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A number of ionic liquids (ILs) with economically attractive production costs have recently received growing interest as media for the
delignification of a variety of lignocellulosic feedstocks. Here we demonstrate the use of these low-cost protic ILs in the deconstruction of
lignocellulosic biomass (lonosolv pretreatment), yielding cellulose and a purified lignin. In the most generic process, the protic ionic liquid is
synthesized by accurate combination of aqueous acid and amine base. The water content is adjusted subsequently. For the delignification, the
biomass is placed into a vessel with IL solution at elevated temperatures to dissolve the lignin and hemicellulose, leaving a cellulose-rich pulp
ready for saccharification (hydrolysis to fermentable sugars). The lignin is later precipitated from the IL by the addition of water and recovered as
a solid. The removal of the added water regenerates the ionic liquid, which can be reused multiple times. This protocol is useful to investigate the
significant potential of protic ILs for use in commercial biomass pretreatment/lignin fractionation for producing biofuels or renewable chemicals
and materials.

Video Link

The video component of this article can be found at https://www.jove.com/video/54246/

Introduction

Meeting humanity's energy demand sustainably is one of the greatest challenges that our civilization faces. Energy use is predicted to double
in the next 50 years, putting greater strain on fossil fuel resources. " The buildup of greenhouse gases (GHG) in the atmosphere through wide-
spread fossil fuel use is particularly problematic, as CO, generated from combustion of fossil fuels is responsible for 50% of the anthropogenic
greenhouse effect. 2 Therefore, large-scale appllcatlon of renewable and carbon neutral technologies is essential for meeting the increased
energy and material needs of future generations.

Plant biomass is the most versatile renewable resource, as it can be used to produce heat, electricity as well as carbon-based chemicals,
materials and fuels. Primary advantages of lignocellulosic biomass over other biomass types are its abundance potential for high yields per area
of land and often much higher CO, emission savings, which includes high retention of carbon in the soil. * ® Additional benefits of using biomass
include local availability, low capital requirements to convert biomass to energy, and soil erosion prevention. 8

Major producers of lignocellulosic feedstocks are the forestry industry and the agricultural sector as well as municipal waste management. 6
Lignocellulose production has the potential to be expanded, with a mind to limiting deforestation and avoiding the replacement of food crops and
release of potential pollutants. 7 For renewable biomass to become a viable widespread source of liquid transportation fuels and chemicals, its
processing must become economically competitive with fossil fuel conversion technologies. 910 5 key to achieving this is to boost the yield and
quality of biomass-derived intermediates while reducing cost.

Lignocellulose contains a high proportion of sugars which can be converted to fuels and chemicals via catalytic and microbial conversions. "
These sugars are present in lignocellulose in polymeric form as cellulose and hemicellulose. They can be hydrolyzed into glucose and other
sugar monomers and then used for producing bioethanol and other bio-derived chemicals and solvents. ’

In order to access the cellulosic sugars, pretreatment of the biomass is necessary through physical, chemical, or combined processes. 4
The pretreatment is arguably the most costly step in the valorization of lignocellulosic biomass. Hence research into improved pretreatment
processes is imperative.

Various pretreatment technologies are available. Of particular interest are those that separate the lignin from cellulose (fractionative
pretreatment). Lignin, the third major component in lignocellulose, limits access of hydrolyzing agents to cellulose and hemicellulose and reduces
the sugar yield per ton of feedstock. "' The separated lignin can be utilized as an additional biorefinery intermediate if it is isolated in suitable
quality. '3 One fractionative process is the Kraft process which is the most common pretreatment for paper/cellulose production. In Kraft pulping,
wood ChIpS are placed in a mixture of sodium hydroxide and sodium sulfide and heated at elevated temperatures of around 170 °C under high
pressure. * The alkaline reactions remove hemicellulose and lignin by breaking the polymers down to short fragments via nucleophilic and base
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catalysis, and by dissolving the lignin fragments via de-protonation of phenolic hydroxyl/alcohol groups. Another common delignification process
is the Organosolv process which also fragments and dissolves the lignin and hemicellulose. Rather than using an alkaline aqueous solution,
organic solvents such as ethanol and acetic acid are used at high temperatures ranging between 160-200 °C and Eressures from 5-30 bar.
Organosolv pretreatment has some advantages over Kraft pulping in that it produces less air and water pollution. '3 Both processes possess
some economic challenges, if used for production of chemicals and fuels rather than cellulose. "® The lonosolv pretreatment uses ionic liquids,
which are salts that have melting points below 100 °C and, as a result of their powerful Coulombic interactions, very low vapor pressures. 7 This
eliminates air pollution in the pretreatment process, and enables processing at or near atmospheric pressure.

While most ILs are created in laborious, multi-step syntheses, protic ILs can be synthesized in a one-step process from commodity chemicals,
which makes them less expensive; it is estimated that some ILs could be produced at bulk scale for a price of $1.24 per kg which is comparable
to common organic solvents such as acetone and toluene. ® The ability to recycle and reuse these customizable ILs in a process that operates
at comparatively lower temperatures and pressures makes this a more benign alternative and an economically attractive candidate for
biorefining.

This detailed video protocol demonstrates a lab-scale version of the lonosolv process for the delignification of lignocellulosic biomass and the
eventual enzymatic saccharification of the cellulose-rich pulp as well as the recovery of a high-purity odor-free lignin.

Note: The protic ionic liquids used in the process are synthesized in our laboratory, although some might be or become commercially available.
The resulting ionic liquids are acidic and corrosive and probably skin/eye irritants (depending on the amine used), and must therefore be handled
with care wearing appropriate PPE (lab coat, safety specs, resistant gloves).

1. Preparation

1. Preparing and storing the lignocellulosic biomass

1. Obtain the lignocellulosic biomass prior to the experiment in sufficient quantities, for example 100 g up to 5 kg.
Note: Each experiment requires at least 3 g of biomass (1 g each in triplicate).

2. Reduce the moisture content shortly after harvest and store the biomass in air-dried form in the laboratory. Air-dry the biomass by
spreading the biomass on a table or bench and leaving it for 2 weeks or until it appears dry. Move and turn the biomass during this time
to accelerate the process. Perform the fractionation experiments within a year of harvesting.

Note: Directly after harvesting, woody biomass can contain up to 50 wt% moisture, while air-dried biomass, which is more stable,
contains 5-12 wt% moisture.

3. Grind and sieve the biomass to a select particle size range. Store the dried biomass in plastic bags or other suitable containers until
use.

Note: For the small samples handled in this protocol, a reduced particle size is recommended, for example 180-850 um.

2. Determining the moisture content of the biomass (according to the NREL protocol)20

1. To determine the moisture content of the biomass, preweigh a piece of aluminum foil (size approximately 5 cm x 5 cm) on an analytical
balance and record the weight of the foil (my,;). Weigh out roughly 100 mg of air dried biomass onto the aluminum foil and record the
exact air-dried weight (mapw)-

2. Fold the aluminum foil to make a packet and place in a fan-assisted oven at 105 °C overnight (at least for 4 hr).

3. Take the packet out and place it immediately in a desiccator for 5 minutes, then weigh the packet immediately and record the exact
weight of oven-dried weight plus foil (mopwi). Calculate the moisture content (in %) of the biomass mcg, according to equation 1:
megy = (1- =0 =00)5100%  Eq. 1

my
Where mopwstoiis the weight of the oven-dried packet (oven-dried biomass plus foil), my,;is the weight of the foil and mapy is the air-
dried weight of the biomass. All weights should be either in g or in mg.

3. Synthesis of lonic Liquid

1. In afume hood or vented enclosure, weigh 1 mole of the amine (triethylamine) into a 1 L round bottom flask with magnetic stir bar.
Place the flask in an ice bath on a magnetic stirrer plate. Add a 250 ml addition funnel immediately to minimize evaporation of the
amine.

Note: Ensuring the correct acid:base ratio is of high importance for achieving reproducibility of the pretreatment experiments.

2. Measure out 1 mole of sulfuric acid using a solution of known concentration (in this example 5 mol/L) and a volumetric flask (200 ml).
Transfer the sulfuric acid into the addition funnel and rinse any acid adhering to the walls of the volumetric flask into the addition funnel
with deionized water.

3. Add the sulfuric acid dropwise to the amine while stirring vigorously. Make sure the solution does not heat up, as this would lead to
boiling of the amine and an inaccurate ratio of acid to base. Rinse the inside of the addition funnel using deionized water to ensure the
acid is transferred quantitatively.

Note: Larger batches of ionic liquid solution may be made by increasing the amount of amine and sulfuric acid as well as the flask
volume accordingly.

4. Evaporate most of the water using a rotary evaporator. The water content should be lower than the water content required for the
pretreatment.

Note: It is not necessary to completely dry the ionic liquid. It may be beneficial to leave some water in the ionic liquid, as some dried
ionic liquids, including triethylammonium hydrogen sulfate, are solids at room temperature. A freeze dryer can also be used to lower the
water content.

4. Confirming and adjusting the Water Content of the IL solution
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Note: The water content is an important experimental variable. There are three sources that the water in the pretreatment mixture may
come from. All of them need to be taken into account: (1) the water contained in the synthesized or bought ionic liquid solution (2) the water
contained in the air-dried biomass and (3) any water added with a pipette to achieve the final desired water content.

1. Determine the water content of the synthesized or purchased ionic liquid solution by volumetric Karl Fischer titration according to
instructions issued by the titrator manufacturer. Add a few drops of the IL into the titrator using a pre-weighed syringe. Enter the weight
of liquid added into the titrator and wait until the titrator displays a reading. Record the water content.

2. Decide on a water content for the biomass pretreatment. In this experiment, use 20 wt%. Reduce the water content 5 wt% below the
desired water content using a rotary evaporator and confirm the new water content by Karl Fischer titration as described in 1.4.1.
Note: Good results are obtained with 20 wt% water; however this may not always be the optimum for pretreatment. A higher water
content may be chosen in order to reduce solvent cost or to lower viscosity.

Calculations for the experiment.

1. Decide on the amount of ionic liquid solution Mg fina @and a biomass-to-solvent ratio BM/solsng. Here, use 10 g of ionic liquid solution
containing 20 wt% water and a biomass-to-solvent ratio of 1:10 g/g.
Note: The tubes used in this protocol can fit up to 18 g of IL solution if the biomass to solvent ratio is 1:10 (wt/wt). A high biomass-to-
solvent ratio (up to 1:2 or even 1:1) is favorable from an economic point of view but might compromise the pretreatment efficacy at
small scale.

2. Determine the amount of (water-free) ionic liquid required for each sample according to the following equation 2:
My, = Mgjgne (100% —wegy,)  Eq.2
Where m__is the required amount of ionic liquid in grams, Mg final is the desired amount of ionic liquid solution in grams, and WG is
the desired water content (in %) in the ionic liquid solution.

3. Next, calculate the amount of synthesized or bought ionic liquid solution to be added into each pressure tube according to the following
equation 3:

—_ mpy
2ol T 1008 —wegg) Eq.3

Where mgy is the amount of solution to be added into each pressure tube (in grams), my_is the required amount of ionic liquid (in
grams), and Wcg, is the water content in the ionic liquid solution (in %) as determined by Karl Fischer titration.

4. Determine the amount of biomass (oven-dried weight basis) to be added to the ionic liquid solution using equation 4 below. In this
experiment, use 1 g of oven-dried Miscanthus biomass per pressure tube.

ODW =m M Eq.4
F0Lfinal

Where ODW is the amount of biomass to be added into each pressure tube (in grams), Mg final is the desired amount of ionic liquid
solution (in grams) and BM/soly,, is the desired ratio of biomass-to-ionic liquid solution.

5. Determine the weight of air-dried biomass that needs to be added into the tube by using the following equation 5:
oDw

ADW = m Eq. 5
where ADW is the air-dried weight of the biomass to be added into the tube (in grams), ODW is oven-dried weight of the biomass
required for the experiment (determined in 1.5.4 in grams) and mcgy, is the value determined in 1.2.3.

6. Calculate how much water needs to be added with a pipette to achieve the desired final water content according to the following
equation 6:
My arer = WCinal " Mapl final — MCeym ~ My — WCapp " Mgg) Eq. 6
Where myte; is the amount of water to be added, wcgy, is the desired water content in the pretreatment mixture (here 20 wt%), Mg final
is the amount of solvent (here 10 g), mcgy is the moisture content of the air-dried biomass, mgy is the amount of air-dried biomass to
be added, wcg is the water content of the synthesized or purchased ionic liquid solution, and mg, is the amount of ionic liquid solution.

m

zol,final :

2. Pretreatment

Note: The process may be interrupted at any point by leaving the samples at room temperature (for a few days) or in the refrigerator (for longer
periods).

1.

Pre-weigh three 15 ml pressure tubes with Teflon caps and silicone O rings. Visually inspect the pressure tubes to ensure they have no
cracks or flaws.

Note: Larger pressure tubes fitting more ionic liquid and biomass can be used if desired, although pretreatment results will not be directly
comparable between samples treated in different vial sizes. We recommend the use of front-sealing caps for better sealing.

With a 10 ml pipette, add the required amount of ionic liquid solution into the pressure tube standing on the scale. Use cork rings to keep the
tube standing up. Record the weight of the ionic liquid solution added. Add the required amount of water to the solution determined in 1.5.6
using a pipette, assuming the density of water to be 1 g/ml.

Add the required amount of air-dried lignocellulose by placing a piece of aluminum foil (dimensions 3 cm x 8 cm) on a balance, taring the
balance and weighing out the biomass. Tare the balance and add the biomass to the tube. Place the empty foil back on the balance and
record the difference.

Note: Alternatively, antistatic weighing boats may be used.

Close the lid with a Teflon cap with silicone O-ring. Check for a good seal without over-tightening. Record the weight of the pressure tubes
containing biomass and ionic liquid. Mix the contents of the tube by using a vortex shaker until all of the biomass is in contact with the ionic
liquid.

Note: Not all O-ring materials withstand being in contact with ionic liquids at elevated temperature. We found that silicone works well.

Place the pressure tubes in a fan-assisted oven that has been pre-heated to the desired temperature. For example, leave the tubes for 8 hr
at 120 °C or for 1 hr at 150 °C.

Note: Time and temperature are important experimental variables. Other time — temperature combinations can be used.
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6. Remove the vials from the oven using an oven glove and place them in a fume hood to let them cool to room temperature. Check the weight
of the vials after cooling to assure no water escaped during cooking.

3. Pulp Wash

1. Transfer the contents of each tube into a 50 ml centrifuge tube using 40 ml of absolute ethanol. Shake the tube using a vortex shaker for 1
min to mix well and leave the tube at room temperature for at least 1 hr.
Note: The separation can also be carried out using filtration, however, less accuracy may be observed for the suggested sample size.
2. Shake the tube using a vortex shaker for another 30 sec, then centrifuge the tube for 50 min at 2,000 x g. Separate liquid and solid by careful
decanting. Collect the liquid in a clean 250 ml round bottom flask with stir bar.
3. Add 40 ml fresh ethanol into the 50 ml tube and repeat step 3.2 three times.
1. Remove the ethanol from the ionic liquid by placing the round bottomed flasks on a heating block. Connect each of them to a vacuum
pump with a cold trap. Fill the trap with dry ice and set the heating to 40 °C. Switch on stirring and pump.
Note: This experiment uses a home-made parallel evaporator set-up based on a parallel synthesis set-up. Parallel evaporators can
also be purchased ready-made. Alternatively a rotary evaporator can be used.

4. Soxhlet Extraction of Pulp

Transfer the wet washed pulp into cellulose thimbles and label each thimble using a pencil.

Fill 150 ml absolute ethanol into a clean 250 ml round-bottomed flask with stir bar. Insert the sample-containing thimble into a 40 ml Soxhlet

extractor, add a condenser and install everything on the parallel extractor work station connected to a recirculating chiller.

Note: If ethanol was used to transfer the pulp, add only the difference to 150 ml to the round-bottomed flask.

3. When all samples are loaded, begin stirring, set the temperature to 135 °C and turn on the recirculator (temperature setting 18 °C). Extract
the pulp samples for 20 hr in total.

4. Turn off the heating to allow refluxing to come to a halt. Then switch both stirring and cooling off. Take the thimbles out of the Soxhlet
extractor using tweezers and let the wet pulp dry in the thimble overnight in a fume hood.

5. Add the liquid from the Soxhlet extraction to the liquid from the biomass wash and continue evaporating the ethanol from the biomass wash
with the parallel evaporator or a rotary evaporator at 40 °C.

6. Transfer the air-dried pulp from the thimble onto a piece of tared aluminum foil on an analytical balance, record the air-dried weight of the
extracted pulp and transfer it into a labelled plastic bag. Try to recover everything while not scraping thimble material off the wall.

7. Determine the moisture content of the pulp immediately to calculate the oven-dried yield (as shown previously in step 1.4).

N =

5. Lignin Isolation

1. When all ethanol has evaporated, precipitate the lignin by transferring the ionic liquid from the round-bottom flask into a 50 ml centrifuge tube
using 30 ml of water. Mix the suspension and leave for at least 1 hr. Centrifuge for 20 min at 2,000 x g, and separate the solution from the
solid by decanting.

Note: In this protocol, 3 equivalents of water are used as antisolvent. Less antisolvent can be used, if desired. The washes can be collected,
the water removed and the ionic liquid recovered for repeat use.

2. Add 30 ml of distilled water to the lignin pellet inside the centrifuge tube. Repeat the mixing, incubation for 1 hr and centrifugation. Repeat
this step for a total of 3 lignin washes.

3. Dry the lignin inside the centrifuge tube using a vacuum oven and a pierced lid at 45 °C overnight. To determine the lignin yield, place a piece
of aluminum foil on the balance, tare the weight, add lignin from the oven and record the weight immediately. Transfer the lignin into a vial for
storage.

Representative Results

The exact amount of lignin removal and lignin precipitation, recovered pulp and glucose yield depend on the type of biomass used, the
temperature at which the treatment is run and the duration of the treatment. Short pretreatment times and low temperatures lead to incomplete
pretreatment while at higher temperatures the cellulose becomes unstable in the ionic liquid, leading to hydrolysis and degradation. The selected
ionic liquid also plays an important role in the outcome of the fractionation procedure.

Figure 1 shows the composition of untreated Miscanthus (grass) and pine (softwood), and the Miscanthus and pine pulp obtained after
pretreatment with triethylammonium HSO, for 8 hr at 120 °C (compositional analysis was performed according to the NREL protocol). 2

is evident from the figure that lonosolv pretreatment at these conditions yielded different results for the two types of biomass. In case of the
grass biomass, most of the lignin and the hemicelluloses were removed, while the pretreatment of softwood mainly removed the hemicelluloses
and only a small amount of lignin. The difference in the outcome of the pretreatment was equally pronounced when the recovered pulps were
subjected to enzymatic saccharification. 22 \While 77% of theoretical glucose release was obtained for Miscanthus, pine only yielded 13%. The
difference in lignin extraction is reflected in the lignin yields: 20% and 5% of initial biomass weight were recovered as lignin for Miscanthus and
pine, respectively.

The difference in pretreatment outcome between the two feedstocks is attributed to the different types of lignin present in grasses and softwoods;
the G type lignin of softwoods is more recalcitrant and more difficult to remove than grass lignin.
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Figure 1. Composition of Miscanthus and pine before and after pretreatment with [triethylammonium][HSO,4] with 20 wt% water for 8 hr
at 120 °C. This was determined by the NREL compositional analysis procedure. 2! please see Reference 21 for a more detailed protocol. Please
click here to view a larger version of this figure.

Lignin can be characterized by heteronuclear quantum coherence (HSQC) NMR analysis which shows that ether bonds are cleaved during the
pretreatment while new C-C bonds are formed." It has further been shown that the molecular weight, which can be estimated by GPC, is much
lower than that of native lignin. At longer pretreatment times the molecular weight increases due to condensation reactions. Reaction of the lignin
with the ionic liquid is minimal as evidenced by a marginal increase of the sulfur content and no increase of the nitrogen content of the lignin over
time.

Further analysis can be carried out if of interest. XRD analysis of the recovered cellulose pulp generally shows high crystallinity.17 The recovered
ionic liquid liquor may be analyzed by HPLC in order to detect dissolved sugars and degradation products thereof. =

The technique for the fractionation of lignocellulosic biomass presented here produces a cellulose-rich pulp and a lignin. Most of the
hemicelluloses are dissolved into the ionic liquid and hydrolyzed, but not recovered. If hemicellulose sugars are desired, a hemicellulose pre-
extraction step prior to the lonosolv delignification may be necessary. It has so far been impossible to fully close the mass balance for the
biomass, as it is not possible to identify and quantify all degradation products found in the ionic liquid liquor, especially the ones stemming from
lignin. A detailed study on recycling and mass balance is underway and is expected to be published shortly.

The ethanol wash is necessary at small scale in order to achieve good separations, as residual ionic liquid adhering to the surface of the

pulp may reduce enzyme activity during saccharification, thereby biasing the laboratory-scale analysis. It should be noted that the volumes of
wash ethanol consumed in this protocol are not compatible with scale-up and are probably not required if the process is to be operated on a
commercial scale.

This experimental set up relies entirely on convection to facilitate mass transfer. Stirring is however expected to facilitate the reaction and could
potentially alter required reaction times and lignin extraction efficiencies.

Overall, the presented biomass pretreatment protocol has been shown to be very effective for the fractionation of lignocellulosic biomass. The
main advantages over aqueous and mechanochemical (i.e., steam explosion) processes are the improved selectivity, i.e., a clean cellulose

pulp and a purified lignin. Another advantage is the relatively mild conditions under which the process can be carried out. Advantages over
other lignin-solvating processes (i.e., Kraft pulping or Organosolv pretreatment) are the simple separations and solvent recovery due to the non-
volatility of the IL, lowering the capital investment. The isolated lignin is odor-free. The presented lonosolv process is in its function very similar
to the Organosolv process which uses acidified aqueous ethanol. However, as the ionic liquids have negligible vapor pressure (reducing process
pressures toward atmospheric), the recycling of the solvent is different and the exposure to solvent vapors minimized.

Compared to the ionic liquid process using anhydrous, basic ionic liquids such as 1-ethyl-3-methylimidazolium acetate or 1-butyl-3-
methylimidazolium chloride, which result in a decrystallized cellulose pulp yielding very high saccharification yields, the process employed here
gives rise to slightly lower glucose yields. A However, the present process is moisture tolerant, therefore not requiring energy intensive drying,
and uses ionic liquids which are much more easily synthesized and therefore expected to be significantly less expensive.

As with any application of ionic liquids, one of the main advantages is the possibility to tune the properties of the ionic liquid by varying the cation
core, ranging from imidazolium to ammonium, and by changing number, length, symmetry and substitution of alkyl chains on the cation. B nthe
special case of the protic ionic liquids used in this protocol, the acid to base ratio and the water content can be used to design the solvent.
This gives rise to solvents with a wide range of polarities, acidities, viscosities and other physical properties.
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Other parameters that can be adjusted include biomass loading, pretreatment temperature and time, and additives. In addition, the costs
associated with solvents, equipment and energy input will need to be taken into account and optimized, if this pretreatment option is to be used
in a commercial setting.

The exact outcome of the pretreatment will depend on all the parameters mentioned above and can be tailored to the needs and interest of the
individuals conducting the study. Potential applications include the isolation of lonosolv lignin with various properties, e.g., for the production

of resins or aromatic chemicals, or the production of cellulose or sugar derived materials and chemicals. The protocol can be used as a basis
to devise modified protocols, e.g., using larger stirred reactors or continuous flow reactors. Results of such experimental studies will allow for
techno-economic analysis of this ionic liquid based fractionation process.

The authors have nothing to disclose.
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