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Abstract: Contaminated land often requires mitigation measures to reduce erosion and leaching
of harmful elements into surrounding environments and water bodies. The use of such
land to grow bioenergy could assist mitigation measures and provide biomass for the
expanding bioeconomy without competing with food production, as long as the
resulting biomass proved safe for downstream use. For this reason, we evaluated the
potential of the perennial bioenergy feedstock,  Miscanthus  , grown on heavy metal
contaminated land, to produce clean renewable energy, chemicals, and recovered
metals. We used a low cost protic ionic-liquid based pretreatment to fractionate the
biomass into a biologically digestible cellulose pulp and extract a separate lignin
stream. In the context of a biorefinery, we recycled the ionic liquid solvent and used an
electric current to deposit and recover metals species from the solution. Trace element
analysis via acid digestion and Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) showed significant levels of metal contaminants from the harvested  Miscanthus  :
6.47 g of Pb per kg of biomass, 1.91 g kg  -1  Fe, 0.35 g kg  -1  Zn, 26.59 mg kg  -1  of
Cu; along with other metals including Cr, Ni, As and Cd. The metal-coordinating ionic
liquid, 1-methylimidazolium chloride [H  1  Cim]Cl, extracted 99.3% of Pb from the
biomass along with 96-98% of Cu, Zn and Cd, and produced a clean cellulose pulp,
which was successfully saccharified into glucose with an 81.5% yield. The behaviour of
Pb  II  in aqueous solutions of [H  1  Cim]Cl showed that this ionic liquid medium
supported the electrochemical reduction of Pb  II  to Pb  0  using a voltage of -0.9 V,
depositing and recovering 91.5% of Pb from the solution onto the electrode after 1 hour
of electrolysis. Intensification of process conditions were studied with recycling of the
solvent: after the 1  st  pretreatment, the ionic liquid liquor was recycled and Pb was
electrodeposited to clean-up and manage the build-up of metals for a subsequent
pretreatment. The electrodeposition step in the ionic liquid liquor did not have a
negative impact on the performance of the pretreatment and metal extraction was
enhanced by 20% compared to recycled ionic liquid, which had not gone through any
electrodeposition beforehand. This study opens up new valorisation possibilities for the
integration of highly metal contaminated biomass into biorefining, without the need to
incinerate metal contaminated biomass.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Point by Point response to the manuscript for Industrial Crops & Products 
 
Ms. Ref. No.:  INDCRO-D-21-03842R1 
Title: Combining phytoremediation and biorefinery: metal extraction from lead contaminated Miscanthus during 
pretreatment using low-cost ionic liquids 
Industrial Crops & Products 
 
Reviewers' comments: 
 
Reviewer 3: The paper has been improved significantly. There are still some suggestions for further discussion 
and treatment as follows: 
(1) As for the IL of [H1Cim]Cl, it is a very common member of imidazolium ILs. No strong evidance proves its 
lower cost than other ILs/common reagents in scaled use. One-step preparation and Ref[48] cannot support this. 
The econmoy of IL preparation is also not equal to that of the whole treatment method. If the authors cannot 
provide more data and analysis for the economy of the whole method, please remove all the expression of "low 
cost" and leave it to the subsequent studies. The same suggestion also exists in the problem for its safety. After 
all, the toxicity of imidazolium ILs is widely reported.  
We thank the reviewer for its attention to this detail. Reference 48 does only include the prices for HSO4 based 
ionic liquid at scale. Subsequent studies would have to be carried out on other types of protic ionic liquids. 
However, [HC1im]Cl is used in the BASILTM  (biphasic acid-scavenging utilising ionic liquids), where they use 1-
methylimidazole to scrub HCl (https://pubs-rsc-
org.iclibezp1.cc.ic.ac.uk/en/content/articlelanding/2008/cs/b006677j). This shows that such IL can be handled at 
large scale, without giving any price or cost estimates. Therefore, the term ‘low-cost’ has been removed. 
 
(2) Can the coordination between IL and Pb proved by spectral analysis? If not, the metal ions were justed 
dissovled by the IL. Generally, the coordinating groups are phenolic hydroxyl and carbonyl, which were not in the 
structure of the IL. The question was also mentioned by Reviewer 4, and the response was lack of evidance. 
Pb will exist as a mixture of PbCl4(2-) and PbCl3(-) species 
(https://pubs.rsc.org/en/content/articlepdf/2013/dt/c3dt32742f). Since Pb solutions are colourless, Uv-Vis is not 
an option. Proving this would require XPS (X-ray photoelectron spectroscopy) or EXAFS (Extended X-ray 
absorption fine structure – e.g. https://pubs.rsc.org/en/content/articlelanding/2016/gc/c5gc02734a), but these 
techniques are beyond the scope of this study. The term of ‘coordination’ was removed relating to the metal 
extraction. 
 
(3) In page 7, the purity of the IL was determined by Nuclear Magnetic Resonance (NMR) spectroscopy, how 
about its value? 
The chemical shifts from the NMR results are given in the method section to prove the formation of the IL. 
Moreover, the acid:base ratio was determined using a mass balance and confirmed by titration using a compact 
titrator. The method section has been updated accordingly. 
 
(4) Highlights should be adjusted according to the reviewers' comments. 
The highlights have been modified according to the reviewers comments. 
(5) "ionic liquids" in title should be "ionic liquid". 
This has been changed – thank you. 
(6) Key words are so many and some of them are not key. 
These have been changed – thank you. 
(7) Those common comments from different reviewers should be focused on, and please further strengthen the 
discussion and provide more data and evidance.  
Only one reviewer’s comments was available for this review. Points were added in the discussion; conclusion 
and section V were modified.The standard deviations for metal extraction (figure 6b) were added (based on 
pretreatment triplicates). 

  

Detailed Response to Reviewers

https://pubs-rsc-org.iclibezp1.cc.ic.ac.uk/en/content/articlelanding/2008/cs/b006677j
https://pubs-rsc-org.iclibezp1.cc.ic.ac.uk/en/content/articlelanding/2008/cs/b006677j
https://pubs.rsc.org/en/content/articlepdf/2013/dt/c3dt32742f


Combining phytoremediation and biorefinery: metal extraction from lead contaminated 
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 Miscanthus was grown on heavy metal marginal contaminated land, an exposed mine 

site in Wales 

 Trace element analysis revealed high levels of Pb, Zn and other metals contaminants 

in the biomass 

 The ionoSolv pretreatment process was used to both fractionate the lignocellulosic 

biomass into clean chemicals and extract the metals from the feedstock using a protic 

ionic liquid. 

 Pb was able to be electrodeposited from the ionic liquid liquor and the solvent was 

recycled for a subsequent pretreatment. 
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Abstract 11 

The potential of the perennial bioenergy Miscanthus feedstock to grown on heavy metal 12 

contaminated land was evaluated, to produce clean renewable energy, chemicals, and 13 

recovered metals for the expanding bioeconomy without competing with food crops. Trace 14 

element analysis showed significant levels of metal contaminants from the harvested 15 

Miscanthus: 6.47 g of Pb per kg of biomass, 1.91 g kg-1 Fe, 0.35 g kg-1 Zn, 26.59 mg kg-1 of 16 

Cu; along with other metals including Cr, Ni, As and Cd. The protic ionic liquid, 1-17 

methylimidazolium chloride [H1Cim]Cl, extracted 99.3 % of Pb from the biomass along with 18 

96-98 % of Cu, Zn and Cd, and produced a clean cellulose pulp, which was successfully 19 

saccharified into glucose with an 81.5 % yield.  The behaviour of PbII in aqueous solutions of 20 

[H1Cim]Cl showed that this ionic liquid medium supported the electrochemical reduction of 21 

PbII to Pb0 using a voltage of -0.9 V, depositing and recovering 91.5 % of Pb from the solution 22 

onto the electrode after 1 hour of electrolysis. Intensification of process conditions were studied 23 
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with recycling of the solvent: after the 1st pretreatment, the ionic liquid liquor was recycled and 24 

Pb was electrodeposited to clean-up and manage the build-up of metals for a subsequent 25 

pretreatment. The electrodeposition step in the ionic liquid liquor did not have a negative 26 

impact on the performance of the pretreatment and metal extraction was enhanced by 20 % 27 

compared to recycled ionic liquid, which had not gone through any electrodeposition 28 

beforehand. This study opens up new valorisation possibilities for the integration of highly 29 

metal contaminated biomass into biorefining, without the need to incinerate metal 30 

contaminated biomass.  31 

1. Introduction 32 

The European Bioeconomy Strategy requires the production of renewable biomass and 33 

valorisation of their waste streams into value added products. A challenge to this bioeconomy 34 

lies in reconciling the competing objectives of assuring food security and sustainable 35 

management of our biological resources. The turnover of the European Bioeconomy is 36 

estimated as £1.9 trillion.1 Driving its growth puts increasing  pressure on sustainable biomass 37 

provision and viable techno-economics.2,3 The use of marginal and contaminated land (MaCL) 38 

is included in integrated assessment models to support bioenergy demand in a way that avoids 39 

competition with food crop production. Marginal land is defined here as land that is not 40 

considered suitable for conventional agriculture because of its soil quality (hazardous 41 

components, physiochemical constraints) and weak agricultural yields, but could still 42 

theoretically be used for bioenergy production.3,4 In Europe, estimates of the marginal land 43 

available range from 30 to 90 million hectares, but these areas represent stressful environments 44 

because of physiochemical soil properties.5–7 Metal contaminated soil is particularly 45 

challenging because toxicity level of metals often exceed the tolerance thresholds of  plants.8 46 

Some species, known as hyperaccumulators,  have the ability to absorb significant quantities 47 

of metals, but they are often indigenous species from naturally metalliferous soils with low 48 
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biomass yields.9–12 On the other hand, non-hyperaccumulating plants, including a number of 49 

bioenergy crops, may be appropriate for contaminated sites if they can tolerate the levels of 50 

phyto-toxicity.  51 

 52 

Miscanthus spp. are native to Asia over a wide range of climates and challenging soil 53 

conditions (including abandoned mines and low pH soils).13–15 Such adaptability lends 54 

members of this genus to remediation measures on MaCL. Within the Miscanthus genus are 55 

highly productive perennial energy types that have low requirements for agricultural inputs and 56 

have shown tolerance for growth on MaCL, thus providing the potential for environmental and 57 

economic benefits.16,17 The use of plants to ameliorate contaminated land (including 58 

commensurate removal of toxic trace elements from the soil) is called phytoremediation, and 59 

Miscanthus hybrids have demonstrated differences in metal uptake.18 In the effort of supporting 60 

a circular bioeconomy, combining metal recovery from biomass grown on contaminated land 61 

with renewable energy can be technologically complex and economically challenging, 62 

especially from marginal areas.16  63 

 64 

The recovery of metals from biomass used in phytoremediation, or phytomining, is generally 65 

carried out by extractive metallurgy, i.e. the process of removing valuable metals from its 66 

source and refining the extracted raw metals into a purer form.19–22 Pyrometallurgy is the most 67 

widely used pathway, where metals are leached out and refined from the ash of incinerated 68 

biomass, while hydrometallurgy involves leaching out metals directly from the biomass using 69 

hot compressed water. However, these incineration pathways disregard the potential of 70 

biomass as a source of renewable biochemicals and produce a metal-contaminated wastewater 71 

stream, which must subsequently be disposed of. Combining phytoremediation and metallurgy 72 

could be an economical way to process metal contaminated biomass, especially where 73 
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lignocellulosic biomass can subsequently be biorefined for higher value products.23,24 Because 74 

of its complex structure, lignocellulosic biomass requires pretreatment in order to access the 75 

different components of the bioenergy feedstock.  76 

 77 

In this study, we investigated the use of a protic ionic-liquid pretreatment, the ionoSolv process, 78 

to enable simultaneous decontamination (extraction and recovery of the metals from the 79 

biomass) and biorefining (access to carbohydrates and a lignin stream) of metal contaminated 80 

Miscanthus biomass. The ionoSolv process has proved successful in fractionating a wide range 81 

of lignocellulosic biomass, including metal impregnated waste wood.25–28 Ionic liquids are 82 

excellent metal dissolving agents and are able to extract metals and metalloids from within the 83 

biomass.29 Moreover, ionic liquids have a wide electrochemical window, which makes them 84 

very attractive solvents for the electrodeposition and recovery of metals from ionic liquid 85 

liquors.30–32 Here, we show that ionic liquid pretreatment is a formidable tool to integrate 86 

phytoremediation and biorefining into valuable and clean (metal free) chemicals and energy 87 

while using a solvent stream that can be recycled and used for the recovery of the metals via 88 

electrodeposition. 89 

2. Materials and methods 90 

 91 

I. Planting materials and preparation 92 

Planting material comprised a single hybrid of Miscanthus sacchariflorus and M. sinensis 93 

(OPM-10). Rhizome material of OPM-10 was dug freshly from a field site in January when 94 

plants were fully senesced and nutrients remobilized into the rhizome.   95 
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 96 

II. Trial site location and preparation 97 

Bwlch glas mine (SN7108788) is situated in the Maesmawr Valley, approximately 6 km east-98 

south-east of the village of Talybont. Metal extraction here produced some 1240 tons of lead 99 

ore and 99 tons of zinc ore in two phases between 1882 and 1916.33,34 On-site mineral 100 

processing methods generated substantial quantities of discarded tailings, one pile of which 101 

was selected for the trial (Picture 1).33 102 

 103 

The trial site was fenced off to protect against rabbits and sheep, and spoil samples were taken 104 

and analysed in July 2017. Firstly, spoil samples were screened using a portable X-ray 105 

fluorimeter before conducting a modified protocol based on Perkins et al. (2016). As we were 106 

mainly concerned with plant/bio-available Pb and Zn, we used H2O instead of concentrated 107 

aqua regia, after determining pH and organic matter on all samples (n=6).35  Pb and Zn were 108 

determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). The tailings are 109 

approximately 5 metres from the Afon (river) Cyneiniog, resulting in a high water table. As 110 

pH and redox potential are two of the most important factors affecting heavy metal solubility 111 

in soil,36 samples were also digested in 0.11 mol L−1 acetic acid to provide a second indication 112 

of bio-available Pb and Zn concentrations. Elemental concentrations were determined by ICP-113 

MS.  114 

 115 

Organic matter ranged from 0.52 to 0.94 % and pH from 4.32 to 5.67. Water soluble and acetic 116 

acid soluble Pb concentrations were 57 ± 8.95 mg kg-1 and 1454 ± 112.97 mg kg-1, respectively, 117 

while ‘total’ Pb concentration ranged from 5599 to 121261 mg kg-1.35 Zinc water soluble and 118 

acetic acid soluble values were lower at 6 ± 1.15 mg kg-1 and 110 ± 22.13 mg kg-1, respectively, 119 
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and ‘total’ values were more consistent, ranging between 1008 and 1744 mg kg-1. These data 120 

were used to determine the amendment regime.  121 

 122 

The trial was a 3 x 3 randomized block design with plant (n=32) spacing of 75 cm (see 123 

Electronic Supplementary Information (ESI) for full plant trial details). Spoil amendments 124 

were prepared for individual blocks using the following protocol: a one litre hole was dug at 125 

each planting site and the spoil placed in a cement mixer (in situ) with 2:1 compost (John Innes 126 

no.1), plus 0.25 % (v/v) Miscanthus-derived biochar (supplied by BEACON facility pyrolysis 127 

rig at IBERS) and 0.005 % (v/v) triple superphosphate: 46 % P2O5 (1 tsp per litre substrate). 128 

Once thoroughly mixed, approximately 100 g sample was taken for analysis and the remainder 129 

used for planting, which took place in January 2018 in order to ensure the Miscanthus rhizome 130 

was dug from fully senesced plants (when nutrients are fully remobilised from above- to below-131 

ground biomass, ensuring sustainable propagation and nutrient reserves for next year’s 132 

growth). 133 

 134 

 135 

Picture 1. Left (July 2017): Non-vegetated mine tailings selected for the energy crop trial at 136 

Bwlch glas mine (SN7108788, viewed WSW). Right (July 2019): Same area of tailings after 137 

planting with energy crop trial, with view of derelict mine buildings in distance (viewed SW). 138 

Images: Elaine Jensen 139 
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 140 

Plant biomass was harvested on 6th Feb 2019, weighed, and oven dried at 60°C until it reached 141 

a constant weight, when moisture content was determined. Material was then packaged 142 

securely for transport. 143 

 144 

Upon receipt, samples from each block were pooled into three groups per block in order to 145 

provide sufficient material for experiments (Figure S1 ESI). Material was then ground using a 146 

Retsch Heavy Duty cutting mill SM2000 and sieved to a particle size of 180-850 μm (20 + 80 147 

US mesh scale). There was only one block of Miscanthus, designated block ‘E’, that produced 148 

sufficient biomass to permit several pretreatments (including recycling of ionic liquid), and 149 

therefore it is the pooled material from this single block that are reported herein. 150 

 151 

III. Ionic liquid synthesis 152 

Starting materials for ionic liquid (IL) synthesis were purchased from Sigma Aldrich and, 153 

unless stated otherwise, used as received. The minimum purity of the starting material for 1-154 

methylimidazole was 99 %. HCl was obtained as a concentrate containing 1 mole of HCl 155 

(FIXANAL ampoule from Fluka Analytical). 1 mole of 1-methylimidazole (82.1 g) was cooled 156 

with an ice bath in a 500 mL round-bottom flask. Under stirring, 1 mole of aqueous HCl 157 

(FIXANAL ampoule) was added dropwise. Excess water was removed using a Büchi rotary 158 

evaporator until a water content below 20 % by mass was obtained. 159 

 160 

The formation of the IL was determined by Nuclear Magnetic Resonance (NMR) spectroscopy. 161 

20 mg of sample was dissolved in 500 μL of deuterated dimethyl sulfoxide (DMSO-d6). 1H 162 

and 13C NMR were recorded on a Bruker 400 MHz spectrometer. Chemical shifts (δ) are 163 

reported in ppm, the DMSO signal at 2.500 (1H dimension) and 39.520 (13C dimension). 164 
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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, 165 

H4/5), 4.5–3.5 (Cl, H2O, N-H+), 3.87 (s, 3H, N-CH3). 13C NMR: δC (101 MHz, DMSO-166 

d6)/ppm: 135.63 (C-2), 123.21 (C-4/5), 119.55 (C-4/5), 35.48 (N-CH3). 167 

The acid:base ratio of the IL was determined using a mass balance and confirmed by titration 168 

with 1M NaOH using a G20 compact titrator (Mettler Toledo), standardised using potassium 169 

hydrogen phthalate. 170 

 171 

IV. Compositional analysis 172 

Compositional analysis was carried out according to a published procedure by the National 173 

Renewable Energy Laboratory (NREL).37 All samples were run in triplicate. For untreated 174 

biomass, samples were extracted for 24 hours in absolute ethanol prior to compositional 175 

analysis. Briefly, 300 mg (calculated on dry matter basis) of biomass or recovered pulp was 176 

incubated with 3 mL of 72 % sulfuric acid at 30°C for 1 hour and then diluted with 84 mL 177 

distilled water before being autoclaved for 1 hour at 121°C. The samples were then filtered 178 

through filtering ceramic crucibles of a known weight with filtrate used to determine acid 179 

soluble lignin by UV analysis at 240 nm, and carbohydrate concentrations. The determination 180 

of the total sugar content was carried out using an HPLC system with a Refractive Index 181 

Detector (RID) (Shimadzu, Aminex HPX-87P from Bio rad, 300 × 7.8 mm, purified water as 182 

mobile phase at 0.6 mL min−1, column temperature 85°C, 25 min). 183 

The crucibles were oven dried at 105°C overnight before weighing to determine acid insoluble 184 

lignin and then incubated at 575°C in a muffle furnace to determine ash content, as described 185 

in the NREL protocol. The reported lignin content is the sum of the acid soluble and acid 186 

insoluble lignin contents. 187 

 188 
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V. Biomass fractionation (ionoSolv process) 189 

The pretreatment of the biomass was conducted as described by the ionoSolv standard 190 

operating procedure from the Hallett laboratory.38 All samples were run in triplicate. The 191 

lignocellulosic biomass was pretreated with the ionic liquid with a final water content of 20 192 

weight percent (wt%), taking into account the water content of the IL and the moisture content 193 

of the biomass. 194 

 195 

The solvent to biomass ratio used was 1:5 g g-1 or 20 wt% on an oven dried basis, according to 196 

the following equation: 197 

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

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠 × 𝑚𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑠 + 𝑚𝐼𝐿 + 𝑚𝑤𝑎𝑡𝑒𝑟
× 100 198 

 199 

where 𝑚 is the weight of 𝑚𝑐 the moisture content. 200 

 201 

The desired biomass and IL mixture were transferred into 15 mL ACE pressure tubes for the 202 

pretreatment for 1 hour at 150 °C. The cellulose-rich pulp was separated from the ionic liquid 203 

slurry, washed 3 times using 40 mL of high purity ethanol in 50 mL Falcon tube. The tube was 204 

shaken for 1 min and left to settle at room temperature for at least 1 hour. The tube was shaken 205 

again for 1 min and centrifuged at 3,000 rpm for 50 min. Followed, the cellulose pulp was 206 

further washed using 24 h Soxhlet extraction with high purity ethanol. Following Soxhlet 207 

extraction, the thimbles containing pulp were weighted and the weight of the pulp was recorded 208 

for pulp yield calculation. Cellulose pulp yield was calculated as follows.  209 

The ethanol used for the Soxhlet extraction was combined with the ethanol washings from the 210 

previous steps and evaporated under vacuum at 40°C with agitation, leaving a dried ionic 211 

liquid/lignin mixture (IL black liquor). 30 mL of distilled water was added to the black IL 212 

liquor to precipitate the lignin. The mixture was transferred into a clean 50 mL falcon tube, 213 
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shaken for one minute and left to settle at room temperature for at least 1 hour. The tube was 214 

centrifuged as above and the supernatant decanted and collected in a round bottom flask. This 215 

washing step for the recovered solid lignin was repeated two more times. Lignin was then 216 

freeze-dried using a LabConco FreezeDry Benchtop and dried lignin was weighed to obtain 217 

the lignin yield relative to biomass. The lignin was dried using a freeze dryer and the lignin 218 

yield was calculated on an oven dried basis. 219 

 220 

From the compositional analysis results of both untreated and pulp samples, glucan recovery, 221 

hemicellulose removal and lignin removal were calculated according to the following 222 

equations: 223 

 224 

𝐺𝑙𝑢𝑐𝑎𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%)  =  
𝐺𝑙𝑢𝑐𝑎𝑛𝑝𝑢𝑙𝑝 𝑥 𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑙𝑝

𝐺𝑙𝑢𝑐𝑎𝑛𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 225 

      226 

where Glucanpulp is the glucan content in the cellulose pulp, Yieldpulp is the yield of the pulp 227 

after ionoSolv processing relative to untreated biomass, and Glucanuntreated is the glucan content 228 

in the untreated biomass. The glucan content is the total glucose derived from either cellulose 229 

or hemicellulose. 230 

 231 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑜𝑠𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%)232 

=  
𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 − 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑝𝑢𝑙𝑝 × 𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑙𝑝

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 233 

 234 

where Hemicelluloseuntreated is the hemicellulose content of untreated biomass calculated as the 235 

sum of all sugars (except glucose) and Hemicellulosepulp is the hemicelluloses content in the 236 
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cellulose pulp. The hemicellulose content is the sum of the following carbohydrates: xylose, 237 

galactose, arabinose and mannose.   238 

 239 

𝐷𝑒𝑙𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (%)  =
𝐿𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 – 𝐿𝑝𝑢𝑙𝑝 ×  𝑌𝑖𝑒𝑙𝑑𝑝𝑢𝑙𝑝

𝐿𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
× 100 240 

 241 

where Luntreated is the lignin content in the untreated biomass and Lpulp is the lignin content in 242 

the recovered cellulose pulp after the ionoSolv pretreatment. 243 

 244 

VI. Trace element analysis 245 

The trace element levels were determined by closed microwave digestion followed by 246 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS), as adapted from the US 247 

Environmental Protection Agency 3051A protocol. All samples were run in triplicate on a dry 248 

biomass basis. For each sample, 9 mL 67-69 % HNO3 (trace element grade, Fischer Scientific) 249 

and 3 mL of 35-37 % HCl (trace element grade, Fischer Scientific) were added to 400 mg of 250 

sample in PFA digestion vessels. The samples were digested using a microwave reactor, 251 

whereby the samples were heated to 180°C and held for 10 min before cooling down. After 252 

cooling, the digested samples were diluted using ultra-pure 18 MΩ Milli-Q® water and passed 253 

through a 0.22 μm Whatman syringe filter for ICP-MS (7900 Agilent). Five calibrated solutions 254 

were prepared by mixing and diluting single-element and multi-element standards (Inorganic 255 

Ventures) of known concentrations. The matrix effects of the dilution mixture were corrected 256 

using internal standards. A certified reference material for trace elements (ERM® 144) was 257 

systematically digested in duplicate using the same procedure in order to validate the results. 258 

 259 
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VII. Saccharification assay 260 

Enzymatic saccharification was carried out according to an adapted procedure developed by 261 

the NREL protocol: ‘Low solids Enzymatic saccharification of lignocellulosic biomass’.39 262 

Samples were run in triplicate, along with blanks. 100 ±10 mg of pretreated and un-pretreated 263 

samples were incubated in a medium consisting of 5 mL of 0.1 M sodium citrate buffer at pH 264 

4.8, 40 μL of tetracycline antibiotic solution (10 mg mL-1 in 70 % ethanol), 30 μL of  265 

cycloheximide  antibiotic  solution (10 mg/mL in purified water), 40 μL of CTec2 enzyme mix 266 

from Novozymes and purified water, to obtain a final volume of 10 mL. Blank samples used 267 

100 μL of water instead of biomass to correct for any sugar background concentration. The 268 

saccharification was carried out at 50°C and 250 rpm for 7 days. Sugar concentrations were 269 

obtained after filtering 1 mL of the hydrolysate through a 0.2 µm PTFE syringe filter. Samples 270 

were run on a Shimadzu HPLC system (RID, Aminex HPX-87P Bio rad column, 300 x 7.8 271 

mm) with purified water as the mobile phase (0.6 mL min-1) at 85°C for 20 min. 272 

 273 

VIII. Ionic liquid recycling 274 

During pretreatment experiments incorporating IL recycling, the IL was recovered by removing water 275 

under reduced pressure following lignin precipitation. Water was removed from the IL solution in a 276 

pre-weighted round-bottomed flask, which was then weighed following water removal to determine the 277 

total mass of recovered IL solution (99% IL recovery rate).  278 

𝐼𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑚𝑟𝑒𝑐 × (1 − 𝑤𝑐𝑟𝑒𝑐 − 𝑠𝑐𝑟𝑒𝑐) + (1 − 𝑤𝑐𝑙𝑖𝑞 − 𝑠𝑐𝑙𝑖𝑞) × 𝑚𝑙𝑖𝑞

𝑚𝑖𝑛 × (1 − 𝑤𝑐𝑖𝑛 − 𝑠𝑐𝑖𝑛)
 279 

where m is the mass of IL solution, wc is the water content of the IL solution, and sc is the 280 

solute content of the IL solution (determined by HPLC analysis). Subscript rec refers to the 281 

recovered IL solution following the pretreatment cycle, liq refers to the aliquot of liquor taken 282 

following pretreatment for liquor analysis, and in refers to the IL solution input to the 283 

pretreatment. 284 
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All samples were run in triplicate. The water content of the IL was measured (V20 volumetric 285 

Titrator Mettler-Toledo). For the 2nd cycle of pretreatment, the water content of the IL liquor 286 

was adjusted with the addition of water to achieve the desired water content (20-40 wt%) and 287 

the solution was stirred until homogeneous. The recovered IL was either transferred into a 288 

pressure tube for cycle 2 and raw biomass was added accordingly for the next cycle; or 289 

electrodeposition was carried out on the recovered IL to remove PbII, the water content was 290 

adjusted again (addition / evaporation of water) and then used for the cycle 2. 291 

 292 

IX. Electrochemical Measurements 293 

Metal doped-IL solutions were prepared by using chloride metal salts CuCl2, FeCl2, PbCl2 and 294 

ZnCl2. Solutions of 1000 mg kg-1 in [H1Cim]Cl (40 wt% water, ultra-pure 18.2 MΩ Milli-Q® 295 

at 25°C) were used.  296 

An Autolab PGSTAT302A potentiostat (Metrohm) with NOVA software was used for all 297 

electrochemical experiments.  298 

For all cyclic voltammetry experiments, a glassy carbon disc electrode (1.5 mm radius) served 299 

as the working electrode. Prior to use, the working electrode was polished with a slurry of 0.05 300 

μm alumina particles on a soft microfibre polishing pad (MicroCloth, Buehler Ltd.) and then 301 

on a clean wet microfibre pad. A platinum coiled wire acted as the counter electrode and the 302 

reference electrode comprised a Ag/AgCl (3 M NaCl) glass-fritted electrode.  303 

Electrolysis experiments were conducted with a copper foil (Goodfellow, 99.9 %) substrate 304 

acting as the working electrode. The surface area of the copper foil electrode is 8.4 cm2 (7 cm 305 

length by 0.6 cm width and both sides). The counter electrode was a platinum coiled wire 306 

inserted into a glass tube with a CoralPorTM (7.8 nm pore size) frit. This served to separate the 307 

anolyte solution from the catholyte. The reference electrode comprised a Ag/AgCl (3 M NaCl) 308 

glass-fritted electrode. The electrolysis experiments were carried out for 1 hr at a negative 309 
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potential (-0.9 V vs Ag/AgCl for Pb deposition). During the electrolysis, small aliquots of the 310 

catholyte (0.1 mL) were taken and the concentrations of metals were determined using ICP-311 

MS.  312 

 313 

The charge efficiency, η, from the electrolysis was calculated using the following equation: 314 

 315 

η =
Q

𝑄𝑎𝑐𝑐
=

𝑛 × ℱ × 𝑚

𝑄𝑎𝑐𝑐
 316 

 317 

where Q is the charge calculated from the change in solution concentration, 𝑛 is the number of 318 

electrons, ℱ is the Faraday constant, 𝑚 is the number of moles deposited from the solution and 319 

𝑄𝑎𝑐𝑐 is the accumulative charge passed through the electrolysis experiment. 320 

 321 

3. Results and Discussion 322 

 323 

M. sinensis OPM-10 had performed well in multi-location trials across Europe and was selected 324 

for trialling on this exposed mine site because of its demonstrated resilience to cooler 325 

environmental conditions at a field trial in Wales 250 metres above sea level.2,40,41 OPM10 326 

biomass yield averaged at only 12.1 ± 0.29 g dry matter per plant on this challenging 327 

environment. The site is highly exposed, with organic matter and pH well below levels required 328 

for good productivity, ranging from 0.52 to 0.94 % and 4.32 to 5.67, respectively,42 and where 329 

portable X-ray fluorimeter readings indicated major metal contaminant concentrations in the 330 

unamended spoil, ranging from 5599 to 121261 mg kg-1 for Pb and 1008 to 1744 mg kg-1 for 331 

Zn. The EC Directive 86/278/EEC sets the limit for agricultural soil after treatment with 332 

sewage sludge to 300 mg kg-1 for Pb, and 200-250 mg kg-1 for Zn (at this pH). 333 
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 334 

Digestion of the Miscanthus biomass revealed contamination from Pb (6.47 g kg-1), Zn (0.35 335 

g kg-1), Fe (1.91 g kg-1), Cu (29.6 mg kg-1) and other trace elements such as Cr, Ni, As and Cd 336 

(Figure 1). The presence of Pb at such high levels could be due to surface adherence from 337 

windborne or splashed (following rainfall) contamination. It has previously been found that 338 

even rigorous biomass washing would not be able to fully remove such Pb-containing particles 339 

entrapped onto the biomass.43 However, where the aspiration is to remove and extract metals, 340 

such surface adhesion could be advantageous. Miscanthus species may be particularly 341 

beneficial here as there is considerable variation in their wax and silica components.44,45 342 

 343 

The European directive (78/611/EEC) sets the limit of lead in petrol between 0.2 and 0.56 g 344 

kg-1 of fuel.46,47 Moreover, the International Organization for Standardization (ISO) BS17225-345 

6 sets the limits for metal contents graded miscanthus pellets for commercial residential or 346 

industrial use; of which the harvested Miscanthus exceeds for As, Cu, Zn and Pb.48 Given the 347 

level of contamination of the biomass, independently of the speciation and location of the 348 

contaminant inside the organ of the plant, this feedstock requires detoxification and clean up 349 

prior to being utilised and valorised for any bioenergy purposes. 350 
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Figure 1. Trace element analysis of Miscanthus grown on Welsh metal mine tailings 351 

 352 

I. Fractionation of biomass using [H1Cim]Cl 353 

The biomass was pretreated using the protic ionic liquid 1-methylimidazolium chloride 354 

[H1Cim]Cl. This protic ionic liquid was selected because of its easy synthesis: one single step 355 

acid base reaction of two inexpensive starting chemicals in stoichiometric conditions.49 356 

Moreover, [H1Cim]Cl has the ability to extract metals by forming metal-complexes in aqueous 357 

solutions,28,50–52 while fractionating lignocellulosic biomass by solubilising the lignin and the 358 

hemicelluloses.53–55 The pretreatment conditions of the biomass were set at 150°C for 1 hour, 359 

given the lignin content is of Miscanthus as displayed in Figure 2 (a) and previous studies 360 

carried out on various lignocellulosic feedstocks for the ionoSolv process.25,56,57 Figure 2 (b) 361 

shows that the ionoSolv pretreatment was able to produce a cellulose-rich pulp, with 84 % 362 

glucan recovery, while removing 97.5 % of the hemicelluloses and 60 % of lignin. This 363 

deconstruction of the biomass from the ionic liquid pretreatment enabled 81.5 % of the 364 

theoretical maximum of glucose to be released through enzymatic saccharification of the pulp, 365 

a 3.8 fold increase compared to saccharification of the untreated (raw) samples of the feedstock. 366 

This shows that a pretreatment step is required to produce a biologically accessible cellulose 367 

pulp. After recovery of the pulp, 156.7 g of lignin per kg of raw biomass (dry matter basis) 368 

were recovered from the ionic liquid liquor by anti-solvent precipitation as lignin is insoluble 369 

in water. Lignin is often valorised for its energy value as a fuel, and the molecular changes and 370 

higher heating value of ionoSolv lignin have been studied elsewhere.25,58,59  371 
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   372 

 373 

Figure 2. (a) compositional analysis of the studied Miscanthus untreated and the pretreated 374 

pulp (b) outcome of the pretreatment using an aqueous mixture of 80 wt% [H1Cim]Cl 20 wt% 375 

water with a 1:5 g g-1 biomass/solvent loading at 150°C for 1 hour 376 

 377 

II. Metal extraction from the pretreatment 378 

[H1Cim]Cl not only have the ability to deconstruct lignocellulosic biomass but also to dissolve 379 

metal species during pretreatment. The metal contents in the ionoSolv cellulose rich pulp and 380 

precipitated lignin from the liquor were analysed and the results are displayed in Figure 3. 381 

[H1Cim]Cl pretreatment was able to extract 99.3 % of the major contaminant Pb from both 382 

product streams, namely the pulp and lignin. The percentages of metal extraction found in the 383 

pulp and lignin for Cu, Zn and Cd are within the same range, between 97 and 99 %. However, 384 

there are some differences in metal extraction for Fe, As, Ni and Cr. 61.5 % of original Fe from 385 

the biomass remained in the cellulose pulp, while 29.1 % of As, 28.8 % of Ni and 50.2 % of 386 

Cr remained in the cellulose pulp after pretreatment. The metal extraction based on the lignin 387 
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are above 99 % for Zn and Cd, around 94-96 % for Fe, As and Ni and at 79.8 % for Cr. The 388 

Cu content of the lignin is higher than in the pulp, with Cu extraction at 96.3 % in the pulp vs 389 

89.6 % in the lignin. 390 

 391 

Despite lignin being a potential absorbent for metals, the metal preferably remained in the 392 

[H1Cim]Cl liquor, and in the pulp to a lesser extent.60,61 The metal extraction from the ionic 393 

liquid occurs during the pretreatment at high temperature, where some metal (Fe, As, Ni, Cr) 394 

remain or redeposited onto the pulp. After pulp separation, water is added to the ionic liquid 395 

liquor to precipitate out and recover the lignin from the solvent. During this last stage, the 396 

metals stayed in the liquor and the lignin was found to only have a small residual metal content 397 

(Cu, Cr). 398 

 399 

We have produced here a cellulose rich pulp, with a theoretical enzymatic glucose release of 400 

81.5 %, with only Fe remaining in large quantity, 30 % of As and Ni and 50 % of Cr, as well 401 

as a lignin stream. [H1Cim]Cl was able to interact with the metal species in the biomass into 402 

the ionic liquid liquor, whether the metal species where extracted from the soil up the shoots 403 

or entrapped on the surface of the plant. The ionoSolv process was able to produce clean 404 

biorefinery products, without burning or ashing of the biomass. 405 

 406 
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(b) 407 

 408 

Figure 3. (a) metal extraction from the ionic liquid pretreatment in the pulp and lignin using 409 

[H1Cim]Cl at 150°C for 1 hr and 20 wt% biomass/solvent loading (b) metal concentration of 410 

the ionic liquid liquor [H1Cim]Cl after pretreatment 411 

 412 

III. Recycle of the IL and impact on the pretreatment 413 

Recycling of the solvent is an important aspect to take into account for a more sustainable 414 

process and integrating such chemical processes into a circular econom.62 Ionic liquids have 415 

negligible vapour pressures under standard process conditions, which makes recyclable.28 The 416 

results of the pretreatment after recycling are shown in Figure 4. We observe a noticeable 417 

decrease in the delignification rate of the biomass from 60 % (cycle1) to 49.2 % (cycle 2), 418 
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whereas the saccharification yield (glucose release) increased from 81.5 % to 90.3 %. In 419 

contrast to virgin IL, the IL liquor after pretreatment contains sugar degradation (e.g. HMF, 420 

levulinic acid, acetic acid, formic acid) products from the extraction of the hemicelluloses, and 421 

to some extent, solubilised lignin fragments, which have not precipitated. Small fragments of 422 

lignin are still solubilised in the liquor from the previous cycle, which can recondense back on 423 

the pulp in the subsequent pretreatment. Some of these fragments, also called ‘pseudo-lignin’, 424 

can even recombine with sugar degradation products (exhibiting lignin carbohydrates linkages) 425 

in solution and inhibit further enzymatic saccharification.63–65 The changes in lignin structure 426 

during the IL pretreatment occur in different stages and take time to reach equilibrium and 427 

steady state.26 Small water soluble lignin fragments can redeposit onto the pulp over cycle 2, 428 

but these fragments had not had enough time to react with sugar degradation products. Longer-429 

chains of extracted, more condensed lignin from cycle 1 and 2 precipitate in the liquor during 430 

cycle 2, rather than forming inhibitory pseudo-lignin entities. Overall, the pretreatment with 431 

recycled IL provided sufficient fractionation to give access to the cellulose for the enzymes. 432 

 433 

0

20

40

60

80

100

Pulp Miscanthus cycle 1 Pulp Miscanthus cycle 2

d
ry

 w
t 

%

Glucan Recovery Hemicellulose removal Delignification Glucose release



 21 

Figure 4.  Comparison of biomass pretreatment using [H1Cim]Cl  for 1 hour at 150°C on 434 

metal contaminated Miscanthus with virgin ionic liquid (cycle 1) and recycled ionic liquid 435 

(cycle 2) 436 

 437 

IV. Electrochemical behaviour and electrodeposition of PbII from [H1Cim]Cl 438 

It is now necessary to consider the recovery of metals from the contaminated ionic liquids.  439 

Figure 3 (b) shows that the ionic liquid contains more than 1000 mg kg-1 of Pb, with other 440 

metals such as Fe, Zn, Cu, Ni, Cr, As and Cd in smaller quantities. For the IL to be used in a 441 

cyclic manner, the accumulation of lead ions in the IL stream needs to be managed; Pb being 442 

the main metal contaminant of the biomass studied here. First, the electrochemical behaviour 443 

of PbII in [H1Cim]Cl (40 wt% water) was studied with cyclic voltammetry to assess the 444 

feasibility of using electrochemical strategies for the removal of metals from the IL stream and 445 

to define the electrode potentials for metal deposition.  446 

  447 

 448 

Figure 5. (a) Cyclic voltammogram showing the potential cycling of a 3 mm-dia. glassy 449 

carbon electrode in 1000 mg kg−1 PbII in [H1Cim]Cl, 40 wt% water. Scan rate was 50 mV s-1. 450 

(b) Accumulative charge over 1 hr for the electrodeposition of Pb from 1000 mg kg-1 PbII in 451 

[H1Cim]Cl, 40 wt% H2O. Potential applied was -0.9 V vs. Ag/AgCl 452 

 453 

(a) (b)
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Figure 5(a) shows the voltametric behaviour of PbII in [H1Cim]Cl, 40 wt% water. A negative-454 

going potential scan produced a reduction current wave and peak. This was consistent with the 455 

two-electron reduction of PbII to deposit Pb0. The subsequent positive-going potential scan 456 

produced a sharp oxidative peak, consistent with the dissolution of deposited Pb0 from the 457 

electrode surface. The formal potential for the PbII/0 redox couple is -0.62 V as previously 458 

reported.66  459 

 460 

Figure 5(b) shows the accumulative charge of a 1 hour electrolysis of a [H1Cim]Cl 40 wt% 461 

water solution containing 1000 mg kg-1 of Pb at – 0.9 V. The results from the electrolysis 462 

together with measured concentrations of the main electrolysis solution via ICP-MS were used 463 

to calculate the charge efficiency and the recovery of metal on the working electrode. 91.5 % 464 

of Pb was removed from the IL mixture by electrodeposited after an hour with a charge 465 

efficiency of 0.69. This shows that the concentration of Pb while recycling the IL for 466 

subsequent pretreatment can be managed in the via electrodeposition. The electrochemical 467 

behaviour of Zn, Cu and Fe were also studied and the results of the electrodeposition of Zn, Cu 468 

and Fe are available in the ESI (Figure S3-S5).  469 

 470 

V. Recycling of the IL and impact of the metal extraction 471 

Based on the electrodeposition results from metal doped-IL solutions, the IL liquor obtained 472 

after the pretreatment of Miscanthus was recycled and subjected to 1 hour electrolysis at -0.9V 473 

to manage metal concentration and recover the metals extracted from cycle 1. As we can see 474 

from figure 6(a), the potential used does not only remove Pb and Cu from the solution as 475 

expected, but also Zn and Fe to a lesser extent, as these metals have standard potentials less 476 

cathodic than -0.9V. 477 

 478 
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Figure 6(b) shows the metal extraction efficiency of the IL pretreatment with recycled IL, with 479 

and without the electrodeposition of Pb before the second cycle. The overall metal extraction 480 

efficiency is increased from 51.5 % to 63.11 % with the extra electrodeposition step, with all 481 

metal extractions significantly enhanced after electrolysis. The electrodeposition is carried out 482 

at -0.9 V; and results in the deposition of Pb and other metals with standard potentials less 483 

cathodic than -0.9 V. E.g. the electrodeposition of Fe from the IL liquor results in observable 484 

Fe extraction in the second cycle compared to recycled IL without electrodeposition (where no 485 

Fe extraction from the biomass is observed). Zn, As and Cr extractions are not affected by the 486 

electrodeposition, as the standard potentials of these metals are more cathodic compared to the 487 

electrolysis potential used, with similar extractions for both processed samples. Pb extraction 488 

increased by a 1.3-fold from the electrodeposition of Pb prior to cycle 2; Cu and Cd extraction 489 

also increased when comparing the two recycled ionic liquids used. The metal extraction from 490 

the pretreatment with recycled IL does decrease compared to the first cycle for all metals. This 491 

is due to metal solubility of the metals in the ionic liquid mixture reaching saturation. This 492 

shows the importance of a clean-up step from a metal enriched IL used in such a process. 493 

Depositing some of the metals prior to recycling via electrodeposition enhances the metal 494 

extraction properties of the IL liquor for a subsequent cycle. The competition for ligands to 495 

form metal-IL complexes would be a limiting factor at such high concentrations of 496 

metals.64,67,68 Further recycling studies to understand the impact of  electrodeposition time, its 497 

kinetics, a wider range of electric potentials used to remove all metals present should be 498 

investigated. The complexity of such system comes from the presence of a wide range of 499 

contaminants, as well as pretreatment degradation products and water. 500 

 501 

This work has shown the ability of the ionoSolv process to be able to integrate highly 502 

contaminated lignocellulosic biomass from MaCL into a sustainable biorefinery to produce 503 
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clean energy and chemicals; [H1Cim]Cl was recycled efficiently without impact on the 504 

performance of the pretreatment and is suitable media for the recovery of metals from the 505 

biomass via electrodeposition.  506 

 507 

  508 
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Figure 6. (a) Dissolved metal concentrations determined in IL liquor during the 1 hour 510 

electrolysis of the IL liquor E [H1Cim]Cl (40 wt% H20) from the first cycle of pretreatment. 511 

Copper foil electrode area = 4.2 cm2, potential applied -0.9V vs Ag/AgCl 512 

(b) Metal extraction based on pretreated pulps from the ionic liquid pretreatment of metal 513 

contaminated Miscanthus at 150°C for 1 hr using virgin [H1Cim]Cl (cycle 1), recycled 514 

[H1Cim]Cl and recycled and electrodeposited [H1Cim]Cl (cycle 2) (standard deviations 515 

between parentheses) 516 

 517 

4. Conclusion 518 

We have shown that combining highly contaminated perennial feedstocks grown on marginal 519 

land with a comprehensive ionic liquid pretreatment process can lead to environmental 520 

remediation, clean biofuel production and metal recovery, without the need to incinerate the 521 

biomass. Miscanthus has shown its tolerance and resilience regarding the presence of metals 522 

on a MaCL. Metal contaminated Miscanthus was fractionated into a clean cellulose pulp, and 523 

further saccharified into glucose, extracting 99 % of the main contaminant, Pb, from the 524 

feedstock. Lignin was precipitated and successfully recovered from the ionic liquid liquor. 525 

After one cycle of pretreatment, the ionic liquid liquor, which contained more than 1000 mg 526 

kg-1 of Pb, was used as a media for the electrodeposition of Pb. After clean up and electrolysis 527 

for 1 hour, the ionic liquid liquor was reused on fresh biomass, where we demonstrated the 528 

ability to fractionate the biomass and extract metals for a subsequent cycle to high efficiency. 529 

However, the recycling of ionic liquids should be studied over a larger number of cycles to 530 

investigate the impact of the electrodeposition and presence of degradation products on the 531 

overall ionoSolv process. Moreover, environmental concerns over the toxicity and safety of 532 

using such a protic ionic liquid should be investigated in further studies when modelling 533 

industrial scale-up; as well as cost of such solvent when carrying out economical assessments 534 
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of the ionoSolv process. This study demonstrates a new and innovative way to integrate the 535 

properties of ionic liquids into a process for phytoremediation feedstocks. Further life cycle 536 

and techno-economics assessments are needed to prove the benefits of this approach in terms 537 

of ecosystem services from marginal land, bioenergy production and environmental impact of 538 

an ionoSolv biorefinery using such protic ionic liquids. 539 

 540 
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 707 

I. Planting materials and set up 708 

Planting material comprised two accessions (Bs5237 and SWRF5004) of year-old Phalaris 709 

arundinaceae. Bs5237 is uncertified seed used for game cover, and was provided by Bright 710 

Seeds Ltd (Salisbury, England). SWRF5004 was donated to IBERS by Lantmännen (Sweden). 711 

This accession has parents originating from Switzerland, Yugoslavia, and Portugal. Both 712 

Phalaris accessions had performed well in pre-existing field trials in Wales, UK (unpublished 713 

data). Commercially available P. arundinaceae cv ‘Bamse’ was used as a guard row around 714 

the perimeter of the trial, and a fourth accession, Bs4947 (collected locally in Aberystwyth), 715 

was planted as a single row separating blocks 1-3, 4-6, and 7-9 from each other. P. 716 

arundinaceae were germinated in ‘Quickpot’ propagation 40 x (62x62x90mm) cell trays in 717 

Levingtons F2 before being transferred to 1 l pots containing John Innes no. 3, and eventually 718 

hardened, uncovered, on site at IBERS. Planting took place in August 2017 for 719 

P.arundinaceae. P. arundinaceae accessions, at 8.6 g ± 0.08 and 9.1 g ± 0.15 per plant for 720 

Bs5237 and SWRF5004, respectively. 721 
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 722 

Figure S1: plant trial block design at Bwlch glas mine. 723 
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 726 

Figure S2: trace element analysis of pooled biomass samples 727 

 728 

II. Electrochemical Measurements 729 

Metal doped-ionic liquid solutions were prepared by using chloride metal salts CuCl2, FeCl2, 730 

PbCl2 and ZnCl2. Solutions of 1000 mg.kg-1 in [H1Cim]Cl (40 wt% water, ultra-pure 18 MΩ 731 

Milli-Q®) were used. An Autolab PGSTAT302A potentiostat (Metrohm) with NOVA 732 

software was used for all electrochemical experiments.  733 
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For all cyclic voltammetry experiments, a glassy carbon disc electrode (1.5 mm radius) served 735 

as the working electrode. Prior to use, the working electrode was polished with a slurry of 0.05 736 

μm alumina particles on a soft microfibre polishing pad (MicroCloth, Buehler Ltd.) and then 737 

on a clean wet microfibre pad. A platinum coiled wire acted as the counter electrode and the 738 

reference electrode comprised a Ag/AgCl (3 M NaCl) glass-fritted electrode.  739 

Electrolysis experiments were conducted with a copper foil (Goodfellow, 99.9%) substrate 740 

acting as the working electrode. The surface area of the copper foil electrode is 8.4 cm2 (7cm 741 

length x 0.6 cm width both sides). The counter electrode was a platinum coiled wire inserted 742 

into a glass tube fritted with CoralPorTM (7.8 nm pore size). This served to separate the anolyte 743 

solution from the catholyte. The reference electrode comprised a Ag/AgCl (3 M NaCl) glass-744 

fritted electrode. The electrolysis experiments were carried out for 1 hr at varying potentials (-745 

0.9 V vs Ag/AgCl for Pb and Cu deposition and -1.2 V and -1.4 for Fe and Zn deposition, 746 

respectively). During the electrolysis, small aliquots of the catholyte were taken (0.1 mL) and 747 

the concentration of metals were determined using ICP-MS.  748 

 749 
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 750 

Figure S3. Cyclic voltammograms showing the potential cycling of a 3 mm-dia. glassy 751 

carbon electrode in 1000 mg.kg−1 (a) CuII, (b) FeII and (c) ZnII in [H1Cim]Cl (40 wt% 752 

water). Scan rate was 50 mV s-1. 753 

 754 

(a) CuII

(b) FeII (c) ZnII
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 755 

Figure S4: Accumulative charge over 1 hr for the electrodeposition in [H1Cim]Cl, 40 wt% 756 

H2O with 1000 ppm of (a) Cu from CuII potential applied was -0.9 V vs. Ag/AgCl, (b) Fe from 757 

FeII potential applied was -1.2 V vs. Ag/AgCl, (c) Zn from ZnII potential applied was -1.4 V 758 

vs. Ag/AgCl 759 

(a) CuII, -0.4 V

(b) FeII, -1.2 V (c) ZnII, -1.4 V
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Figure S5(a) % recovery by mass and (b) charge yield of PbII(II), CuII(II), FeII(II) and ZnII(II) 760 

recovery from 1000 ppm solutions of [H1Cim]Cl, 40 wt% H2O after 1 hr electrolysis with a 761 

copper foil electrode. Electrode area = 4.2 cm2. The deposition potential was -0.9 V for Pb 762 

and Cu recovery experiments and -1.2 and -1.4 V for Fe and Zn recovery experiments, 763 

respectively. 764 

 765 
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