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a b s t r a c t 

A two-phase extraction process was adopted to obtain cellulose and hemicellulose from buckwheat chaff by 

using green solvents. We are proposing a combination of propylene carbonate (PC) and ionic liquids (ILs) in 

a 1:5 ratio. We compared the first-generation ILs 1-butyl-2,3-dimethylimidazolium chloride (BdmimCl), and 1- 

butyl-3-methyl imidazolium acetate (BmimAc) with respect to the tetrabutyl ammonium acetate (TBAAc). The 

cellulose and hemicellulose were, firstly, extracted into the PC/IL mixture and subsequently precipitated by 

water addition. All precipitate materials were analysed by FTIR-ATR and TGA, while the organic phase and the 

supernatant after water addition were analysed by using self-diffusion NMR. The PC green co-solvent was proven 

to be an exceptional candidate to replace dimethyl sulfoxide. The highest amount of precipitate material after 

water addition was obtained with PC-BmimAc, while PC-TBAAc was showing the highest cellulose/hemicellulose 

selectivity. Furthermore, a preferential interaction of the supernatant cellulose residue with PC or acetate was 

observed by self-diffusion NMR. 
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. Introduction 

Cellulose is the main substance that makes up the plant cell wall and

ontributes to the physical stability of the cells ( Duchemin et al., 2012 ).

ellulose is traditionally employed as a raw material to produce paper,

aperboard, fiberboard, and other similar products. Its peculiar chemi-

al properties, including chirality, biodegradability, capacity for broad

hemical modifications, and ability to form semi-crystalline fiber mor-

hologies, have drawn considerably increasing interest and encouraged

orldwide interdisciplinary research on this biopolymer and its deriva-

ives over the past decades ( Heinze & Liebert, 2012 ; Klemm, Heublein,

ink & Bohn, 2005 ; Moon, Martini, Nairn, Simonsen, & Youngblood,

011 ; Siró & Plackett, 2010 ). 

Traditionally, separation of cellulose from vegetable sources is con-

ucted with procedures that employ toxic chemicals, such as the Kraft

ulping process, which involves the separation of cellulose and hemi-

ellulose from lignin using Na S and NaOH, or in presence of an
2 
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cidic solution containing Na 2 SO 3 , sulphuric acid and cetrimonium

romide (CTAB) surfactant ( Song, Ma & Xiang, 2019 ). Besides wood,

ellulose can be extracted from many other natural sources, such as

egetable fibers including cotton, jute, flax, ramie, sisal, and hemp

 Aranguren, Marcovich & Reboredo, 2016 ; Jahan, Saeed, He & Ni, 2011 ;

azir, Wahjoedi, Yussof, & Abdullah, 2013 ). For instance, formic acid-

ased extraction process on jute fibers leads to cellulose, hemicellulose,

nd lignin yields of 59.8%, 76%, and 85.8%, respectively ( Jahan et al.,

011 ). A cellulose yield of 60% was obtained from oil palm empty fruit

unches using a combination of formic acid (20%) and hydrogen per-

xide (10%) ( Nazir, Wahjoedi, Yussof, & Abdullah, 2013 ). 

However, it is extremely difficult to dissolve cellulose in com-

on organic solvents due to intermolecular hydrogen bonding be-

ween cellulose chains and to the hydrophobic properties ( Medronho

 Lindman, 2015 ). A limited number of solutes have been used

or extracting cellulose in water, such as NaOH, tetrabutylammo-

ium hydroxide, cuprammonium hydroxide, and cupriethylenedi-

mine hydroxide ( Budtova & Navard, 2016 ; Gentile & Olsson, 2016 ;
tal reflectance; NMR, nuclear magnetic resonance; TGA, thermal gravimetric 
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ubitosi, Duarte, Gentile, Olsson & Medronho, 2016 ; Hagman et al.,

017 ; Hoenich, Woffindin, Stamp, Roberts & Turnbull, 1997 ; Roy, Bud-

ova & Navard, 2003 ). 

Ionic liquids (ILs) are a class of solvents possessing many attrac-

ive properties, including good chemical and thermal stability, non-

ammability, and immeasurable low vapor pressure. They have been

onsidered as effective non-aqueous solvents capable of dissolving cellu-

ose ( Bhat, Khan, Usmani, Umapathi & Al-Kindy, 2019 ; Ciacco, Liebert,

rollini & Heinze, 2003 ; Idström et al., 2017 ; Kosan, Michels & Meister,

008 ; Liu, Zhang, Sun, Bian & Hu, 2019 ; Swatloski, Spear, Holbrey &

ogers, 2002 ; Zavrel, Bross, Funke, Büchs & Spiess, 2009 ). 

The dissolution mechanism of cellulose in ILs involves the oxygen

nd hydrogen atoms of cellulose-OH in the formation of electron donor-

lectron acceptor (EDA) complexes which interact with the ionic liquid

 Myasoyedova, Zavyalov, Pokrovsky & Krestov, 1990 ). Currently, imi-

azolium salts are the best media in the dissolution of cellulose, prob-

bly because of the planar structure of the cation that stabilizes the

olysaccharide polymer. However, especially if used as unique solvent,

hese ILs are difficult to handle because of their high viscosity, requiring

igh working temperature up to 130 °C for long times, i.e. from 40 to

40 min with final yields from 10% to 15% ( Zhang, Wu, Zhang, & He,

005 ; Zavrel et al., 2009 ; Xu, Wang, & Wang, 2010 ). Besides high vis-

osity, the low dissolution rate and the high costs are further drawbacks

ncountered when using ionic liquids. Finally, there are some indica-

ions of potentially hazardous properties of such salts ( Swatloski, Hol-

rey & Rogers, 2003 ). These problems can be solved by adding aprotic

olar co-solvents, which do not affect H-bonds in cellulose-IL interaction

nd decrease the solvent viscosity. To date, dimethyl sulfoxide (DMSO)

 Ciacco et al., 2003 ; Idström et al., 2017 ; Wang, Li, Cao & Tang, 2011 )

nd dimethylformamide ( Dong, Takeshita, Miyafuji, Nokami & Itoh,

018 ) have been used to this end, raising extraction yields of cellulose

p to 18% respect to the pure ionic liquid. For instance, a cellulose yield

f 62% was obtained from wood chip by using an extraction method

ased on 1-allyl-3-methylimidazolium chloride, and yield was further

ncreased to 85% when dimethyl sulfoxide (DMSO) was employed as

o-solvent ( Wang et al., 2011 ). However, these strategies impose the

rawback of using very toxic compounds that impedes industrial scale-

p of method. 

Here our working hypothesis is to exchange DMSO with another co-

olvent with less impact on the environment, easy to handle, and with

he ability to improve cellulose extraction. To our knowledge, there is

nly one attempt to use a combination of ionic liquids and propylene

arbonate (PC) for cellulose dissolution, homogeneous processing, and

erivatisation in which the extraction procedure was not investigated

 Yuan et al., 2017 ). Here, for the first time, we are proposing a con-

enient and selective PC-ILs based extraction of cellulose/hemicellulose

rom buckwheat hulls an agro-food non-edible waste of vegetable origin.

ignin presence was below detectability in the cellulose/hemicellulose

xtracts. Moreover, we are presenting insight into the role of the PC in

ellulose dissolution. The proposed extraction is a two-steps process that

ombines the advantages deriving from peculiar interactions exerted by

Ls towards cellulose with the green solvent properties of propylene car-

onate. 

. Materials and methods 

.1. Materials 

Tetrabutylammonium acetate, 1-butyl-3-methylimidazolium acetate

nd propylene carbonate were purchased by Sigma-Aldrich, 1-butyl-2,3-

imethylimidazolium chloride was purchased by Fluka. All the reagents

nd solvents were used as received, without any further treatment.

ignin and cellulose microcrystalline powder were purchased by Sigma-

ldrich and used without further purification. Buckwheat chaff was

indly gifted of Puglia Industry. 
2 
.2. Cellulose extraction procedure 

The buckwheat chaff was crushed using an immersion blender; af-

erward the powder was dried at 60 °C in oven for 12 h. The extractive

wo-phase procedure was conducted according to a known procedure

ith some modification ( Wang et al., 2011 ). In a round bottom flask,

00 mg of chaff were added into 9.5 g of a mixture of propylene car-

onate/ionic liquid (1:5) and stirred for 10 min at 120 °C. Mixture was

ooled at room temperature and centrifuged for 10 min at 4000 rpm

phase one). The supernatant organic phase was directly analysed by

eans of diffusion NMR to verify the presence of dissolved cellulose,

hile sediment was recovered, dried and weighted to calculate, by sub-

raction, the extracted amount of cellulose. Subsequently (phase two),

ater was added to the supernatant organic phase to precipitate cellu-

ose that was separated and recovered by centrifugation. The aqueous

hase was analysed by means of diffusion NMR to verify the presence

f aggregates. The extracted cellulose was dried in oven at 50 °C and

haracterized by ATR-FTIR and thermogravimetric analysis (TGA) to

nvestigate the composition and thermal stability of the extracted mate-

ial. 

.3. Attenuated total reflectance-fourier transform infrared spectroscopy 

ATR-FTIR) 

The buckwheat chaff extracted materials were analysed by FTIR

pectroscopy using a PerkinElmer Universal ATR (UATR) Two spec-

rophotometer equipped with a single reflection diamond ATR crystal

refractive index of 2.4). The spectra were recorded in the range be-

ween 400 and 4000 cm 

− 1 with a resolution of 4 cm 

− 1 . All the spectra

ere acquired in 32 scans applying the baseline correction and the ATR

orrection. 

.4. Thermogravimetric analysis (TGA) 

The thermal stability of extracted cellulose was studied by a Perkin-

lmer Pyris 1 TGA (Thermogravimetric Analyzer) instrument. Both TGA

nd differential thermogravimetry (DTG) curves were measured. The

amples were run at a heating rate of 10 °C/min in the range of 30–

00 °C under continuous nitrogen flow. The thermogravimetric analysis

llow to estimate the grade of purity of extracted cellulose and the resid-

al lignin after the extraction. 

.5. 1 H and self-diffusion NMR 

1 H and 1 H self-diffusion NMR measurements were performed on a

.68 T Bruker 200 instrument equipped with a commercial diffusion

robe (DIF-25 5 mm). All measurements were conducted at 25 ± 1°C

nd before each measurement the temperature was allowed to equili-

rate for 5 min. 1 H NMR measurements were conducted using a 9.5 𝜇s

ulse and 32 scans. Self-diffusion measurements were conducted using

 pulsed field gradient stimulated spin-echo (PGSTE) pulse sequence

sing a 9.5 𝜇s 1 H pulse, 8 scans, and a 4.0 s relaxation delay. In the

GSTE sequence a pair of trapezoidal narrow magnetic field gradient

ulses with amplitude g and duration 𝛿 encode for spin displacement

ver a controlled observation time Δ. By applying the pulsed magnetic

eld gradients along the z -direction the corresponding diffusion coeffi-

ient can be determined. The experimental conditions to measure H 2 O

elf-diffusion coefficients were Δ = 140 ms, 𝛿 = 2 ms and g were varied

rom 6.2 to 25 G 

•cm 

− 1 in 16 gradient steps for the aqueous phase, while

nd ionic liquids in the water phase Δ = 60 ms, 𝛿 = 2 ms and g were

aried from 20 to 80 G 

•cm 

− 1 . On the other hand in the organic phase

onic self-diffusion was measured with Δ = 60 ms, 𝛿 = 2 ms and g were

aried from 175 to 700 G 

•cm 

− 1 . The spin − echo decays were analysed

ccording to Stejskal and Tanner (1965 ), 

n 
( 

𝐼 

𝐼 

) 

= − 𝐷 

[
( 𝛾𝛿𝑔 ) 2 

(
Δ − 

𝛿

3 

)]
= − 𝐷𝑏 (1)
0 
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Table 1 

Extracted material from buckwheat chaff using propylene carbonate (PC) and ionic liquids (ILs) mixture as green solvents. a 

Ionic liquids Labelling Total yield of extracted materials (wt%) b Yield of cellulose/hemicellulose (wt%) c 

1-butyl-2,3-dimethylimidazolium chloride (1) PC-BdmimCl 8 68 

Tetrabutylammonium acetate (2) PC-TBAAc 10 97 

1-butyl-3-methyl imidazolium acetate (3) PC-BmimAc 28 72 

a Extracting procedure as reported in sect. 2.2. 
b Determined gravimetrically and referred to initial weight of buckwheat chaff (sect. 2.3). 
c Weight percentages of cellulose referred to regenerated materials evaluated by TGA analyses ( Fig. 2 ). 
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Fig. 1. FTIR-ATR spectra of the raw buckwheat chaff and the extracted materi- 

als obtained with propylene carbonate/1-butyl-2,3-dimethylimidazolium chlo- 

ride (PC-BdmimCl), propylene carbonate/tetrabutylammonium acetate (PC- 

TBAAc), and propylene carbonate/1-butyl-3-methyl imidazolium acetate (PC- 

BmimAc) extraction media. The dotted green lines are indicating peaks coming 

mainly from cellulose or hemicellulose, while the brown dotted lines are indi- 

cating peaks due to lignin, finally, the yellow dotted line is indicating a peak 

that could be due to cellulose, hemicellulose, or lignin (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version 

of this article.). 
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here I and I 0 represent the resonance peak intensity in the presence

nd absence of field gradients and 𝛾 is the proton gyro-magnetic ratio. 

.6. Gravimetric determination of total amount of the extracted materials 

The procedure is based on the variation of the weight of the buck-

heat chaff after the extraction process. Exactly 10 g of buckwheat husk

owder are weighed after drying in a stove inside an aluminium weigh-

ng boats, previously brought to constant weight. After the extraction

rocedure, the residual chaff is dried again with same procedure. The

verall yield of extracted material is calculated according to the follow-

ng formula: Yield (%) = [( A - B )/ A ] × 100, where A is the weight of

he sample in the aluminium weighing boats before extraction. B is the

eight of the sample in the aluminium weighing boats after extraction.

hree replicates are made for each sample. 

. Results and discussion 

Investigations started with evaluation of the extraction capacity of

ixtures composed by propylene carbonate and three selected ionic liq-

ids: 1-butyl-2,3-dimethylimidazolium chloride, tetrabutylammonium

cetate and 1-butyl-3-methyl imidazolium acetate. Each PC/IL extract-

ng mixture was analysed by 1 H self-diffusion NMR measurements to

stimate and characterize extracted materials, then subjected to water

ddition to regenerate cellulose/hemicellulose by precipitation. After

entrifugation, the recovered materials were dried at 60 °C and analysed

y attenuated total reflectance-Fourier transform infrared spectroscopy

ATR-FTIR) (see sect. 2.3), and TGA analysis (see sect. 2.4) to prove

ellulose/hemicellulose extraction. 

Yields of materials are reported in Table 1 for three PC/ILs mixtures.

rom results emerged that PC-BmimAc is the most powerful extracting

olvent, furnishing the highest yield (28%), while PC-TBAAc showed a

ower extracting capacity but a very high selectivity towards cellulose. 

FTIR-ATR and thermogravimetric analyses were performed to iden-

ify the main chemical components of the extracted materials. Fig. 1

eports the FTIR spectra of the raw buckwheat chaff along with those

f extracted substances obtained from the three PC/ILs solvent mix-

ures after regeneration from water. The absorption peaks observed in

he region of 3600–3000 cm 

− 1 correspond to the stretching vibrations

f hydroxyl groups (-OH) ( Manimaran, Senthamaraikannan, Sanjay,

arichelvam & Jawaid, 2018 ; Zhuang, Li, Pu, Ragauskas & Yoo, 2020 ;

ugenmaier, 2008 ), in the case of buckwheat chaff are mainly cellulose,

emicellulose and lignin. However, the peak at 3175 cm 

− 1 is a strong

ndication of cellulose II presence ( Yang, Zhang, Lang & Yu, 2017 ). Cel-

ulose II has an antiparallel orientation between the chains instead of

he parallel one of cellulose I. Precipitation of cellulose II has been re-

ently suggested to occur in strong alkaline system ( Gubitosi et al., 2016 ;

ereira et al., 2018 ). The peaks observed at 2919 cm 

− 1 and 2850 cm 

− 1 in

he spectra are assigned to the CH 2 asymmetric and symmetric stretch-

ng, respectively, as a consequence can be attributed either to cellulose,

emicellulose or lignin. 

The peak at 1727 cm 

− 1 could be attributed to the waxy C = O

cetyl group of hemicellulose ester or carbonyl ester of the lignin unit

 Sisak, Daik & Ramli, 2015 ). Li, Li and Zhang (2002 ) reported an in-

rease in the peak at 1720 cm 

− 1 (attributed to C = O bonds in lignin) as
3 
 consequence of heat degradation of lignin in hardwood and softwood

nd obtained. The peak at 1640 cm 

− 1 corresponding to the stretching

nd bending modes of the surface hydroxyls of cellulose ( Jia, Li, Ma,

hu & Sun, 2011 ), while the peak at 1598 cm 

− 1 could be attributed to

 = O stretching vibration in conjugated carbonyl of lignin ( Kubovský,

a číková & Ka čík, 2020 ). The assignment of the peaks at 1640 cm 

− 1 and

t 1598 cm 

− 1 to cellulose and lignin, respectively can be appreciated in

ig. S1 where microcrystalline cellulose and commercial lignin spectra

re reported for comparison. The peak at 1512 cm 

− 1 is usually associ-

ted with guaiacyl and syringyl units in wood lignin ( Kubovský et al.,

020 ). The peak at 1371 cm 

− 1 is due to C-H bending, C-H stretching in

H 3 as a consequence can arise from cellulose, hemicellulose or lignin

 Zhuang et al., 2020 ). On the other hand, the peaks at 1275 cm 

− 1 and

261 cm 

− 1 corresponds to bending vibration of C-O and C-H bending

ibration in cellulose II, respectively ( Ranganagowda, Kamath & Ben-

ehalli, 2019 ). 

The peak at 1161 cm 

− 1 is usually attributes to C − O − C vibrations

n cellulose and hemicelluloses. C–O stretching and C–O–C glycosidic

ond stretching are attested by strong band at 1023 cm 

–1 , that along

ith the C-O-C anti symmetric stretching vibrations of ester group at

240 cm 

− 1 are typically attributed to cellulose ( Peng, Wang, Ohkoshi &

hang, 2015 ). Finally, the 893 cm 

− 1 is assigned to group C1 frequency

n cellulose II ( Kumar, Singh Negi, Choudhary & Kant Bhardwaj, 2020 ).

he FTIR-ATR spectra indicate the presence of cellulose, hemicellulose
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Fig. 2. Thermogravimetric analysis, TGA, 

curves (A) and derivative thermogravimetric, 

DTG, profiles (B) of the extracted materi- 

als obtained with propylene carbonate and 

1-butyl-2,3-dimethylimidazolium chloride 

(PC-BdmimCl), propylene carbonate and 

tetrabutylammonium acetate (PC-TBAAc), 

propylene carbonate and 1-butyl-3-methyl 

imidazolium acetate (PC-BmimAc) extraction 

media as well as microcrystalline cellulose and 

lignin. 
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Fig. 3. 1 H NMR spectra (A, C) and 1 H self-diffusion NMR echo-decays (B, D) 

of the organic PC-BdmimCl (A,B) and PC-TBAAc (C, D) phase supernatant. 

The echo-decays are related to 3 chemical shift regions listed in Table 2 for 

PC-BdmimCl and PC-TBAAc. The black lines on the echo-decays are mono- 

exponential fitting ( Eq. (1 )) except for the 3.6–5.5 ppm region of PC-BdmimCl 

for which a bi-exponential fitting was adopted. 

s  
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d  

v  

w  
nd lignin as expected. The higher intensity of the cellulose peak at

023 cm 

− 1 for the material extracted with PC-BmimAc respect to the

ther extractions indicate a higher content of cellulose. Furthermore,

he presence of cellulose II was detected in all extracted materials, even

hough the peak at 3157 cm 

− 1 was evident only for the PC-BmimAc

xtraction. 

Thermogravimetric analysis was conducted to investigate the com-

osition of regenerated material and calculate the amount of cellu-

ose/hemicellulose obtained after the extraction. All the thermal degra-

ation curves ( Fig. 2 A) show an initial weight loss in the range of 60–

00 °C due to the release of moisture. A greater loss of water was ob-

erved for the extraction with PC-TBAAc because of its increased hy-

roscopic properties. All the samples show an initial onset temperature

t 200 °C, while the DTG decomposition curves show peaks at 305 °C

or PC-TBAAc, at 301 °C for PC-BdmimCl and at 336 °C for PC-BmimAc

uggesting the presence of crystalline cellulose ( Fig. 2 B). Fig. 2 reports

icrocrystalline cellulose and commercial lignin as references. All the

amples present the offset temperature (T offset ) at about 500 °C due to

he degradation of high molecular weight lignin. However, at this tem-

erature, it is possible to observe, a weight losses of 70 %, 95% and

4% for the extraction with PC-BmimAc, PC-TBAAc and PC-BdmimCl,

espectively. 
1 H NMR spectra and 1 H self-diffusion NMR were adopted to un-

erstand the dissolution process of cellulose in ionic liquids and other

olvents such as tetrabutylammonium hydroxide and NaOH in water

 Gentile & Olsson, 2016 ; Hagman et al., 2017 ; Idström et al., 2017 ).
 H NMR resonances of cellulose in ionic liquids are reported in the 2–4

pm region ( Kuroda, Kunimura, Fukaya & Ohno, 2014 ), while 1 H self-

iffusion NMR of the ionic liquids were used to highlight the interactions

ith the cellulose ( Idström et al., 2017 ). Here, 1 H NMR spectroscopy

as used for evaluating the efficiency of regeneration by analysing ex-

racting solvent before and after water addition, i.e. 1 H NMR spectra

ere collected for the organic phase (step one) and the water phase

step two). All proton NMR spectra of PC/ILs mixtures after regener-

tion (step two) is dominated by the water peak, which overcomes

ny cellulose/hemicellulose resonance (see supplementary data) even

hough molecularly dissolved cellulose is not expected due the precip-

tation in water presence. Fig. 3 reports the 1 H NMR spectra and 1 H

elf-diffusion NMR experiments (echo decays) on the PC-BdmimCl and

C-TBAAc organic phases, while Fig. 4 reports the corresponding data

elative to the PC-BmimAc organic phase (step one). The 1 H NMR spec-

rum of the PC-BdmimCl organic phase ( Fig. 3 A) reveals the presence

f propylene carbonate (PC) peaks that overlaps with cellulose signals.

he echo-decays on three chemical shift regions were monitored to de-

ect cellulose/hemicellulose presence ( Fig. 3 B). Table 2 reports all the
4 
elf-diffusion values obtained for the investigated systems and for the

ure PC-ILs extraction solvents. All diffusion coefficients are slower than

he pure solvent for the PC-BdmimCl organic phase. The only exception

s an IL impurity (resonance in the 3.6–5.5 ppm region) that accounts

or a fast-phase in the echo decay; however, this is a minor contribu-

ion of the decay (~8%) and should not be considered. Interestingly,

he PC diffusion coefficient is the most affected in the PC-BdmimCl and

artially in the PC-BmimAc indicating cellulose/hemicellulose-PC inter-

ctions, while ILs act as a solvent matrix. Notably, the PC signal is not

etectable in the PC-TBAAc organic phase and in the pure PC-TBAAc sol-

ent, probably due to extremely short relaxation time due to interactions

ith the IL. The diffusion coefficient of TBA 

+ in the PC-TBAAc increases
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Table 2 
1 H NMR self-diffusion coefficients of the PC-ILs organic phase (first extraction step), pure ILs solvents, and the water phase (second extraction step). 

(PC-IL) 

extraction phase 

Chemical 

Shift region 

(ppm) Assignment Self-Diffusion (m 

2 /s) 

Self-Diffusion of the 

pure PC-ILs mixtures 

(m 

2 /s) 

Chemical Shift 

region (ppm) Assignment Self-Diffusion (m 

2 /s) 

1 st step 2 nd step 

PC-BdmimCl 0-2.4 Ionic liquid (1.6 ± 0.1)10 − 12 (1.9 ± 0.1)10 − 12 0–3 Ionic liquid (9.2 ± 0.2)10 − 10 

2.4-3.6 Ionic liquid (1.4 ± 0.2)10 − 12 (1.9 ± 0.1)10 − 12 4.8 Water (2.5 ± 0.1)10 − 9 

3.6-5.5 PC and/or 

Cellulose 

(1.6 ± 0.2)10 − 12 

(1.1 ± 0.1)10 − 11 ∗ 
(5.2 ± 0.2)10 − 12 

(1.9 ± 0.1)10 − 11 ∗ 

PC-TBAAc 0-2.0 Ionic liquid (1.7 ± 0.1)10 − 12 (3.1 ± 0.1)10 − 13 0–3 Ionic liquid (5.6 ± 0.2)10 − 10 

2.0-2.8 IL acetate 

anion 

(1.9 ± 0.1)10 − 12 (1.6 ± 0.1)10 − 12 

(3.1 ± 0.1)10 − 13 

4.8 Water (2.3 ± 0.1)10 − 9 

3.1-4.7 PC and/or 

Cellulose 

(9.9 ± 0.2)10 − 13 X 

PC-BmimAc 0.2-1.6 Ionic liquid (4.9 ± 0.2)10 − 12 (4.3 ± 0.1)10 − 12 0–3 Ionic liquid (9.4 ± 0.2)10 − 10 

1.6-2.0 IL acetate 

anion 

(5.0 ± 0.2)10 − 12 (5.3 ± 0.1)10 − 12 4.8 Water (2.5 ± 0.1)10 − 9 

3.2-5.4 PC and/or 

Cellulose 

(4.8 ± 0.2)10 − 12 (5.5 ± 0.1)10 − 12 

∗ Diffusion coefficients attributed to impurities. 

Fig. 4. 1 H NMR spectra (A) and 1 H self-diffusion NMR echo-decays (B) of the 

organic PC-BmimAc phase supernatant. The echo-decays are related to 3 chem- 

ical shift regions listed in Table 2. The black lines on the echo-decays are mono- 

exponential fitting ( Eq. (1 )). 
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y almost an order of magnitude in presence of cellulose/hemicellulose

ith respect to the pure solvent. Usually, the solvent self-diffusion co-

fficients decrease with increasing obstruction, i.e., increasing solute

ontent or size ( Murgia, Palazzo, Mamusa, Lampis & Monduzzi, 2009 ).

owever, the obstruction effect has been demonstrated to be inadequate

o explain the strong decrease of the solvent diffusion with cellulose

mount ( Gentile & Olsson, 2016 ) indicating an interaction between sol-

ent and cellulose. The faster diffusion coefficient of TBA 

+ can be in-

erpreted as cellulose/hemicellulose interaction with the acetate group,

s observed by Idström et al. for cellulose in the TBAAc/DMSO system

 Idström et al., 2017 ). 

The lignin was not detected in the 1 H NMR; as a consequence, its

mpact on the diffusion of the solvent (if any) cannot be quantified and
5 
n the following we will ascribe the slowing down in the solvent com-

onents only to the presence of cellulose and hemicellulose. 

Based on results in Table 1 and considering and 1 H self-diffusion

MR echo-decays experiments, it can be argued that structure of both

ons of ILs play an important role in the extraction process. In particu-

ar, imidazolium cations of BdmimCl and BmimAc seem to be respon-

ible mainly of extraction of lignin fraction, by virtue of their aromatic

ature that can form 𝜋-interactions with that polyphenol polymer. In

ontrast, in the case of tetrabutylammonium cations the bulky aliphatic

hains shield positive charge on nitrogen impeding any interactions with

olutes, as highlighted by self-diffusion coefficients of TBA 

+ . Therefore,

n this case, extraction capacity should be due exclusively to acetate an-

ons, and particularly to their H-bond accepting ability ( Dong, Zhang &

ang, 2016 ). This could explain the high selectivity exhibited by TBAAc

owards polysaccharide cellulose. 

. Conclusions 

Here we demonstrated the efficiency of a cellulose two-phase ex-

raction process from buckwheat chaff by using propylene carbonate

PC) and ionic liquids (ILs) as green solvents in the 1:5 ratio. Three

ifferent ILs were adopted to compare extraction performance: 1-butyl-

,3-dimethylimidazolium chloride (BdmimCl), 1-butyl-3-methyl imida-

olium acetate (BmimAc), and tetrabutylammonium acetate (TBAAc).

ater was added to the extracting organic phases to precipitate cellulose

nd hemicellulose and the resulting materials were analysed by FTIR-

TR and TGA, compared with the original source, showing the presence

f both cellulose and lignin. The highest amount 28% of extracted mate-

ial was obtained with PC-BmimAc. However, the more efficient extrac-

ion in terms of selectivity was obtained with the mixture PC-TBAAc,

here the amount of extracted material was only 10 wt%, but entirely

omposed of cellulose with a high degree of purity, as demonstrated by

he thermogravimetric analysis. Furthermore, the presence of cellulose

I in the precipitated material was detected. Finally, the supernatants ob-

ained after the extraction process were analysed by using self-diffusion

MR. We noticed that cellulose/hemicellulose interacts preferentially

ith PC in the case of PC-BdmimCl and PC-BmimAc, while interacting

referentially with the acetate group in the case of PC-TBAAc. DMSO

ubstitution with PC was a successful working hypothesis even though

C does not mediate the dissolution, on the contrary, was promoting

cetate interaction in the PC-TBAAc system. The PC-TBAAc system can

e considered a selective eco-friendly extraction media. 
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