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ABSTRACT

Recently, the ability of the biocompatible ionic liquid cholinium glycinate
(N11120uGly) for waste vegetable delignification like brewery spent grain (BSG) has been
proved. However, the technical viability should march hand in hand with economic
competitiveness. Therefore, the first step must address the reuse of the ionic liquid to
mitigate the high cost associated with the synthesis of this kind of neoteric solvents.
Different antisolvent-based strategies have been considered, in the present research work,
to produce a delignified carbohydrate rich material (CRM) and reuse the ionic liquid. It
was checked that the addition of a mixture of water: acetone (1:1 v/v) was able to
efficiently precipitate carbohydrates with high levels of delignification, while about 97 %
of the ionic liquid is recovered at a purity near 72%. The use of this strategy allowed
reusing Nii120uGly for 5 cycles and FTIR and XRD spectroscopy, scan electron
microscopy (SEM) and, quantitative acid hydrolysis evidenced the suitability of the
proposed process for the competitive sequential BSG delignification. Liquid
chromatography sheds light on the recovery percentages and purity of the ionic liquid

after each use.
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1. Introduction

The concepts of Bioeconomy and Biorefinery are currently prioritized at EU level
through the “The New Waste Framework Directive” 2008/98/EC [1], where new
processes focused on the reuse and recycling of food waste are encouraged. Among the
food wastes, brewery spent grain (BSG), the main waste of beer industry [2], can be
highlighted. This lignocellulosic material is obtained after cereal (usually barley)
mashing, which represents over 30% of the initial malted grains [3]. An estimated world
production of this waste of 38.6 million tons in 2014 [4] has turned it into a relevant raw
material. In fact, this waste has triggered a great research interest in different areas (e.g.
animal feed, food, pharmaceutics, cosmetics, or biotechnology, among others) [3] due to
its interesting chemical composition. More specifically, lignin, cellulose, hemicellulose,
minerals, proteins and lipids content has put this waste in the limelight for biorefinery-

based research works [5].

However, lignin removal in lignocellulosic materials must be unavoidably tackled, as
its presence hinders the enzymatic accessibility to the structure of carbohydrates. This
fact urges the scientific community to propose solutions for efficiently delignify this kind
of wastes [6,7]. Pretreatment is often the most costly step for biomass transformation [8],
because of this, efforts in this field focus on reducing costs and improving the production
of sugar monomers during hydrolysis [9]. Different alternatives have been proposed to
this end, namely, steam or ammonia fiber explosion, acid or alkaline hydrolysis (using
H>S04 or NaOH, respectively), ferric chloride-based or solvent-based (methanol, ethanol,
acetone, hexane and ethyl acetate) options and ultrasound and/or microwave-assisted
processes [2,5,7]. The most common chemical treatments are based in dilute acids or
alkalis and organic solvents, however these treatments concern due to their dangerousness

and toxicity [8]. Despite the existence of this array of treatment alternatives, a careful



analysis should be made depending on the composition of the lignocellulosic biomass.
The rationale lays in the harsh conditions that may cause sugars degradation and
secondary reactions leading to toxic or inhibitory compounds for both microbial and

biocatalytic reactions [7,10].

Although processes such as steam explosion or supercritical CO2 explosion can be
considered green, the ionic liquids have proven to be advantageous for their versatility,
being able to dissolve biomass completely or its components selectively and, in many
cases, improve the formation of final products [11,12]. In this way, ionic liquids have
emerged as a viable option due to they allow an a la carte design combining specific
cations and anions to produce new compounds with the desired properties [13]. Taking
into account this variety of opportunities, the first investigations that tackling the
dissolution of cellulose with ionic liquids bet on the most commercial family, based on
imidazolium cation [14]. Years later, the suitability of acetate anion paired with 1-ethyl-
3-methylimidazolium cation for complete dissolution and delignification of wood was
demonstrated by the same research group [15]. Nevertheless, some members of this
family have already been registered under REACH regulation, as their toxicity,
biodegradability and persistence in both the aquatic and the soil environments have made
the scientific community consider their “green brand” [16], for example, IL 1-alkyl-3-
methylimidazolium is not sustainable or biodegradable and has relatively high toxicity

[17].

In this scenario, a recent booming interest in biocompatible, non-toxic and
biodegradable cholinium amino acid ionic liquids has been detected, and their suitability
for biomass delignification has been researched [17-20]. The exploitation of these
biocompatible ionic liquids in fields such as biomass pretreatment and food industry

remains limited [18]. Current environmental concerns and economic constrains compel



us to reuse these ionic liquids prior to implement the process at greater scale. Different
recovery methods should be applied for different pretreatments based on ionic liquids

[21]. Therefore, an efficient ionic liquid recycling approach must be investigated.

In this work, three different antisolvent-based alternatives have been tested, including
acetone, ethanol and NaOH as key compounds for carbohydrate separation from BSG
previously pretreated with cholinium glycinate (N11120nGly). Similar methods have been
investigated for this purpose, however, no direct comparison has been made between such
different methods in the same system. The delignification efficiency and BSG
composition have been qualitatively monitored for different reuses employing valuable
spectroscopy and microscopy tools like FTIR, XRD or SEM. The purity of the ionic liquid
after each treatment and reuse has been checked by high performance liquid
chromatography (HPLC). Additionally, quantitative acid hydrolysis was performed to
follow the changes on carbohydrate rich material (CRM) to understand changes in
carbohydrates composition throughout the different antisolvent-based strategies and in

the successive cycles of the selected procedure.

2. Experimental approach
2.1. Materials

BSG (about 80% water content) from the artisanal production of beer, was kindly
provided by Letra (Vila Verde, Braga, Portugal). BSG humidity content was reduced in
a laboratory oven (Celsius 2007, Memmert, Schwabach, Germany) at 50 °C for
approximately 48 h to prevent microbial contamination during storage. Finally, BSG was
also washed with water at 50°C for 4 h and 160 rpm and dried at 50°C to avoid errors

caused by carbohydrates derived from the brewing process [22].



Ni1120uGly was synthetized following the procedure reported elsewhere [23], although
choline hydroxide was purchased as an aqueous solution (46 wt%) from Sigma-Aldrich
(Steinheim, Germany) just like glycine (99%). The synthesized ionic liquid was vacuum-
dried at reduced pressure and 50 °C for 3 days and stored in an amber glass vial with

SCréw cap.

2.2. BSG fractionation

BSG was fractionated according to a previous work [20] with slight modifications: 0.5
g of BSG were treated in a 100 mL glass bottle with 10 g of ionic liquid (5% w/w) at 90°C

during 16 h in a sand bath with orbital stirring (120 rpm) in the presence of glass pearls.

Three antisolvent-based methods for BSG fractionation were evaluated:

Treatment A (TA): it was based on the previous work of this group [20] with slight
modifications. Briefly, 50 ml of an acetone/water solution (1:1 v/v) was added and stirred
for 30 min at room temperature, thus leading to the CRM precipitation, which was
removed by centrifugation (Ortoalresa, Consul 21, EBA 20, Hettich Zentrifugen.
Germany) at 2755 x g for 30 min and filtration with a nylon membrane (pore size 0.45
pm). The CRMs were washed with deionized water until they became colorless (6
washes) in order to remove all remaining ionic liquid. Finally, they were dried for 24 h at
50°C in an oven (Celsius 2007, Memmert, Schwabach, Germany) and stored for later
analysis. The acetone present in the liquid phase was evaporated at 50°C in the oven,
causing the precipitation of lignin-rich material that was separated and washed as was
done for the CRMs. Finally, the remaining liquid phase was combined with the washing

water, and this mixture was submitted to a rotary evaporation (40 mbar, 50°C).

Treatment B (TB): After pretreatment with ionic liquid, 50 mL of deionized water was

added and stirred for 30 min at room temperature, thus precipitating the CRMs that were



separated and washed as described in the previous treatment. The liquid fraction was
concentrated by removing water and a subsequent addition of 150 mL of 96% ethanol (v
/v) allowed the precipitation of the hemicellulose-rich material [24]. Ethanol was then
removed in a rotary evaporator in order to trigger lignin rich material precipitation that
was separated and washed as described in the previous treatment. Finally, the liquid phase
was mixed with the washing water and the rotatory evaporator was again employed to

concentrate it, as described previously in TA.

Treatment C (TC). This alternative is based on the protocol reported elsewhere [21]
with some modifications. 50 mL of NaOH (0.1 M) was added to the ionic liquid-
pretreated BSG and stirred for 30 min to precipitate the CRMs, which were submitted to
the same process described in treatments A and B. pH of the liquid fraction was adjusted
to 2 with HCl to foster lignin-rich material precipitation, as previously described. Again,
the liquid fraction was mixed with the washing water and neutralized with NaOH prior to
be submitted to rotatory evaporation (where NaCl and other residues precipitate). Finally,
methanol was added to the ionic liquid mixture to ease NaCl removal by filtration, prior

to eliminate methanol by rotatory evaporation.
All experiments were performed in triplicate.

2.3 Analytical methods

2.3.1 BSG and CRM characterization

Moisture content of BSG and CRM was determined by drying in an oven at 105 °C up
to a constant weight. The composition of BSG and CRMs was analyzed by quantitative

acid hydrolysis following the previously described procedure [20].

2.3.2 Statistical analysis



The BSG and CRMs (lignin, glucan, xylan and arabinan) composition determined by
quantitative acid hydrolysis were subjected to analysis of variance (ANOVA) with
Statgraphics Centurion XVI.I software using Tukey’s test at a significance level of P <

0.05 to determine statistically significant differences.
2.3.3 ATR-FTIR analysis.

Infrared spectroscopy equipment (Thermo Nicolet 6700 FTIR Spectrometer, Thermo
Fisher Scientific Inc., Madison, WI, USA) coupled with an attenuated total reflection
(ATR) accessory equipped with a diamond crystal (Smart Orbit Diamond ATR, Thermo
Fisher, USA) was used to characterize BSG and CRM fractions at room temperature. Dry
samples were analyzed in the range 4000 to 400 cm™ at 4 cm™! resolution and 20 scans

using a deuterated triglycine sulfate (DTGS) KBr detector.

Lateral order index (LOI) [25] was calculated by means of the absorbance (4) to

evaluate changes in cellulose crystallinity, following the expression:

A 4370
LOI= - - (1)

898cm’!

2.3.4 X-ray diffraction analysis.

The crystallinity of BSG caused by treatment with the ionic liquid was followed by X-
ray spectroscopy (Siemens D500) employing diffraction angles spanning from 20 = 2 —
45°, with a step size of 0.02° and a step time of 0.5 s [26]. The crystalline index (Cr/) was

calculated as follows [27]:

Cri=22m 5 100 )

cry

where Iy 1s the intensity of the crystalline region at 20 = 22.35 and /an is the intensity in

the amorphous region at 260 = 16.17.

2.3.5 Field Emission Scanning Electron Microscopy (FE-SEM).



The dry samples were mounted onto aluminum stubs and coated with gold in Sputter
Coater (Sputtering Emitech K550X, Quorum Technologies, Kent, UK) for 3 min. Finally,
a FE-SEM system (Model JSM-6700 F, Jeol, Japan) was employed to observe and

photograph morphological changes of BSG after each treatment.
2.3.6 lonic liquid purity.

An HPLC equipped with a conductivity detector (Dionex ICS-3000) and an ion
exchange column (Dionex IonPac CS12, 250 x 4 mm) working in isocratic mode was
employed for Ni1120nGly quantification. A macroporous (100 A) divinyl benzene/ethyl
vinyl benzene polymer was used as stationary phase and 2 mM HNO3 as mobile phase at
a flow rate of 1 mL/min at 30°C. The limit of detection (LOD) and limit of quantification

(LOQ) was 1 ppm and 2.5 ppm, respectively.
3. Results and discussion
3.1 Antisolvent selection for ionic liquid recovery

The demonstrated suitable delignification [18] capacity of the selected cholinium
aminoacid ionic liquid stresses the necessity of addressing the recovery after the BSG
pretreatment. To do that, different antisolvent-based strategies have been proposed,
including acetone, ethanol and NaOH (0.1 M) as key compounds, as detailed in the
experimental section. Then, the delignification and composition of the obtained CRM

fractions have been monitored, together with the amount of recovered ionic liquid.

The first step for BSG delignification in order to obtain CRM requires its
characterization, as the bagasse composition is dependent on numerous factors such as
the barley variety, harvesting place and climate conditions, malting and maceration
operation, among others. Usually, this raw material displays cellulose (glucan), xylan,

arabinan and lignin composition intervals of (17-26)%, (12-20)%, (6-9)% and (8-28)%,



respectively [4]. In the present case, the characterization of BSG sample showed values

within these ranges (Table 1), being xylan and arabinan slightly higher.

The application of the different antisolvent-based strategies for ionic liquid recovery
led to statistically significant differences in glucan and xylan content, as can be checked
in Table 1. In general, TA, TB and TC led to similar improvements in xylan content (up
to about 30%) compared to raw BSG (22%). On the contrary, the application of TA
involved ameliorations in glucan content, significantly higher than the values recorded

with TB and TC.

The reason for the increase in these polysaccharides content is the drastic reduction of
lignin caused by the Ni1120uGly pretreatment. In this regard, the statistical analysis of the
values displayed in Table 1 evidences significant differences between Klason and soluble
lignin of BSG and CRMs. Hence, TA, TB and TC led to delignification percentages about
71, 60 and 56 %, respectively. It is clear that TA is the most efficient alternative for this
aim, as the values surpasses those found in previous research works focused on the
treatment of other lignocellulosic biomass like rice straw with cholinium aminoacid ionic

liquids [21,28].

The rationale for the high delignification potential may be the existence of hydrogen
bonding sites since these type of bonds have been seen as the main forces ruling the lignin
dissolution process [29]. In this sense, the interesting results may be due to the fact that
glycinate anion has three hydrogen bonding sites (two from carboxylate and one from
amino groups) while the acetone has an additional one, which surpasses the hydrogen

bonding capacity provided by ethanol and NaOH used in TB and TC, respectively.

The analysis of the recovery percentages in terms of CRM, glucan, xylan, arabinan
and Ni11200Gly could also shed more light on the suitability of each antisolvent-based

treatment, so these data were measured and the values obtained have been compiled in
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Table 2. The data confirm the best performance attained after applying TA, as both glucan
and ionic liquid recovery are higher with this treatment (60.74 and 96.68% respectively).
Regarding the ionic liquid, its recovery is crucial for allowing its subsequent reutilization
and reaching a true competitive process, so both TA and TB can be considered suitable
alternatives. An et al [21] reported a recovery of 75% of the IL Nij120nArg used for the
pretreatment of rice straw using a regeneration method based on NaOH. Analogously, a
recovery of another cholinium-based ionic liquid over 90% was reported by Nimomiya
et al [30] when using an acetone-based treatment. This pattern was also recorded for the

treatment of wheat straw with imidazolium-based ionic liquids [31].
3.2 Ionic liquid reuse

Given the interesting results provided by TA, this method was chosen for further
research on the viability of using the recycled ionic liquid in five sequential cycles. The
ionic liquid purity and recovery have been monitored by HPLC throughout the cycles and
these data are included in Table 3. Although the ionic liquid purity decreased from 72%
in the first cycle to 33% in the subsequent cycles (from the 3™ cycle on), it is remarkable
that the proposed treatment allowed recovering Ni1120uGly at levels higher than 80%,
which confirms the potential of this strategy for BSG treatment. A possible explanation
behind the purity reduction may be the occurrence of secondary reactions between the
ionic liquid and the solvent, accumulation of compounds derived from the biomass
degradation like organic acids, or depolymerized lignin and water. Despite this, the
treatment efficiency in terms of glucan and ionic liquid recovery, and delignification seem
to not to be altered. A similar behavior was checked by Lee et al. [32], who demonstrated

the lignin solubilization capacity of C2CiimCH3000 when treating wood flour.

In the same line, the CRM composition and delignification data were also monitored
after each cycle and the data obtained are included in Table 3. It is interesting to highlight

11



that the CRM recovery is quite constant (about 25%), while the delignification is slightly
decreased after the first cycle (lowering from 71% to about 60%). The values are higher
than those reported previously by Ravindran et al [2] for other physicochemical
treatments like ammonia fiber explosion (7.0%), steam explosion (5.2%), dilute acid
hydrolysis (14.1%), organosolvent-based alternatives (42.3%), ferric chloride treatment
(13.7%) and alkaline microwave-assisted methods (61.1%). Therefore, the advantage of
the present strategy is clear not only in terms of process efficiency but also in
environmental sustainability. Similarly, the values attained in the present research work
outperform those reported previously for other cholinium-based ionic liquids with rice
straw (50%) and mulberry stem (65%), when using choline acetate and choline

aminoacids (N11120n Ala and Ni11200Gly) , respectively [6,30].

Regarding the CRM composition, glucan recovery keeps constant throughout the
whole cycles (50%), while arabinan and xylan recovery ranges between 24 and 32% and
between 31 and 40%, respectively. In brief, the high glucan content in CRM and
delignification yield evidence the interest of the proposed treatment while maintaining

the 1onic liquid effectiveness.
3.2.1 Monitoring BSG structural alterations through SEM and FTIR

After having demonstrated the suitability of the reused strategy in terms of CRM
composition, delignification and ionic liquid recovery, SEM and FTIR were used to

further characterize the BSG after each cycle.

SEM images at 1000 magnifications presented in Fig. 1 reveal clear changes in BSG
cell walls after the five cycles. Initially, the raw BSG (Fig. 1a) shows a compact structure
made up by fibers and non-fibrous components (hemicellulose and lignin) [22]. However,
the treatment with Nii1200Gly entails an extensive lignin removal, which allows

microfiber visualization and pore formation, which favors enzymatic hydrolysis, as
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reported previously in literature [33,34]. The comparison between cycles leads to the
conclusion that the morphological changes are very similar no matter the number of

reuses of the ionic liquid, thus confirming the abovementioned quantitative results.

To avoid misinterpretations, Fourier-transform infrared (FTIR) was employed as a
valuable tool often used to characterize the chemical structure and chemical changes of
lignocellulosic materials [2,35]. Therefore, FTIR spectra between 1800 and 400 cm™! of
raw BSG and those obtained after the first and the fifth cycle (as the most representative)

are shown in Fig. 2.

The analysis of the data reveals some differences in the intensity of some peaks,
especially after the first cycle. Thus, it is possible to identify the characteristic cellulose
and hemicellulose peaks at 1437 cm™ (CH; scissoring motion in cellulose) [36], 1370
cm’! (C-H bending vibration) [30,35], 1151 cm™ (C-O-C antisymmetric bridge stretching
vibration) [20], 1074 cm™ (C-O stretching of secondary alcohol in cellulose,
hemicellulose and lignin) [37], and 1024 cm? (C-O or C-C in cellulose and
hemicellulose) [20,38]. Furthermore, new peaks also appear at 1731 cm™! (C=O stretching
vibration in acetyl groups on hemicelluloses) [20], and 1318 cm” (CH, wagging
crystalline cellulose) [39]. It can be also highlighted an increased intensity of the peak at
990 cm! (C-O ring stretching of cellulose) [40] and 898 cm™! (C-H bending vibration in
cellulose and hemicelluloses characteristic of B-glycosidic bonds in carbohydrates)

[24,30,33,41].

On the other hand, the analysis of lignin bands by FTIR spectra in the region 4000 to
400 cm™ (Fig. 3) shows representative peaks at 2920 cm™ (C-H stretching vibrations of
methyl and methylene groups), 2852 cm™ (C-H stretch O-CH3 group) [20,42] and 1454
cm! (asymmetric bending in CH3 lignin) [30,33,41], although its intensity is reduced.
Several peaks of low intensity appear between 1574 and 1503 cm™ (C=C stretching of

13



the aromatic ring in syringyl and guaiacyl units) [35,43] and at 1462 cm™ (C-H bending
vibration) [43,44]. The decrease in intensity regarding the same peaks in BSG allows
confirming the lignin content reduction caused by Ni1120nGly treatment. It should be
noted that the peak at 1737 cm™ (C=O stretching ester-linked acetyl, feruloyl and p-
cumaroyl groups between hemicellulose and lignin) [20,45] almost vanishes after the first
reuse, which may indicate the rupture of this bond. This also happens with the peak at
1240 cm™! (syringyl ring and C-O stretching vibration in lignin, xylan and ester groups)
[41]. In summary, the decreased peaks intensity between 1460 and 1600 cm™! is associated
to an effective lignin removal, and only residual lignin amounts may be present as inferred

from the low intensity peaks that remain in this region.

These results are consistent with those reported by Costa Lopes et al. [31] who
concluded a decrease in lignin bands and the disappearance of the peak at 1737 cm™ when
wheat straw biomass was treated with C;C1imCH3;COO. Analogously, Ravindran et al.
[2] and Outeirifio et al. [33] reported similar changes when applying several
physicochemical treatments or Nii120nGly, respectively, for an effective BSG

delignification.

Finally, it is evident the presence of a wide band at about 3330 cm™ associated with
the presence of O-H bonds, which together with the peak at 1650 cm™', make it clear the
presence of retained water. Besides, the comparison between raw BSG and that obtained
after the cycles reveals a decrease of this signal, thus indicating the reduction of the
amount of water in the CRM. Normally, the amount of water that can be retained by a
certain material is closely related to crystallinity, since more amorphous materials usually
houses more water molecules, which lead to greater intensity in these bands [46].
Following this assumption, an increase in the crystallinity of the samples may be

occurring, so X-ray diffraction (XRD) was thus employed to confirm this hypothesis.
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3.2.2 Monitoring BSG crystallinity modifications through XRD and FTIR

Cellulose, hemicellulose and lignin content allows classifying lignocellulosic biomass
in crystalline or amorphous, as only the first include crystalline structures [2,36]. In this
sense, XRD analysis was employed to measure the crystallinity of the material as a whole,
while FTIR data helps us to unravel the changes in the relative crystallinity of the

cellulose [36].

Therefore, the crystalline index (Crl) was calculated from XRD data using the
equation described in the material and methods section. The data presented in Table 4
evidence high Crl for the CRM obtained after treatment with the reused ionic liquid
(between 60.58% to 80.05%) and in the diffractograms presented in Fig.4, the BSG shows
a predominantly amorphous structure, this is due to the presence that amorphous
components such as lignin and hemicellulose, on the other hand, in all CRMs, since lignin
has been extensively removed, it can be noted the crystalline structure of this materials,
because of the increase in cellulose content, which confirms the effectiveness of the

treatment [2,47].

On the other hand, LOI was calculated from FTIR data in order to deeper study the
cellulose structure, by dividing the absorbance at 1437 cm™! (associated with crystalline
cellulose) over the absorbance at 898 cm! (related to amorphous cellulose) [36,48], and
the data after each BSG treatment are also compiled in Table 4. It becomes patent the LO/
reduction from 2.67 of the raw BSG to about 1 after the ionic liquid reuse in five cycles,
which may indicate a decrease in crystallinity caused by a disordering of cellulose

structure, which would ultimately boost the enzymatic hydrolysis [49].

All in all, Ni1120n-based pretreatment of BSG allows removing amorphous fractions
such as lignin, while increasing the cellulose content. In turn, the crystallinity of cellulose

is reduced, which may favor further treatments such as enzymatic hydrolysis [36].
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4. Conclusions

Three methods have been studied for BSG delignification and recovery of
carbohydrates and Ni1120nGly. The method based on the use of a mixture acetone / water
(1: 1 v/ v) as an anti-solvent led to the greatest delignification, glucan and ionic liquid
recovery at greater purity. Additionally, the feasibility of reusing the ionic liquid-based
treatment for five cycles was demonstrated, obtaining a CRM fraction with low lignin
content (always lower than 10%). At the same time, the ionic liquid recovery and purity

after each cycle reached values greater than 80% and 30%, respectively.

A deeper analysis of the BSG biomass using SEM images and FTIR spectroscopy
confirmed the changes in the N11120nGly-treated BSG regarding the raw one. On the other
hand, the crystallinity indices by FTIR and XRD turned out to reveal an increased
cellulose content and a reduced crystallinity, thus verifying the viability of the proposed

strategy for BSG conditioning prior to enzymatic hydrolysis.
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Table 1

Chemical composition of BSG and CRMs after the application of different antisolvent-based

treatments for ionic liquid recovery

BSG TA TB TC

Humidity (%) 6.38 + 0.05 7.52+0.23 4.90+0.18 5.64 +0.23
Klason Lignin (%) 17.94 +£0.30*  6.31+0.06* 8.53+0.298 9.38 +0.418
Soluble Lignin (%)  7.32+0.03*  0.98+0.00* 1.48£0.108 1.65+0.028
Total Lignin (%) 25.26 7.29 10.01 11.03
Glucan (%) 22.74 +£0.80* 57.44+1.194 49.48 +(.78B 50.25 +0.378
Xylan (%) 21.97+0.07¢  29.31+0.93 30.66 + 0.83 30.56 + 0.67
Arabinan (%) 9.71£0.20  9.45+0814 11.45+0.658 10.08 + 0.09

* Statistically significant differences between BSG and CRMs.
Different letters show significant differences between CRMs.
BSG: brewery spent grain; TA, TB and TC are the CRMs of treatments A, B and C respectively
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Table 2

Percentages of recovery after treatment

TA TB TC
CRM Recovered 24.05+0.75 23.85+0.13 24.01 £0.35
Glucan Recovered 60.74 + 1.89 51.91+0.28 53.06 +£0.77
Xylan Recovered 32.08 £1.00 33.29+£0.18 33.40£0.48
Arabinan Recovered 23.40+0.73 28.23 +£0.15 2493 +0.36
Ni1120nGly Recovered 96.68 +0.45 96.71 £ 1.59 85.92 +£2.06
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Table 3

Chemical composition of the CRM after five treatments

TA TA-T1 TA-T2 TA-T3 TA-T4 TA-T5
IL recovery (%) 96.68 + 0.45 85.52+1.17 81.82+2.16 88.43 + 1.81 87.87+2.93
IL purity (%) 72.01 50.17 33.22 33.56 33.17
CRM Recovery (%) 24.05+£0.75 25.79+£0.78 26.39+1.52 25.60+1.27 25.17+0.23 23.67 £0.65
Klason Lignin (%) 6.31+£0.06 7.56 £ 0.08 7.63 £0.52 8.60 £0.32 8.96 £0.22 8.45+0.25
Soluble Lignin (%) 0.97 £0.00 1.19+£0.00 1.91+£0.00 1.31 £0.06 1.43 £0.06 1.12+£0.02
Total Lignin (%) 7.28 8.75 9.54 9.91 10.39 9.57
Delignification (%) 71.18 65.36 62.23 60.76 58.86 62.11
Glucan (%) 57.44+£1.19 47.45 +£0.66 43.10£0.95 46.21 £ 0.41 4427 £0.06 46.90 £ 0.53
Glucan Recovery (%) 60.74 + 1.89 53.81 £1.65 50.03 +2.88 52.03 £2.59 49.01 +0.44 48.83 +1.34
Xylan (%) 29.32£0.93 32.01 +£0.38 33.71£0.13 30.01 £0.39 32.50+£0.22 28.65 £ 0.46
Xylan Recovery (%) 32.08 £ 1.00 3758 +1.14 40.50 +2.33 3497+ 1.74 37.24+0.34 30.87 £ 0.85
Arabinan (%) 9.45+0.81 10.64 £ 0.14 11.97+£0.22 10.78 £0.21 10.88 £ 0.19 9.84 +£0.56
Arabinan Recovery (%) 23.40+0.73 28.26 £0.86 32.54+£1.87 2843 £1.41 28.21£0.25 23.99 £ 0.66

T1 to TS represent the cycles
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Table 4
Crystallinity indices values

Sample Crl (%) LOI
BSG - 2.67
TA 79.38 1.36
TA-T1 67.20 1.07
TA-T2 80.05 1.30
TA-T3 67.01 1.81
TA-T4 75.92 1.22
TA-TS5 60.58 1.13

T1 to TS represent the cycles
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Fig. 1. SEM photographs showing the morphology of lignocellulosic surface of a) BSG,
b) TA, c) TA-T1, d) TA-T2, e) TA-T3, f) TA-T4, g) TA-TS.
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Fig. 2. FTIR spectra of BSG, TA-T1 and TA-T5 in the region 1800-400 cm™ with
carbohydrates characteristic peaks.
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Fig. 3. FTIR spectra of BSG, TA-T1 and TA-TS5 in the region 4000-400 cm™ with lignin
characteristic peaks.
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Fig. 4. XRD diffractogram of BSG and TA to TA-TS.

28



Conflict of Interest

Former manuscript: Advancing towards the competitiveness in ionic liquid-based treatment of

agroindustrial wastes

New title: Recovery and reuse of ionic liquid cholinium glycinate in the treatment of brewery spent

grain

Journal: Separation and Purification Technology

Special issue: ILSEPT - 4th International Conference on lonic Liquids in Separation and

Purification Technology, celebrated in Sitges, Spain in September 8-11t" 2019.

Authors: David Outeirifio, Ivan Costa-Trigo, Ana Rodriguez, Nelson Pérez Guerra, José

Manuel Dominguez

Conflict of interest Authors declare that they have no conflict of interest.



Author Statement

Author statement

David Outeirifio: Investigation, Visualization
Ivan Costa-Trigo: Investigation

Ana Rodriguez: Methodology

Nelson Pérez-Guerra: \Writing - Original Draft

José Manuel Dominguez: Resources, Project administration, Writing - Review &
Editing



	ELSEVIER
	recovery and reuse

