components Analysis 

Correlation between various key environmental factors and dependent variables including 
biomass productivity and its composition was assessed through principal component analysis 
(PCA). A biplot explaining 60.33 % of total variance based on two principal components, PC1 
and PC2, which explained 37.68 % and 22.64 % of total variance, respectively, was generated 
and is shown in Figure S6.6.  
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Figure S6.6: biplot generated through principle components analysis (PCA) with environmental factors 
(red) and various dependent variables (blue) 

 

Biomass productivity, along with nitrogen and phosphorus removal rates, show positive 
correlation with PC1, which consists of major positive contributors including air temperature 
(T_Avg, T_Min, and T_Max), insolation (Ins_Avg, Ins_Min, and Ins_Max), dew points 
(DP_Max and DP_Avg), and water temperature (WT). Positive correlations for biomass 
productivity with insolation and temperature are well reported.13 Generally, variations in 
nutrient removal rates followed the oscillating trends of biomass productivity throughout the 
year.  Mulbry et al reported that the nutrient removal rate at the Patuxent river site was at the 
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highest during summer and early fall but dropped by more than 10-fold during the winter 
period, mainly due to significant drop of biomass productivity.  
Negative correlation of biomass productivity with relative humidity and precipitation is due to 
the unique characteristics of the Salton Sea region deployment location, where most of 
precipitation occurs during the winter and the rest of the year is mostly dry.  No significant 
correlation between biomass productivity and precipitation was observed in this case due to 
lack of detailed information. An insignificant correlation was also found between the nutrient 
concentration of the water and algae turf biomass productivity, indicating the biofilm’s ability 

to stably uptake nutrients from the source water, even at a low nutrient concentrations, as 
previously reported.14,56 As an example, a recent study on nutrient recovery from oyster 
aquaculture effluent achieved the highest yet reported biomass productivity, despite TN and 
TP concentrations in the source water that were similar or relatively lower than those reported 
elsewhere. Another previous, long-term study to investigate the effect of reducing nitrogen 
input on eutrophication of lakes, discovered that phytoplankton biomass remained unchanged 
regardless of nitrogen inputs as long as phosphorus input kept consistent.57  In this study, both 
total nitrogen and nitrate/nitrite concentration of the source waters show strong negative 
correlations with biomass productivity. This negative correlation is, however, presumably due 
to the spike in total nitrogen and nitrate/nitrite concentration of the source water during the 
winter season, when biomass productivity was lowest due to less favourable seasonal 
temperature and light regimes, as seen in Figure S6.7. On the other hand, nitrogen and 
phosphorus content of the biomass show positive correlation with total Kjeldahl nitrogen and 
total phosphorus concentration of the source water, respectively, which can be attributed to 
the metabolism of the periphyton in the biofilm.58 
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Figure S6.7: comparison between change in biomass productivity, concentration total nitrogen, 
nitrate/nitrite as nitrogen and total Kjeldahl nitrogen (mg L-1) 

 

10.3.5 Trace element analysis of the biofilm: metal contaminants removal 

10.3.5.1 Se content of the biomass from the ATS 
Selenium is an essential micronutrient for many animals, including fish. However, the window 
between being a nutrient and a contaminant in organisms is narrow, which makes the 
monitoring of this element in aquatic ecosystems crucial.16 Normal weathering and intensive 
agricultural and industrial activities trigger solubilization of Se from geological sources.  
Bioaccumulation of Se in the aquatic food chain is a concern, as fish accumulate Se by eating 
contaminated foods from their surroundings. The toxicity of Se on fish embryos has been 
studied; although the EPA is not promulgating human health criteria for this contaminant.11,59 
Figure S6.8A shows the Se content of the harvested algae at different time intervals, indicating 
that the attached algae biofilm is able to intercept Se from the environment (i.e. water, 
sediments). However, Se uptake from the biofilm was not constant throughout the field trial. 
Between summer 2018 and 2019, the Se content of the biofilm was observed to decline from 
2.21 to 1.14 mg kg-1, with a peak at 2.39 mg kg-1 at the beginning of the year in 2019. The 
fluctuations in Se content can be due to the algae tissues reaching Se toxicity, or variations in 
Se content of the water itself feeding the algae flow-way. In fact, levels of water contaminants 
can be influenced by precipitation levels, seasons and intensity of anthropogenic activities 
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(e.g. industry and agriculture).41 The potential for metals uptake could also be linked to the 
start-up and stop cycles of specific algal species, some of which might have higher tolerance 
for contaminants.20 
 
In order to investigate a possible pattern in the Se uptake along the flow-way, samples at 100 
(inlet), 500 and 900 ft (outlet) were sampled for trace element analysis and their 
bioconcentration factor (BCF) was calculated (Figure S6.8B and C). The BCF values do not 
seem to follow any pattern depending on the inlet/outlet along the flow-way, nor could a clear 
trend between inlet/outlet be interpreted from the data. The BCF values are below 1000, this 
is described as ‘non bioaccumulative’ according to the USEPA regulations. 
 
 A. 

B. 
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Figure S6.8: A. Se content of the resident algae biofilm from the ATS taken at 500 ft, B. Heatmap of 
the Se content in the biofilm along the flow-way taken at 100, 500 and 900 ft and C. Se content in the 

water sampled from the inlet and outlet and calculated BCF Se factor 

 

10.3.6 Essential trace element content of the biomass from the ATS 

Similarly to Selenium, Ni, Cu and Zn are essential nutrients, which can become toxic at higher 
levels.33 The environmental analysis showed that the concentration of Ni in some of the 
sediments of the area was above the TEC in one of the site; as well as the concentration of 
Cu in the water sampled above toxicity criteria. Figure S6.9 shows the content of these metals 
in the algae biomass harvested from the flow-way. The concentration of the essential metals 
in the algae are within the same order of magnitude that the concentration of the surrounding 
sediment sampled. This is consistent with the fact that such filamentous biofilms can retrain 
suspended solids from the stream of water, participating to the formation of biogenic 
sediments. The fate of such algae is closely linked to their environment, i.e. water and 
sediments. 
 
It is interesting to observe that each of the essential metals follows one similar trend over the 
time of analysis, with a drop in metal content in June 2018 and peak in concentration in winter 
2018 (November – December) for all three metals. However, the attached algae flow-way 
system was clearly capable of intercepting metals of concern, such as Cu, at a level of ~8 mg 
kg-1 of biomass harvested on average over the course of the study (2018-2019). Paired with 
biomass production and valorisation at scale, this could lead to significant toxic pollutant 
removal from the water effluent. 

Se content (μg L-1) 
BCF inlet BCF outlet 

Date 
Water inlet Water outlet 

17/10/2018 6.072 5.994 220 318 

07/11/2018 5.417 5.343 275 360 

05/12/2018 5.024 5.344 326 451 

01/04/2019 5.258 5.130 465 351 

08/02/2019 5.130 4.887 497 522 

16/05/2019 5.157 4.993 361 262 

30/06/2019 4.601 4.411 335 260 

C. 
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Figure S6.9: essential metal content of the algae biofilm from the ATS taken at 500 ft 
 

10.3.7 Non-essential trace element content of the biomass from the ATS 

Beyond Se, Cu, Ni, and Zn, Cr, As, Pb and Cd can be taken up by living organisms in a  
contaminated environment, provided that the levels of contaminants are below toxicity levels. 
Algae Turf systems and their resident algal biofilms have been extensively studied for 
tolerance to such contaminants.18,41,60 The content of the metals in the attached algae from 
the system are shown in Figure S6.10. We observe that non-essential and essential metal 
contents of the algae follow a similar pattern over the time of the study, suggesting that the 
potential of metal removal from the algae flow-way is not metal specific.  Among the non-
essential metals detected in the biofilm, Pb was a specific concern, as its concentration in the 
water is above the federal regulations.  Pb levels reached a maximum of 16.2 mg per kg of 
dried biomass in November 2018.  Generally, the concentrations of non-essential metals, Pb, 
Cr and As in the biomass are higher than the ones of essential metals.  

no readings no readings 
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Figure S6.10: non-essential metal content of the algae biofilm from the ATS taken at 500 ft. Cr, As, Pb 
(top) and Cd (bottom). 

 
The presence of trace elements in the biomass, even in small quantities, testifies that the ATS 
system has a water remediation potential. This study suggests that this type of system can be 
producing renewable biomass, using a compromised effluent, with very little input (energy of 
the pump, maintenance), for environmental remediation of an endangered ecosystem in the 
Salton Sea. 
 

10.3.8 Bioconcentration factor 

The bioconcentration factor was calculated at the inlet and outlet for one time point on the 5th 
of December 2018, the peak in concentration in the algae. The thresholds for bioaccumulation 
are described in the method section, taken from the USEPA Toxic Substances Control Act 
(TSCA) and Toxic Release Inventory (TRI) programs. The results are shown in the Figure 
S6.11 The values show that the algae population from the algae flow-way is bioaccumulative 
for Cu, Zn and As, while being very bioaccumulative for Ni, Cr, Cd and Pb. These results verify 
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that operation of an attached algae flow-way has significant water remediation potential. 
Furthermore, we show that the system can be used to produce biomass using compromised, 
runoff-laded surface-waters, with relatively little input (water pumping, harvesting), supporting 
goals for environmental remediation in the Salton Sea region. 
 

 

Figure S6.11: BCF for each trace element along the flow way (05.12.2018). log BCF<3: non 
accumulative, 3< log BCF<3.7: accumulative, 3.7<log BCF: very accumulative. Green algae reference 

was taken from Lopez i Losada (2020) 

Based on the values from the metal content along the flow way (30, 150 and 270 m) and the 
productivity of the flow-way for the specific dates related to trace element sampling, the 
average metal uptake from the biofilm was calculated for each trace element. The results are 
shown in Figure S6.12. Over 2 mg of Zn per square meter per day can be harvested from the 
algae, 0.3-0.4 mg of Ni, Cu, As and Pb, 0.6 mg of Cr.  These data show the potential of a pilot-
scale flow-way system (83.6 m2) to intercept a wide range of  contaminants from environment, 
including water and sediments.29,41,61–63 However, valorisation of the filamentous biomass is 
currently limited by the very high ash content (Figure S6.5) and presence of potentially toxic 
metals.  Therefore, biomass utilization options will likely be limited to those that support 
efficient pre-concentration and disposal of the metals.    
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Figure S6.12: Average metal uptake along the flow way between spring 2018 and summer 2019 
based on metal content and biomass productivity. 

 

10.3.9 Valorisation of the biomass harvested 

A simple deashing technique was used: washing with water, followed by sonication and 
centrifugation to remove some of the ash of the biomass. Unfortunately, the ash content of the 
algae did not decrease but increased from the water washing of the algae: from 85 % to 89-
90 %; due to the fact that some of the organic content (sugars) is water soluble and dissolved 
into the wash. 
EDTA liquid extraction was performed on the algae using 0.05 M EDTA solution. The purpose 
of the experiment was to see if the trace elements were bound to the surface of the algae was 
intracellular. The algae samples were digested for trace element analysis before and after 
EDTA extraction. The results revealed that no extraction was observed for Cr and Se. These 
two elements are accumulating in the algae and confined in the cell wall. Less than 40 % of 
Ni, Cu and As were extracted using EDTA with 20.1 % 24.7 and 35.8 % extraction respectively. 
77.4 % of Cd was extracted from the algae sample using this EDTA washing, while only 9.9 
% of Zn and 7.5 % of Pb were extracted.  
 
Given the high ash content of the biomass above 70 wt%, its low lipid content and the 
presence of a range of metal contaminants (some of them being absorbed onto the surface of 
the algae, others bound to the cell wall of the organism), anaerobic digestion was performed 
on the algae as mean to valorise the small organic content of the turf algae. The anaerobic 
digestion was carried out using an AMTPS II and revealed the biomethane potential of the 
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substrate: 251.8 (+/- 5.7) NmL of CH4 per g of volatile suspended solids (VSS). This is the first 
step into the valorisation of this algae and potential valorisation of the metal concentrated 
sludge afterwards, perhaps using ionic liquid extraction. 
  

10.4 Conclusion 
The Salton Sea and surrounding region is one example among many of the effects of growing 
population, diminishing water levels, and increasing environmental contaminants.  Our 
approach to address eutrophication and metals accumulation in this environmental setting 
was to install and evaluate a 270 m attached algae flow-way system on the Alamo River 
tributary to the Salton Sea for coupling algae biomass production with remediation of major 
nutrients, metals, and organic contaminants. Our results suggest that attached algae 
cultivation promotes simultaneous biological removal of each of these contaminants. 
Furthermore, persistent biomass production achieved from this study provides an opportunity 
for significant value-addition, e.g. for bioenergy applications, in addition to reducing the 
likelihood of harmful algal blooms that typically form in nutrient laden surface waters.  
However, means for efficient valorisation of the algae biomass obtained from attached algae 
cultivation in compromised surface waters should be further investigated, focusing on 
technoeconomic and lifecycle implications of conversion technologies that are suitable for 
contaminated biomass utilization, and including geographic assessment of high impact 
deployment options, system scaling, and waste management.  
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