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nd Japanese Knotweed: invasive
species as innovative crops for second generation
biofuels for the ionoSolv process†

Louis M. Hennequin, Karen Polizzi, Paul S. Fennell and Jason P. Hallett

We investigated the potential of two terrestrial biomass invasive species in the United-Kingdom as

lignocellulosic biofuel feedstocks: Japanese Knotweed (Fallopia japonica) and Rhododendron

(Rhododendron ponticum). We demonstrate that a pretreatment technique using a low-cost protic ionic

liquid, the ionoSolv process, can be used for such types of plant species considered as waste, to allow

their integration into a biorefinery. N,N,N-Dimethylbutylammonium hydrogen sulfate ([DMBA][HSO4])

was able to fractionate the biomass into a cellulose-rich pulp and a lignin stream at high temperatures

(150–170 �C) and short reaction times (15–60 minutes). More than 70–80% of the subsequent cellulose

was hydrolysed into fermentable sugars, which were fermented into the renewable energy vector

bioethanol.
Introduction

Lignocellulosic or ‘woody’ biomass is the most abundant source
of renewable feedstock on Earth. It can be processed and
transformed into energy, fuels and chemicals. Unlike their
starchy and sugary analogues (sugar cane, beets, also called rst
generation biofuels), woody feedstocks do not compete with
food crops for land use, or require less fertiliser inputs, so their
environmental footprint can be reduced.1 Nevertheless, both
rst and second generation biofuels also come with challenges
related to sustainability of bioenergy production and use and
their role in climate change mitigation. In particular, the
impact of bioenergy production on land use and availability was
highlighted by the special report of the International Panel on
Climate Change in 2019.2 Increase in bioenergy use can have
signicant effects on food security (competition for land),
biodiversity and ecosystems (intensive deforestation) and
resources (water and nutrients in soils).3,4 One way to ensure
such bioenergy production in a sustainable manner is to use
marginal areas or/and innovative biomass resources such as
lignocellulosic waste and residues.5

Invasive Non-Native Species (INNS) were recognised as one
of the 5 top threats to the natural environment in the United
Kingdom.6,7 They not only have damaging consequences on
natural habitats but also have socioeconomic repercussions on
human activities, to the extent that residues from such biomass
are a controlled waste in the UK.8 Terrestrial plant invasive
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species are diverse, but they do exhibit one common chemical
characteristic: they are comprised of lignocellulosic biomass.9

Amongst them, Japanese Knotweed (JPK) and Rhododendron
(RHDN), are two of the most common INNS in the United
Kingdom under the Wildlife and Countryside Act of 1981
(schedule 9).10 Policies involving woody invasive species have
been discussed in North America, with more attention to bio-
invasion of current species, caution around risk management,
and transport.11,12 In addition to legal and logistical concerns,
another barrier to using invasive species for bioenergy is the
biorenery limitations, which are essentially made for one
specic type of feedstock, and the technologies would not be
exible enough to integrate a variety of woody species.13,14

All lignocellulosic feedstocks exhibit a more complex
molecular structure than their rst generation analogues: they
are made of a matrix of three polymers, in varying proportions:
cellulose, hemicellulose and lignin. The presence of lignin in
the plant hinders the subsequent transformation of the poly-
saccharides into a fuel, e.g. bioethanol. Specically, lignin
prevents enzymes from hydrolysing the polysaccharides into
their monomers, which would be fed to microorganisms for
nal fermentation into bioethanol. A pretreatment step is
needed for lignocellulosic feedstocks to rst separate the
different components of the matrix.

Numerous pretreatment methods have been developed for
such purposes: physical (ball milling, extrusion), chemical
treatments (Organosolv, alkaline) or biological tech-
niques.15–18,31 Some involve the use of ionic liquids, which are
designer solvents made of an anion and a cation and can be
synthesised to be very task specic.19 Ionic liquid based
pretreatments have been used successfully on a variety of
dedicated energy crops or agricultural waste to produce
RSC Adv., 2021, 11, 18395–18403 | 18395
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bioenergy.19–21 There are several approaches for utilising ligno-
cellulosic biomass and a wide range of ionic liquids can be
used.21–25 The dissolution process uses ionic liquids, with
a strong hydrogen bond basicity anion (oen imidazolium
based), for the whole dissolution of the biomass and subse-
quent isolation of the compounds.23,26–30 The ‘one pot process’
uses biocompatible ionic liquids such as ethanolamine
acetate.32–35 The biomass is pretreated and the slurry can be
saccharied with no pH adjustment.36 Finally, the fractionation
process selectively dissolves lignin and hemicellulose, leaving
a cellulose pulp, which can be washed and further utilised; and
a lignin stream.37–43 The ionoSolv pretreatment is a fraction-
ation process, which uses acidic low-cost protic ionic liquids to
deconstruct lignocellulosic biomass by selectively dissolving the
lignin and the hemicelluloses, leaving a rich cellulose pulp, and
recovering lignin with an antisolvent.37 It has been used
successfully on a wide range of biomass feedstocks: grasses,
sowoods and hardwoods.44–47

Efforts to investigate and study invasive species as a biofuel
feedstock are still scarcely present in the scientic literature,
mainly for African and North American species.48–50 Here, we
demonstrate that the ionoSolv process is feedstock agnostic,
and provide characterisation of two UK invasive species as
lignocellulosic feedstocks. These species can be integrated into
a exible biorenery process to produce revenue from species
that are an environmental threat and economic burden,
contributing to the incentive to remove them from a site.
Experimental
Feedstock

Japanese Knotweed dried stems were supplied by the Japanese
Knotweed Ltd. Rhododendrons were collected by Mrs T. Dancey
from a public area at a roadside in Dorset. All material was air-
dried, ground and sieved (180–850 mm).
Ionic liquid synthesis

N,N,N-Dimethylbutylamine was purchased from Sigma Aldrich
with a purity of >99%, 5mM sulfuric acid. All commercial reagents
and solvents were used as received unless otherwise stated.

N,N,N-Dimethylbutylammonium hydrogen sulfate, [DMBA]
[HSO4] was synthesised in a one-step acid-based reaction in equi-
molar conditions. One mole of the amine, N,N,N-dimethylbutyl-
amine (101.19 g), was weighed into a 500 mL round-bottom ask
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 volu-
metric Karl Fisher titrator (V20 Mettler-Toledo).

1H NMR: dH (400 MHz, DMSO-d6)/ppm: 9.24 (s, 1H, N–H),
3.02 (dt, J¼ 12.9, 5.0 Hz, 2H, N–CH2), 2.76 (d, J¼ 4.3 Hz, 6H, N–
(CH3)2), 1.64–1.51 (m, 2H, N–CH2–CH2), 1.30 (h, J ¼ 7.4 Hz, 2H,
N–CH2–CH2–CH2), 0.89 (t, J ¼ 7.4 Hz, 3H, N–CH2–CH2–CH2–

CH3).
13C NMR dC (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).
18396 | RSC Adv., 2021, 11, 18395–18403
Compositional analysis

Compositional analysis was carried out according to a pub-
lished procedure by the National Renewable Energy Laboratory
(NREL).51 Briey, 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 ltered through ltering ceramic crucibles
of a known weight with ltrate used to determine acid soluble
lignin by UV analysis at 240 nm and carbohydrate concentra-
tions. The determination of the total sugar content was carried
out using an HPLC system with a Refractive Index Detector
(RID) (Shimadzu, Aminex HPX-87P from Bio rad, 300� 7.8 mm,
puried water as mobile phase at 0.6 mL min�1, column
temperature 85 �C, 25 minute run).

The crucibles were oven dried at 105 �C overnight before
weighing to determine acid insoluble lignin and then incubated
at 575 �C in a muffle furnace to determine ash content, as
described in the NREL protocol. The reported lignin content is
the sum of the acid soluble and acid insoluble lignin contents.

The ionic liquid liquor compositional analysis was carried
out using a Shimadzu HPLC system (RID, Aminex HPX-87H Bio
rad column, 300 � 7.8 mm) with 0.005 M H2SO4 as mobile
phase (0.6 mL min�1). The column temperature was 55 �C and
the time acquisition was 35 min.
Fractionation of biomass

The pretreatment of the biomass was conducted as described by
the ionoSolv standard operating procedure from the Hallett
Laboratory.52 All samples were run in triplicates. The lignocel-
lulosic biomass was pretreated with the ionic liquid with a nal
water content of 20 wt%, taking into account the water content
of the IL and the moisture content of the biomass. The solvent
to biomass ratio used was 1 : 5 g g�1 on an oven dried basis. The
biomass was then pretreated for a set time and temperature in
a convection oven. The pretreated pulp fraction was then
washed by Soxhlet overnight to remove any residual ionic liquid
using ethanol (VWR). The pulp was weighed and pulp yield was
calculated on an oven dried basis. 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 biomass used. Aer
centrifugation, the ionic liquid liquor was recovered and sepa-
rated from the lignin. The lignin was dried using a freeze dryer
(LabConco FreezeDry Benchtop) and the lignin yield was
calculated on an oven dried basis.

On the basis of compositional analysis of both untreated
samples and pulps from the ionoSolv process, glucan recovery,
hemicelluloses removal and delignication were determined
according to eqn (1)–(3) respectively:

Glucan recovery ¼ (glucanpulp � yieldpulp)/glucanuntreated (1)

where glucanpulp is the glucan content in the cellulose pulp,
yieldpulp is the yield of the pulp aer ionoSolv processing rela-
tive to untreated biomass, and glucanuntreated is the glucan
content in the untreated biomass.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01943k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
9/

20
24

 8
:3

1:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Hemi removal ¼ (hemiuntreated � hemipulp � yieldpulp)/

hemiuntreated (2)

where hemiuntreated is the hemicellulose content of untreated
biomass calculated as the sum of all sugars (except glucose) and
hemipulp is the hemicelluloses content in the cellulose pulp.

Delignification ¼ (ligninuntreated � (ligninpulp � yieldpulp))/

ligninuntreated (3)

where ligninuntreated is the lignin content in the untreated
biomass and ligninpulp is the lignin content in the recovered
cellulose pulp aer the ionoSolv pretreatment.
Saccharication assay

Enzymatic saccharication was carried out according to an
adapted procedure developed by the NREL in triplicates.53 The
saccharication was carried out on air dried samples at 50 �C
and 250 rpm for 7 days, according to the NREL protocol and
previous research done in the Hallett Laboratory.54,55 Briey, 100
� 10 mg of pretreated and un-pretreated samples were incu-
bated in a medium consisting of 5 mL of 1 M sodium citrate
buffer at pH 4.8, 40 mL of tetracycline antibiotic solution, 30 mL
cycloheximide antibiotic solution, 40 mL of CTec2 enzyme mix
from Novozymes and puried water to obtain a nal volume of
10 mL. Blank samples used 100 mL of water instead of biomass
to correct for any sugar background concentration. Sugar
concentrations were obtained aer ltering 1 mL of the
hydrolysate through a 0.2 mm PTFE syringe lter. Samples were
run on a Shimadzu HPLC system (RID, Aminex HPX-87P Bio rad
column, 300 � 7.8 mm) with puried water as the mobile phase
(0.6 mL min�1) at 85 �C for 20 minutes. The conversion of
glucose was then calculated according to the NREL protocol,
taking into account the anhydrous correction factors of the
polysaccharides, the pulp yields from the pretreatment and the
glucan content of the untreated biomass from compositional
analysis.
Elemental analysis

The CHNS analysis was performed using a Vario Micro tube
supplied by Elementar, consisting of a dynamic ash combus-
tion 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 calculated
according to the Demirbas formula (an adaptation of Dulong's
formula)56 on a dry ash free basis, according to eqn (4):

HHV ¼ 33.5 � C + 142.3 � H � 15.4 � O � 14.5 � N (4)

where C ¼ carbon content, H ¼ hydrogen content, O ¼ oxygen
content, and N ¼ nitrogen content.
Gel permeation chromatography (GPC)

GPC measurements were performed using an Agilent 1260
Innity instrument equipped with a Viscotek column set
(AGuard, A6000M and A3000M). The Agilent 1260 Innity RID
© 2021 The Author(s). Published by the Royal Society of Chemistry
detector was used for detection. HPLC grade DMSO containing
1 g L�1 of Lithium Bromide was used was the effluent at 0.4
mL min�1 at 60 �C. Samples were prepared by dissolving 20 mg
lignin in 1 mL eluent and ltered through a 0.2 mm syringe
lter. Ten pullulan standards (Agilent calibration kit, 180 < Mp
< 780 000) were used for calibration. GPC was used on the lignin
to determine their molecular distributions and absolute molar
masses (Mw and Mn and polydispersity Đ, where Đ ¼ Mw/Mn).
Fermentation

Solutions with sufficient concentration of glucose (around
20 mg mL�1) were obtained by carrying out enzymatic
saccharication over 24 hours with high enzyme loading.
330 mg of pulp samples or 1.6 g untreated samples (dry matter)
were incubated with 4 mL of sodium citrate buffer at pH 4.8,
4 mL of puried water and 400 mL of CTec2 enzyme mix from
Novozymes. Saccharied samples were then centrifuged to
remove the solids and the resulting glucose containing solu-
tions were used to make a medium by mixing with 1� yeast
nitrogen base (YNB) with amino acids. The concentration of the
resulting solutions was checked using the HPLC system (Shi-
madzu, RID detector, Aminex HPX-87P from Bio rad).

Single colonies (OD600 of 0.1) of Saccharomyces cerevisiae
BY4741 [MATa his3D1 leu2D0 met15D0 ura3D0] were used for
the fermentation studies on the hydrolysate solutions. The
fermentation was carried out in triplicates at 30 �C with shaking
at 250 rpm for 48 hours in an incubator (Labnet International).
Aer the fermentation, the optical density of the cultures was
measured to check for any abnormal high density due to
bacterial development. The supernatant was analysed using an
HPLC system (RID detector, Aminex HPX-87H Bio rad column,
300 � 7.8 mm, 0.005 M H2SO4 as mobile phase, 0.6 mL min�1

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.
Results and discussion
Compositional analysis of untreated biomass

Japanese Knotweed (JPK) and Rhododendron (RHDN) samples
were rst analysed for their glucan, hemicellulose and lignin
content (Fig. 1), which have not been previously reported in the
literature. The results show that JPK has the highest glucan and
lignin contents between the two feedstocks with 40.2% and 32%
respectively, with a lower hemicellulose content of 15.4%.
Rhododendron exhibits a higher hemicellulose content than
JPK at 26.9%, with lower glucan and lignin. These values can be
compared to typical biofuel crops reported in the literature and
used for the ionoSolv process as seen in Fig. 1: a grass such as
Miscanthus with a glucan content of 43.2%, a sowood such as
pine (S. sylvestris) 43.4% or a hardwood such as willow (Salix
spp).45,46 The results of the compositional analysis of JPK are
close to that for pine, with a high glucan (above 40%) and lignin
content (30–40%) and lower hemicelluloses. On the other hand,
RHDN exhibits similar composition to a hardwood such as
willow with more distributed portions of the polymers. These
RSC Adv., 2021, 11, 18395–18403 | 18397
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Fig. 1 Compositional analysis of the Japanese Knotweed and
Rhododendrons used for this study, shown alongside other typical
biofuel feedstocks.45–47

Fig. 2 Enzymatic hydrolysis conversion of untreated samples and the
pulp obtained from the pretreated pulps at 150 �C and 170 �C.
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results show that these invasive species exhibit a composition
comparable to those suitable for second generation of biofuels
and reported in the literature.46

Given the high lignin content of the feedstocks at 32.6% and
41.7% for RHDN and JPK respectively, if the cellulose is to be
prepared for subsequent enzymatic hydrolysis and fermenta-
tion into a biofuel, they will require a pretreatment step.
Biomass deconstruction and cellulose digestibility

The ionic liquid N,N,N-dimethylbutylammonium hydrogen
sulfate – [DMBA][HSO4] – was selected for its easy synthesis
consisting of an equimolar acid–base reaction between two
inexpensive starting chemicals; but also for its performance for
quantitative sugar release from pine compared to other protic
ionic liquids.46 The price range of [HSO4]

� based ionic liquids
was estimated between $0.78 to $5.88 kg�1, which is competi-
tive with organic solvents such as acetone or ethyl acetate.57,58

The parameters of the ionic liquid pretreatment can be
tuned depending on the biomass and the preferred outcome of
the pretreatment. In this study, we investigated the effect of
time and temperature of the treatment with time course
pretreatments (varying of time and temperature of the biomass–
ionic liquid reaction) and analyse how these species respond to
ionoSolv fractionation. The glucose release aer 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, chosen an end-use
example of the cellulose rich pulp in this study. 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).
As shown in Fig. 2, 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.

Time courses at 150 �C and 170 �C were performed, based on
the compositional analysis of the feedstocks studied here, and
18398 | RSC Adv., 2021, 11, 18395–18403
previous research carried out for woody samples, involving
temperatures above 120 �C combined with shorter reaction
times (less than 2 hours).45–47,59 The trends concerning the pulp
and the lignin yields are available in the ESI (Fig. S1†).

The maximum glucose release for RHDN was achieved at 30
minutes and 170 �C with 75.6% glucose (a 6-fold increase
compared to the untreated tests) and 71.5% for 45 minutes at
170 �C. This is similar to what has been reported with pretreat-
ment of pine using [DMBA][HSO4] with sugar releases over 70%
at high temperature and short reaction time (170 �C, 30 min).46

Aer 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 condi-
tions, or re-deposition of pseudo-lignin (hydrolysed smaller
fragments of lignin, possibly re-condensed with degradation
products) on to the surface of the pulp during the process.47

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 aer 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 glucan content than RHDN; higher
temperatures would degrade the glucose faster, while solubil-
ising 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 analysis for JPK and RHDN
respectively.
Cellulose pulp composition

Aer the pretreatment, three fractions are obtained: a cellulose-
rich pulp, lignin precipitated from the liquor and an ionic
liquid liquor.

The compositions of the pulps were determined to assess the
cellulose purity and effect of the ionic liquid on the
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01943k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
9/

20
24

 8
:3

1:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lignocellulosic matrix. The results are shown in Fig. 3. Both
pulps still retain some lignin, since the delignications are just
below 90%. This level of lignin extraction in the pulps is enough
to deconstruct the biomass and achieve signicant sacchari-
cation yields as shown in Fig. 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).60,61

The pretreatment yields high cellulose purity of the pulps:
62% for RHDN and over 73% for the JPK, which represents
a glucose recovery of 96.2% and 70.8% respectively. Even
though the glucose recovery is lower for the JPK, which has
a higher initial glucan content (Fig. 1), the cellulose purity of the
pulp is higher. This could be due to hydrolysis of the less
crystalline regions of cellulose during pretreatment.62 Overall,
the ionic liquid fractionated the biomass during the pretreat-
ment, leaving a rich cellulose pulp with around 5% of hemi-
celluloses and some lignin, which has been disrupted.
Fig. 3 (A) Compositional analysis of the pulps recovered from the
pretreatment (170 �C 30min for RHDN, 150 �C 1 h for JPK). (B) Analysis
of the pulp from the pretreatment (170 �C 30min for RHDN, 150 �C 1 h
for JPK). Values are in weight percentage.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Lignin analysis

Following the pretreatment, the lignin and the hemicelluloses
are solubilised in the ionic liquid liquor. Lignin being insoluble
in water, it can be precipitated from the liquor by the addition
of water as an anti-solvent. Extensive study of the ionoSolv
lignin structure was not in the scope of this study, and has been
done elsewhere.25,63 Here, elemental analysis was performed to
assess the higher heating value of the ionoSolv lignin for
incineration, while gel permeation chromatography was used to
determine the molecular size and weight of the lignin extracted
from the pretreatment.

The Higher Heating Values (HVV) of the lignins from the
best performing pulps were calculated and shown in Table 1
(the values for the lignin for all the time courses are shown in
Fig. S2†). 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).64,65 The lignin extracted from the ion-
oSolv process exhibits 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.66,67 ion-
oSolv lignin can be burned for energy as a fuel, with more
energy liberated than untreated biomass, contributing to the
valorisation of all products derived from the pretreatment of the
biomass.

If not burned for energy, lignin can also be used as
a precursor for value added chemicals, for which character-
isation of the lignin is oen needed.17,42 The GPC results
determined the average molecular weight (Mn), the number
molecular weight (Mw) and the dispersity (Đ) was calculated for
the lignin extracted from the pretreatment (Table 1). We can
observe a trend of the Đ is higher for RHDN than JPK: as the
time of pretreatment increases, so does the Đ. This is due to the
higher cleavage of lignin ether bonds in harsher pretreatment
conditions.68 This trend has been observed for other lignocel-
lulosic feedstocks such as Miscanthus and Willow with protic
ionic liquids and similar pretreatment conditions.45,47 Higher
temperatures tend to accelerate lignin condensation reactions
with fragments of lignin and possibly degradation products
(pseudo-lignin). The values for both Mn and Mw for RHDN
seems to be higher than the ones reported for pine using the
same conditions (Mn 775 Da, Mw 4949 Da).46

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.45,69 The desired properties of
ionoSolv lignin from invasive species would depend on its end
Table 1 Higher Heating Values (MJ kg�1), average molecular weight
Mn (Da), number molecular weight Mw (Da), and polydispersity (Đ) of
the samples studied

Sample HHV Mn Mw Đ

RHDN ionoSolv lignin (170 �C 30 min) 24.50 1291 6321 5.1
JPK ionoSolv lignin (150 �C 1 h) 23.28 1064 5040 4.67
RHDN untreated biomass 16.34
JPK untreated biomass 16.31
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application. Lignin with higher molecular weight is preferable
for composite materials such as llers, while lower molecular
weight lignin is oen used in biological routes.24,70,71

Different lignin structures and properties between feed-
stocks and even within feedstocks affect the delignication
chemistry in biomass fractionation using ionic liquids.72

However, this study demonstrates that the ionoSolv pretreat-
ment can be feedstock agnostic and applied for a variety of
different lignocellulosic feedstocks, such as UK invasive
species, to extract lignin and generate a cellulose rich pulp.
Fermentation to bioethanol

To demonstrate potential valorisation of the hydrolysate,
fermentation of the glucose solutions into bioethanol was per-
formed. 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 Fig. 4.

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 val-
orisation into a fuel. The yield of glucose conversion into bio-
ethanol 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. The signicant difference between the fermentation of
RHDN and JPK can be explained by the presence of fermenta-
tion inhibitors in the hydrolysate.73 The presence of degradation
products from the pretreatment such as furans and carboxylic
acids can hinder the fermentation of yeasts.74 In fact, the HPLC
analysis of solutions aer fermentation (Fig. S3 ESI†) show
slightly 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.

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 signicant yields, especially for RHDN. Such
biomass can be used as a resource to feed into the ionoSolv
Fig. 4 Ethanol yields from the hydrolysate of pretreated pulps (with
the highest glucose release), standardised to the amount of biomass
used (dry matter).

18400 | RSC Adv., 2021, 11, 18395–18403
process and could have a signicant positive environmental
impact. Instead of being burned as contaminated waste, this
biomass could be used to yield renewable and nancially
attractive compounds using an innovative technology that has
proven successful on other feedstocks (sowoods, hardwoods,
grasses).
Technoeconomic considerations

The associated costs of a contractor clearing a site infested with
JPK ranges from £7k to £10k, depending on the site. 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.10,75,76 The most common methods advised
by DEFRA and the Environmental Agency when dealing with
such species include spraying of chemicals, burying or burning
the plants. Alternatively, they can be disposed of off-site, usually
by hiring a specialist contractor – but these methods are
expensive and can have repercussions on the environment.6–8,77

The Scottish Government offers rural payment schemes for land
users to manage an infested area: £5500 per hectare for manual
eradication of an RHDN infestation; land users can claim up to
£17 000 for treating with one hectare of a JPK-infested site with
herbicide.77,78 Through this study, we have shown that a chem-
ical engineering process for biomass can be an alternative to
herbicide treatment or waste disposal and that these invasive
species can instead be a source of useful products and fuels.

An economic assessment of the ionoSolv process has been
reported in the literature using virgin wood at an industrial
size.59 The results of this study for the invasive species were
adapted to assess if an economic prot can be made using this
biomass: the pulp and lignin yields for RHDN, the amount of
coproducts found in the liquor, i.e. furfural and acetic acid, and
the amount of RHDN that could be utilised. With RHDN taking
up 3.3% of Britain's woodland (98 700 ha), this feedstock
represents a potential self-sufficient market for a biorenery.
This could represent a signicant increase in land used for
bioenergy without competing with food or forests.79 JPN would
still have value and could be used in co-processing with RHDN.
The details of the technoeconomic assessment can be found in
the Tables S4 and S5 of the ESI.†

We can assume that most of the capital, energy, water and
solvent costs are equivalent for all type of feedstocks at scale for
the ionoSolv plant. However, it has been assumed that the
feedstocks are “free”, so that the costs of obtaining them are
covered by the grants for removing them (and bearing in mind
that they would ordinarily need to be disposed of as controlled
waste at great expense). Table 2 shows that based on this study,
an actual net gross margin could be made from using the aerial
parts of such invasive species if they were integrated into an
ionoSolv biorenery.

We can deduce from the values of Table 2 that the ionoSolv
process becomes neutral if a ton of species has a cost at the
factory gate of £83 per ton of biomass. This mean would mean
that a subsidy that would bring down the price of the feedstock
below £83 per ton of invasive species to be sent through the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Techno-economic considerations of the integration of
RHDN as an invasive species into the ionoSolv process at scale (more
details can be found in the ESI)

Revenue (per ton of biomass) Cost (per ton of biomass)

Pulp £72 Ionic liquid solvent £16
Lignin £33 Water use £4
Furfural £40 Capital cost £13
Acetic acid £23 Energy £51

Biomass £0
Total £167 £84
Net gross margin £83 (50%)
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ionoSolv factory, would make a prot. The market price of
typical biofuel feedstocks can range between £52 and £60 per
ton of biomass (pine, wood pellets, Miscanthus).80–82 This shows
that such invasive species feedstocks could be used to produce
valuable chemicals using the ionoSolv process, with little
subsidy from the government; and lead to great savings in
government funds currently used to tackle such invasive species
from spreading. This work clearly demonstrates that
a hazardous material, appropriately managed, can become
a revenue stream; and can be integrated into the ionoSolv
technology at larger scale.

To the authors' knowledge, this is the rst time UK invasive
species such as JPK and RHDN were investigated as biofuel
feedstocks. This represents an upgrading of an under-utilised
biomass, that is very hard to eradicate by chemical and physical
means. In combination with strict management practises to
avoid further spreading of invasive species (i.e. transport,
harvest), this could lead to reducing the negative environmental
impact of the invasive species by creating renewable energy and
therefore a revenue, allowing eradication at a lower cost.
Conclusion

We determined that the composition of two UK invasive species,
Japanese Knotweed and Rhododendron, are comparable to
typical biofuel feedstocks, such as pine and willow. The ion-
oSolv process is capable of processing this biomass at high
temperature and short reaction times into value-added bio-
products, demonstrating potential as an energy feedstock. This
pretreatment process proves again that it is feedstock agnostic,
yielding a very high 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 valorised to produce heating energy. Under correct
handling and transport, such invasive species could be feed into
the ionoSolv process and generate revenue, with a gate fee of
£83 per ton. As these feedstocks are easily available and not
agriculturally grown on purpose, they have the advantage of
take the pressure off land use and land availability for the
production of bioenergy.
Conflicts of interest

There are no conicts to declare.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Acknowledgements

We thank the Grantham Institute for the NERC SSCTP
studentship of L. M. H. Further funding was provided by the
UKRI Supergen Bioenergy Hub (EP/S000771/1). We would also
especially thank Mrs T. Dancey for collecting the Rhododen-
dron samples and Simon Wreford from Japanese Knotweed Ltd
for providing the knotweed samples.
References

1 N. Sorek, T. H. Yeats, H. Szemenyei, H. Youngs and
C. R. Somerville, Bioscience, 2014, 64, 192–201.

2 International Panel on Climate Change, Special Report on
Climate Change and Land, 2019.

3 International Panel on Climate Change, Renewable Energy
Sources and Climate Change Mitigation, 2011.

4 P. Smith and J. R. Porter, GCB Bioenergy, 2018, 10, 428–431.
5 S. Abraham, T. Andrew, O. Bellamy, E. Davies, A. Goater,
R. Hay, M. Hemsley, S. Livermore, C. Mackenzie, R. Millar,
A. Scudo, S. Smith, I. Thillainathan, T. Wettingfeld,
N. Wyatt, J. Barrett, K. Brown, B. Freeman, S. John Harry,
E. Kmietowicz, S. Cornelius, I. Donnison, J. House,
R. Murphy, P. Smith, G. Taylor, I. Tubby, K. Willis,
J. Whitaker and J. Woods, Biomass in a Low-Carbon
Economy, Committee on Climate Change, 2018.

6 Gov UK, UK Government Guidance page: Stop invasive non-
native plants from spreading, 2014.

7 Environmental Audit Committee, House of Commons
Environmental Audit Committee Report: Invasive Species, 2019.

8 Environment Agency, The knotweed code of practice: managing
Japanese knotweed on development sites, 2006.
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23 P. Mäki-Arvela, I. Anugwom, P. Virtanen, R. Sjöholm and
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