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Abstract: In the present work, brewers’ spent grain (BSG), which represents the major by-product
of the brewing industry, was recovered from a regional brewery and fractionated in order to obtain
a complete valorization. In particular, the whole process was divided in two main parts. A first
pretreatment with hot water in an autoclave allowed the separation of a solution containing the
soluble proteins and sugars, which accounted for 25% of the total starting biomass. This first step
allowed the preparation of a medium that was successfully employed as a valuable growing medium
for different microbial fermentations, leading to valuable fungal biomass as well as triglycerides
with a high content of linear or branched fatty acids, depending on the microorganism used. The
solid water-insoluble residue was then submitted to a lignocellulose deep eutectic solvent-mediated
fractionation, which allowed the recovery of two important main fractions: BSG cellulose and BSG
lignin. The latter product was tested as potential precursor for the development of cement water
reducers with encouraging results. This combination of treatments of the waste biomass appeared
to be a promising sustainable strategy for the development of the full exploitation of BSG from a
circular economy perspective.

Keywords: brewers’ spent grain; deep eutectic solvents; fermentation; Phaffia rhodozyma; branched
chain fatty acids; lignin; cement plasticizers; circular economy

1. Introduction

The European Commission has recently presented, under the Green Deal strategy and
from the view of a change of paradigm of the industrial production, the so-called Circular
Economy Action Plan [1]. This pivotal document includes proposals for sustainable product
design, consumer and public purchaser empowerment, and circularity in production pro-
cesses. The latter concept includes the creation of a well-functioning market for secondary
raw materials: low-value by-products of traditional production chains, usually disposed
of as waste, that can be fed back into the economy as new raw materials. This serves the
dual purpose of decreasing waste production, with its many environmental problems, and
finding alternatives for supplying production chains.

From this perspective, increasing attention has been paid to brewers’ spent grain
(BSG), as documented by the explosion of references in the recent literature (see Figure 1).
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Figure 1. Number of references relative to brewers’ spent grain as retrieved by Sci-Finder™ (CAS,
American Chemical Society) on 8 March 2022.

Spent grain constitutes by far the major by-product of the brewing industry, consti-
tuting about 85% of the total by-products generated in the process. It was calculated that
the production of 100 L of beer results in the generation of around 20 kg of BSG, or 14 kg
if we consider the dry weight [2]. According to Eurostat, 3040 billion litres of beer are
produced in Europe every year, translating into the production of 6-8 million tons of BSG.
This huge amount of by-products, however, has to be quickly disposed of, since the high
amount of humidity, around 75%, promotes the growth of spoilage microorganisms and
its simple presence attracts rodents in the brewery. Most frequently, BSG is immediately
delivered to neighboring farms, where it is employed for feeding cattle or as a fertilizer in
agriculture [3,4]. Of course, problems arise when breweries are located in heavily urban-
ized areas or in remote non-agricultural areas (for example, in the mountains): in these
cases BSG cannot be rapidly delivered and has to be disposed of, constituting a waste of
resource and a significant cost for the brewery. The valorization of BSG from a circular
economy perspective would thus contribute not only to saving resources, reducing land
use, and decreasing the carbon footprint of the brewing process, but would also help the
establishment of novel waste processing streams, thus introducing little but significant
societal changes. A necessary condition to promote recovery and treatment of BSG is the
obtainment of high added-value products which would justify a general interest that would
cover the processing costs.

Since BSG is a complex matrix composed of approximately 15-25% proteins, 50-70%
fiber (hemicellulose, cellulose, and lignin), 5-10% fats, and 2-5% ashes [2,5-8], a careful
fractionation is necessary to obtain homogeneous precursors of the target compounds,
ensuring the maximum exploitation of the whole material. In this context, a number of
studies have described the use of BSG as a source of specific precursors to be employed
for the preparation of products of commercial relevance such as alimentary proteins and
fiber [9], enzymes, biopolymers [10], saccharides, and lignin [11].

Despite the growing industrial and scientific interest in BSG disposal, very few re-
searchers have investigated the complete valorization of this waste material [12,13]. Accord-
ing to the concept of the circular economy, an industrial process exploiting BSG should rely
on the exploitation of all its chemical components with the production of different products
of commercial interest. The aim of such a conceived process is the complete recycling of
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the starting waste material with the concomitant production of added-value compounds,
so as to warrant the economic sustainability of the whole cycle.

Following this approach, an innovative process for complete BSG exploitation has
been here investigated. Accordingly, a scalable procedure for the separation of the above-
mentioned material in three different fractions is summarized in Figure 2.
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Figure 2. Integrated process for complete BSG waste valorization, subdivided into a sugar process
and a lignocellulose process. In the first one, BSG waste is autoclaved and then separated into a
sugar-rich medium and a solid residue. Different bioderivatives can be obtained from the former
by fermentation. The solid lignocellulosic residue (BSGr) is instead fractionated with DES to obtain
purified lignin and cellulose. The DES is then recovered and recycled in a closed-loop process.

Starting from wet BSG waste recovered from a local brewery, the process has been
divided into two main parts consisting of the sequential application of different chemical-
physical treatments. A first BSG extraction using water at high temperature allowed the
separation of the soluble proteins and polysaccharides (about 25% of the starting BSG)
that constitute the basis for a fermentation substrate (BSG medium) and are subsequently
transformed into bioderivatives (the sugar process). The solid residue of the first extrac-
tion undergoes instead a fractionation by means of a deep eutectic solvent-mediated
process leading to the biomass separation in two defined components, namely BSGt
Lignin and BSGr Cellulose (the lignocellulose process). Therefore, the integrated process
leads to the separation of the three main components of BSG (fermentable soluble frac-
tion, cellulose, and lignin). Of the latter, the soluble fraction and lignin were specifically
analyzed in this work.

In particular the first fraction was used as a specific medium for microbial fer-
mentation and BSGt Lignin was investigated as a potential renewable source for the
development of enhanced water reducer for concrete production. The BSG extract turned
out to be very rich in soluble starch and contained only a minor amount of other nutrients
such as proteins and oligosaccharides. Therefore, in order to ensure a nitrogen content
suitable for microbial growth, ammonium sulphate was added to the aqueous extract.
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The obtained BSG medium can furnish the proper nutrients for different microbial strains;
more specifically, fungal and bacterial strains that are able to grow on polysaccharides or
have been already employed in the transformation of polysaccharide-containing waste
materials were here selected [14,15]. Among the plethora of described microorganisms,
the basidiomycetous yeast Phaffia rhodozyma, the oleaginous yeast Yarrowia lipolytica and
selected bacterial strains from the genus Rhodococcus and Streptomyces were singled out.
The results of the present study pointed to the potential employment of the obtained
microbial biomass in aquaculture, human alimentation, and biodiesel production.

In the second part of the process (the so-called lignocellulose process, as indicated
in Figure 2), the treated BSG (BSGt) underwent a deep eutectic solvent (DES)-based
treatment aiming to deconstruct the lignocellulosic skeleton in order to obtain the separation
of the two mains components of the biomass, cellulose and lignin. Lignin is the most
abundant aromatic biopolymer in nature, and despite its chemical recalcitrance, its possible
exploitation is widely studied for several application fields [16-18], including materials
science [19-22], materials engineering [23,24], agriculture [25], and energy [26-28]. An
industrially attractive lignin application is the formulation of cement water reducers, an
important component for the production of concrete [29]. In recent years, a renewed
interest for lignin in this specific field was spurred by several research efforts aimed at
the development of renewable, high-performance lignin-based concrete water reducers
capable of competing with modern synthetic products [30-32]. This was carried out by
using non-sulfonated lignins as a starting point, such as those deriving either from the
soda process [33] or from formic acid extraction [34]. Any sustainable process delivering
lignin as a by-product is thus a potential resource for the development of renewable
cement water reducers in a circular economy approach. In the present study, a first
evaluation of the suitability of the BSGt Lignin for this specific application was carried out
implementing a laboratory rheological test on cement pastes that demonstrated a water
reduction performance equivalent to those of Protobind 1000, a well-known commercial
soda lignin.

2. Materials and Methods
2.1. Materials and General Methods

All air- and moisture-sensitive reactions were carried out using dry solvents and under
a static atmosphere of nitrogen. Choline chloride (C0329), betaine glycine (B0455) and L-
lactic acid (L0165) were provided by TCI (Milano, Italy). BSG was provided by the Brewery
“L’Orso Verde” (Busto Arsizio, Italy). Protobind 1000, a mixed wheat straw/sarkanda
grass lignin from soda pulping of non-woody biomass) was provided by Tanovis (Alpnach,
Switzerland). Riboflavin was purchased from Health Leads UK Ltd., (Horeb, UK). The
other reagents and the employed solvents were purchased from Merck (Merck Life Science
S.R.L., Milan, Italy) and used without further purification.

Reference standard samples of Cq-C19 branched-chain fatty acids (BCFAs) were
prepared as described in a work in preparation.

2.2. Microorganisms and Growth Media

Yarrowia lipolytica (DSM 8218), Yarrowia lipolytica (DSM 70562), Phaffia
rhodozyma = Xanthophyllomyces dendrorhous (DMS 5626), and Rhodococcus opacus (DSM
43205) were purchased from DSMZ GmbH collection (Braunschweig, Germany).

Streptomyces cavourensis subsp. cavourensis (DSM 112466) and Streptomyces albidoflavus
(DSM 112467) were isolated as axenic cultures in our laboratory, then identified through
the 165 *RNA gene sequencing and finally deposited in the DSMZ GmbH collection
(Braunschweig, Germany) under the collection number given in brackets.

The growth media used in this work were YUM (Yeasts Universal Medium) im-
plemented with 20 mg/L of riboflavin, TSB (tryptic soy broth), GYM medium, and
BSG medium.
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YUM medium composition: yeast extract (3 g/L), malt extract (3 g/L), peptone from
soybeans (5 g/L), glucose (10 g/L).

TSB medium composition: casein peptone (17 g/L), glucose (2.5 g/L), soya peptone
(3g/L),NaCl (5g/L), K;HPO4 (2.5 g/L).

GYM medium composition: glucose (4 g/L), yeast extract (4 g/L), malt extract
(10g/L).

BSG medium: BSG aqueous extract, (NH4)>SO4 (3 g/L), yeast extract (1 g/L), and
trace elements solution (10 mL/L). For bacteria fermentation, a further 1 g/L of NaCl was
added. The preparation of the BSG aqueous extract is described in the context of the BSG
treatment procedure (Section 2.3).

YUM was used for the pre-growth of Yarrowia lipolytica and Xanthophyllomyces dendror-
hous, TSB was used for the pre-growth of Rhodococcus opacus, and GYM was used for the
pre-growth of Streptomyces cavourensis subsp. cavourensis and Streptomyces albidoflavus.

Trace elements solution: FeCl; (50 mM), CaCl, (20 mM), MnCl, (10 mM), ZnSO,
(10 mM), CoCl, (2 mM), CuCl, (2 mM), NiCl, (2 mM), NapMoOy (2 mM), NaySeO3 (2 mM),
H3BO;3; (2 mM).

2.3. BSG Aqueous Extraction

BSG waste was obtained as wet residue directly from the brewery within 12 h after
a batch of beer production. This material was brought to dryness in a ventilated oven
(60 °C, 24 h) and was finely ground with the help of an electric mixer. The obtained BSG,
designated as BSGy (untreated BSG) contained 4.3% residual humidity and was stored
sealed and refrigerated (4 °C).

BSGy (40 g) was suspended in deionized water (700 mL) and was heated in an
autoclave (121 °C, 15 min). The solid was filtrated, washed three times with deionized
water (3 x 250 mL) and was dried in a ventilated oven (60 °C, 24 h) leading to 29.8 g of
treated BSG, named BSGr, (4.1% of residual humidity). BSGt was then processed further
to separate cellulose and lignin (see Section 2.5) whereas the combined liquid phases were
used for the preparation of the BSG microbial growth medium. Accordingly, ammonium
sulfate (4.5 g), yeast extract (1.5 g), and trace elements solution (15 mL) were added to the
extract. Hence, the final volume of the liquid was adjusted to 1.5 L by addition of further
deionized water and the obtained medium was sterilized by autoclaving (121 °C, 15 min).

2.4. Evaluation of Fermentation with BSG Microbial Growth Medium

The BSG medium prepared as described above was used for the growth of five
different strains, namely Yarrowia lipolytica (DSM 8218), Yarrowia lipolytica (DSM 70562),
Xanthophyllomyces dendrorhous (DMS 5626), Rhodococcus opacus (DSM 43205), Streptomyces
cavourensis subsp. cavourensis (DSM 112466), and Streptomyces albidoflavus (DSM 112467).
The experiments were carried out in triplicate and the presented results are the media of
three experimental data.

Each fermentation trial was performed using a 5 L bioreactor (Biostat A BB-8822000,
Sartorius-Stedim (Gottingen, Germany) loaded with 1.5 L of BSG medium. Stirring and
aeration were set at 200 rpm and 0.6 L/L/min, respectively whereas the temperature,
the pH, and the fermentation duration were set depending on the strain used (Table 1).
As soon as the fermentation was stopped, the biomass was collected by centrifugation
and was freeze-dried in high vacuum (0.05 mmHg) until the sample reached constant
weight. The obtained dry biomass was treated, under a static atmosphere of nitrogen, with
aqueous NaOH (10% w/v, 16 mL per gram of biomass) and methanol (4 mL per gram of
biomass). The mixture was vigorously stirred and was heated at reflux for 6 h. Hence,
the reaction was cooled (0 °C), was acidified by dropwise addition of concentrated HCl
aqueous (37% w/v), and was extracted twice with ethyl acetate. The combined organic
phases were washed in turn with water and with brine, then were dried (NaSO,), and were
concentrated under reduced pressure. The residue consisted of a mixture of free fatty acids.
The presence of other metabolites was negligible, as indicated by the chromatographic
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purification affording the fatty acids mixture with a weight loss of only 10%. A sample of
this mixture was treated at 0 °C with an excess of an ethereal solution of freshly-prepared
diazomethane. The obtained methyl esters mixture was submitted to GC-MS analysis.

Table 1. Production of biomass and fatty acids using the BSG medium and some selected
microbial strains.

Entry Microbial Strain Growth Conditions ! Biomass Productivity 2 Fatty Acid Productivity 3
Phaffia vhodozyma o )
1 (DMS 5626) 6 days at 22 °C, pH 6.5 3.6 g/L (135 g/Kg BSG)
Yarrowia lipolytica o
2 (DSM 8218) 4 days at 25 °C, pH 6.5 1.5 g/L (55 g/Kg BSG) 200 mg/L (7.5 g/Kg BSG)
Yarrowia lipolytica o
3 (DSM 70562) 4 days at 25 °C, pH 6.5 1.6 g/L (61 g/Kg BSG) 220 mg/L (8.2 g/Kg BSG)
Rhodococcus opacus o
4 (DSM 43205) 4 days at 28 °C, pH 7.0 2.4 ¢g/L (89 g/Kg BSG) 547 mg/L (20.5 g/Kg BSG)
Streptomyces cavourensis o
5 (DSM 112466) 4 days at 28 °C, pH 7.0 2.1 g/L (80 g/Kg BSG) 220 mg/L (8.2 g/Kg BSG)
6 Streptomyces albidoflavus 4 4.0 o4 0goC pH 7.0 1.7 o /L (64 g/Kg BSG) 180 mg/L (6.7 ¢/Kg BSG)
(DSM 112467) aysa P 8 8/ 58 ms 888

1 Each microbial growth was performed in a 5 L bioreactor, using 1.5 L of BSG medium. Stirring and aeration
were set at 200 rpm and 0.6 L/L/min, respectively. 2 The biomass was collected by centrifugation as soon as the
fermentation was stopped and then was freeze-dried. The biomass productivity is indicated as both grams of
dried biomass produced starting from one liter of BSG medium and grams of dried biomass produced starting
from one kilogram of dried BSGy (value in brackets). 3 The fatty acid productivity is indicated as both milligrams
of the fatty acid mixture produced starting from one liter of BSG medium and grams of the fatty acid mixture
produced starting from one kilogram of dried BSGy (value in brackets).

2.5. Preparation of DESs

The DESs were prepared by mixing anhydrous hydrogen bond acceptor (HBA) with
hydrogen bond donor (HBD) in the determined molar ratio (see Section 3.2.1) and stirred
in a closed flask, at 120 °C for 4 h until the liquid phase appeared completely homogeneous
and clear. The product was then dried under vacuum and stored at room temperature in a
dessicator in the presence of anhydrous calcium chloride until further use. The 'H NMR
spectrum of the selected DES (choline chloride/L-lactic acid 1/5) for the full fractionation
is reported in Supplementary Materials Figure S1. The recycling of this DES has been
performed for three cycles without any modifications as confirmed by 'H NMR spectrum
reported in Supplementary Materials Figure S2.

2.6. BSG Treatment with DES

BSGy (25 g) was suspended in DES choline chloride/L-lactic acid 1/5 (250 mL) at
130 °C in a round-bottom flask under magnetic stirring for 24 h. After cooling, ethanol
(500 mL) was then added gradually over 2 h in order to precipitate the cellulose fraction.
The pellet was separated by centrifugation and filtration, washed many times with ethanol
and dried to give a final solid BSGyy Cellulose (46 g) with a yield of 17-25% (w/w initial
biomass). The filtrate was then concentrated by rotary evaporation under vacuum to
eliminate ethanol. Water (500 mL) was then added and the suspension was stirred for 24 h
at 4 °C. The obtained precipitate was then centrifuged, filtered, and washed three times
for 1 h with a solution of water/ethanol 9/1. After centrifugation, filtration, and solvent
evaporation, the final fraction (BSGy Lignin, 2.4 g) was recovered with a final yield of 10%
(w/w initial biomass).

Thirty grams of BSGt, obtained as the effluent of the sugar process performed on 40 g
of starting BSG was then treated with 150 mL of DES in the same conditions and procedure
as described just above. The final products were: the BSGt Cellulose fraction (12 g, 40%
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yield, global yield 30% (w/w initial biomass)), and the lignin fraction BSGr Lignin (4 g,
13.3% yield, global yield 10% (w/w initial biomass)).

2.7. Lignin Solubility in Organic Solvents

Lignin solubility in the different solvents was determined by treating 1 g of the
analyzed lignin with 10 mL of the solvent under stirring at 400 rpm. Each test was carried
out overnight at room temperature. The suspension was then filtered and the solvent was
evaporated at reduced pressure, and the final residue was dried until a constant weight
was achieved prior to quantification.

2.8. Instruments and Analytic Condition
2.8.1. Thin Layer Chromatography

Thin layer chromatography (TLC) Merck silica gel 60 Fps4 plates (Merck Millipore,
Milan, Italy) were used for analytical TLC. Preparative column chromatography was
performed with silica gel.

2.8.2. TH NMR

'H NMR spectra were obtained using a Bruker-AC-400 spectrometer (Billerica, MA,
USA) at 400 MHz and 348 K; the samples were externally locked using D,O in a coaxial
insert tube and the chemical shifts were recorded in ppm.

2.8.3. Gas-Chromatography/Mass Spectrometry

The gas-chromatography-mass spectrometry (GC-MS) apparatus was a HP-6890 gas
chromatograph equipped with a 5973 mass detector and a HP-5MS column (30 m x 0.25 mm,
0.25 um film thickness; Hewlett Packard, Palo Alto, CA, USA). The separation of the
fatty acid methyl esters was performed with the following temperature program: 120 °C
(3 min)—12 °C/min—195 °C (10 min)—12 °C/min—300 °C (10 min); carrier gas: He;
constant flow 1 mL/min; split ratio: 1/30.

2.8.4. Gel Permeation Chromatography

A Waters 510 HPLC system equipped with a refractive index detector was used for
gel permeation chromatography (GPC) analyses. Tetrahydrofuran (THF) was used as
eluent. The analyzed lignin sample (volume 200 uL, concentration 1 mg/mL in THF) was
injected into a system of three columns connected in series (Ultrastyragel models HR2, HR3
and HR4, dimensions 7.8 mm (inner diameter) x 300 mm (length), provided by Waters)
packed with 5 um spherical particles and covering a broad range of molecular weights
(102-105 g/mol). The analysis was performed at 30 °C at a flow rate of 0.5 mL/min. The
GPC system was calibrated against polystyrene standards in the 10~10* g/mol molecular
weight range. To allow complete solubility in the THF eluent, before the analysis, the parent
lignin and the fractions were acetylated following a standard literature procedure [35].
Briefly the estimation of the number-average and weight-average molecular weights (My
and M,, respectively) of the obtained lignin fractions was performed excluding the signals
related to the solvent (THF) and the solvent stabilizer (butylated hydroxytoluene), visible
at long elution times (>29.5 min).

2.8.5. Total Sugars Quantification

Two stock solutions were prepared fresh every time with a protocol previously de-
scribed with some modifications [36]. Solution A was prepared by dissolution of 19 mg
of disodium 2,2-bicinchoninate, 0.543 g of Na;COj3 and 0.242 g of NaHCOj3 in 10 mL of
distilled water. Solution B was obtained by dissolution of 12.4 mg of CuSO4-5H,0O and
12.6 mg of L-serine in 10 mL of distilled water. BCA working solution was freshly prepared
just before use by mixing equal volumes of solution A and solution B.

Method 1: This method was performed for aqueous soluble samples. In detail: 1 mL
of BCA working solution was added to 1 mL of sample in a vial and incubated at 70 °C
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for 30 min. The vials were cooled at room temperature, 1 mL of mixture was trans-
ferred to a cuvette, and the absorbance was determined at 560 nm. The total reduc-
ing sugar value in the samples was then read from the glucose calibration curve a (see
Supplementary Materials Figure S3). The calibration curve was established by using a
glucose solution as standard in the 0-72 pM concentration range.

Method 2: This method was performed for aqueous-insoluble samples that showed
dimethylsulfoxide (DMSO) solubility. The samples were prepared by dissolving lignin in
DMSO with a final concentration of 2 mg/mL. For each determination, 5 uL of the solution
were then mixed with 995 uL of water and 1 mL of BCA working solution in a vial and
incubated at 70 °C for 30 min. The vials were cooled at room temperature, 1 mL of mixture
was transferred to a cuvette, and the absorbance was determined at 560 nm. In all cases, the
contribution of DMSO to color development was measured and subtracted from the final
value. The calibration curve b (see Supplementary Materials Figure S4) was established by
using a glucose solution as standard in the 0-280 pM concentration range.

Method 3: In order to determine the abundance of polysaccharides in lignin samples,
acid hydrolysis of the samples was performed by incubation of 100 mg of sample with
100 mL water/HC137% 6/4 for 2.5 h at 80 °C. The mixture was then set to neutral pH and
then filtered. The total reducing sugar concentration in the filtrate was then measured
with method 2.

2.8.6. Phenolic Hydroxyl Group Determination

The total phenolic content of lignins was determined by a modified Folin—-Ciocalteu
(FC) protocol with some modifications to the sample preparation step previously de-
scribed [37]. The samples were dissolved in DMSO with a final concentration of
2 mg/mL. DMSO was chosen because, being completely miscible in water, it allowed
complete lignin solubilization and did not interfere with the FC assay. For each determi-
nation, 5 puL of the working solution (or the standard solution) were then mixed with
120 uL of deionized water, 125 uL of FC reagent (Sigma 47641), and kept for 6 min at
room temperature after 30 s of vortex stirring. Then, after the addition of 1.25 mL of
5% sodium carbonate and mixing, the vial was incubated in a thermoshaker at 40 °C
for 30 min. The reaction mixture absorbance was measured using a UV-Vis spectropho-
tometer (Jasco V-560) equipped with a temperature-controlled cuvette holder and a
thermostatic water bath (Haake K10, Karlsruhe, Germany). All spectrophotometric
measurements were carried out at 760 nm, 25 °C, using a 1 cm optical path cuvette and
deionized water as blank sample. Vanillin was chosen as the reference standard. The
calibration curve was constructed with nine different vanillin solutions in DMSO with
concentration in the range 0-500 pg/mL (see Supplementary Materials Figure S5). Each
FC assay determination was carried out in triplicate.

2.8.7. 3P NMR Analysis

3P NMR spectroscopic analyses were recorded on a Bruker Instrument AVANCE400
spectrometer (Milano, Italy). Acquisition and data treatment were performed with Bruker
TopSpin 3.2 software (Milano, Italy). The spectra were collected at 29 °C with a 4 s
acquisition time, 5 s relaxation delay, and 256 scans. Prior to analysis, samples were dried
for 24 h under vacuum and then derivatized according to the following procedure.

The sample (40 mg) was completely dissolved in 300 uL of N,N-dimethylformamide.
To this solution, the following components were added: 200 pL of dry pyridine, 100 pL of
solution of internal standard (10 mg of Endo-N-hydroxy-5-norbornene-2,3-dicarboximide
(Sigma 226378) dissolved in 0.5 mL of a mixture of pyridine and CDCl3 1.6:1 v/v), 50 uL
of a relaxation agent solution (5.7 mg of chromium (III) acetylacetonate (Sigma 574082)
dissolved in 0.5 mL of a mixture of pyridine and CDCl; 1.6:1 v/v), 100 uL of 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Sigma 447536), and at the end 200 uL CDCls;.
The solution was centrifuged and/or filtered if necessary. All chemical shifts reported
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were related to the reaction product of the phosphorylating agent with water, which gave a
signal at 132.2 ppm.

2.8.8. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was performed by a Nicolet Netxus
760 FTIR spectrophotometer. The samples were prepared by pressing the biomass powders
with KBr powder to obtain thin discs. Spectra were obtained in transmission mode, at
room temperature, in air, by recording 64 accumulated scans at a resolution of 4 cm ™! in

the 4000-500 cm ~! wavenumber range.

2.8.9. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was employed to investigate the thermal
transitions of lignin samples. Measurements were carried out on 10-15 mg samples by
means of a Mettler-Toledo DSC 823e instrument. Three runs (heating/cooling/heating)
were performed: from 25 °C to 150 °C to remove water from samples, from 150 °C to
25 °C, and from 25 °C to 200 °C, at a scan rate of 20 °C/min under nitrogen flux. The
glass transition temperature (Tg) of the samples was evaluated as the inflection point in the
second heating run.

2.9. Water Reduction in Cement Pastes

A preliminary estimation of the water reduction capability of recovered lignins was
carried out evaluating the relative Bingham dynamic yield torque of cement pastes contain-
ing 0.2% of lignin (w/w relative to dry cement) at different water/cement (w/c) ratio [38].
This allowed us to compare the water reduction attainable from each lignin in order to
obtain a cement paste with the same yield torque of a pure cement paste with 0.45 w/c ratio,
taken as reference. The water reduction was evaluated for BSGy Lignin, for BSGt Lignin
and for the commercial soda lignin Protobind 1000. For each rheological measurement
an alkaline (NaOH) lignin solution (10% w/w lignin/water) was prepared taking care to
obtain a final content of 0.4 g of lignin and 3.6 g of water. A cement paste was prepared
mixing 200 g of ordinary Portland cement (CEM I 42.5 R according to EN 197-1 standard)
with water in the required amount minus 3.6 g that was added later to the lignin solution.
The cement/water paste was then stirred manually for 2 minutes, after which the lignin
solution was added. The paste was further stirred for 2 min and finally transferred into the
rheometer cup.

A rotational rtheometer (RheolabQC, Anton Paar GmbH, Graz, Austria) provided
with a 30 mm diameter four blade stirrer and a 42 mm diameter sandblasted stainless
steel cup (ST30-4V-40/133 and CC39/S respectively, Anton Paar) was used for all the tests,
measuring the torque obtained in a series of decreasing rotational speed steps (from 80 to
1 rpm, 10 s each) after a pre-shear interval (340 s) at 100 rpm. The resulting torque for each
measuring step was calculated as mean of the last 5 s of sampled data.

A linear regression for every torque/rotational speed dataset was calculated con-
sidering only the data points in the 80-20 rpm rotational speed interval (i.e., in the
14.2-16.3 min interval from the first water—-cement contact). The linear regression repre-
sents the Bingham model for the given cement paste. This latter was extrapolated to zero
rotational speed (i.e., to the ordinate intersect, Figure 3) in order to obtain the Bingham
dynamic yield torque Ty [38].

The relative Bingham dynamic yield torque Tr was then calculated for each lignin-
containing cement paste with the following relation

To

Tr =
TO,re f

where T is the obtained Bingham dynamic yield torque and T,y is the yield torque
measured with the reference paste (0.45 w/c ratio cement paste without lignin).
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The water/cement ratio W, at the unit value of Ty (i.e., at the reference Bingham dy-
namic yield torque) was calculated for each cement paste with the inverse linear regression
of the yield torque/water cement ratio dataset (Figure 4).

5 —_
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Figure 3. Bingham fitting of torque vs. rotational speed data. The Bingham dynamic yield torque Ty
was obtained by extrapolating the Bingham model to zero rotational speed.
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Figure 4. Relative dynamic Bingham yield torque vs. water/cement ratio data set for the BSGt
Lignin cement paste sample and determination of computed w/c ratio Wy. The Bingham yield torque
measured at each w/c ratio (red squares) was relative to the yield torque of the reference cement
paste (without lignin) at 0.45 w/c ratio. The W value obtained with the lignin containing cement
paste was calculated intersecting the reference yield torque value (black dotted line) with the sample
points data fitting line (red solid line).

The actual water reduction for a given lignin is given by the following relation

Wg =100 [1— W
Wref

where Wr, is the obtained water reduction (%), Wy is the computed w/c ratio at the reference
yield torque for the given lignin, and Wi is the reference w/c ratio (0.45).

This procedure measured the effective water reduction capability of each lignin in the
preparation of a cement paste in the given conditions.
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3. Results and Discussion
3.1. BSG Waste Pre-Treatment and Sugar Process

As mentioned before, BSG waste contains a number of components, of which polysac-
charides, proteins, fibers (hemicellulose, cellulose, and lignin), fats and inorganic salts are
the most representative ones.

Using water as a solvent, preliminary experiments were performed in order to estab-
lish how much starch/polysaccharides could be extracted from untreated BSG (BSGy). The
results were encouraging because repeated extractions with hot water allowed a consider-
able reduction of the initial BSG weight (up to 20%). Therefore, a new protocol based on a
strong thermic treatment followed by three aqueous extractions was set up, allowing the
separation of a relevant amount of soluble materials. Accordingly, dried BSG was ground,
suspended in water, and heated in an autoclave (121 °C, 15 min). The solid was filtrated,
washed with water, and dried again. Overall, more than 25% of the initial BSG weight
was dissolved in water. The obtained solution, enriched in soluble starch, proteins, and
other minor nutrients, could be regarded as a valuable growing medium for microbial
fermentation. Therefore, a new medium made up of BSG extract (6.8 g/L), yeast extract
(1 g/L), and ammonium sulfate (3 g/L) was defined (reported as BSG medium in Figure 1).
The addition of yeast extract, even in low amount, is crucial because it provides vitamins
and microelements essential to microbial fermentation. In addition, although BSG contains
proteins, the nitrogen content of the aqueous extract is not sufficient to ensure good biomass
production. Consequently, ammonium sulfate as a suitable nitrogen source was selected.
The latter compound is a very cheap chemical, largely employed in industry and in mi-
crobiology where it is used to replace peptone or other protein sources. Hence, the new
medium was tested for the fermentation of some selected microorganisms. Attention was
focused on the evaluation of the strains only belonging to the BL-1, with high preference
of those generally recognized as safe for human health (GRAS). In addition, they must
be able to metabolize starch/polysaccharides and to produce compounds of commercial
interest. More specifically, a preliminary screening allowed us to single out six different
microorganisms (Table 1), three fungal and three bacterial strains.

The growth of the strains was tested taking into account the possible scalability to
industrial production. Hence, fermentation experiments were performed in a 5 L bioreactor,
using at least 1.5 L of BSG medium, with accurate control of the temperature, stirring, and
aeration parameters.

The first investigated strain, Phaffia rhodozyma [39], is a basidiomycetous yeast that was
found in slime fluxes of certain broad-leafed trees. This microorganism takes advantage of
its fermentative abilities to use the carbohydrates there present for its growth, thus indicat-
ing potential employment in the transformation of other polysaccharide-rich substrates.
The most remarkable features of P. rhodozyma is its pink-orange color due the production of
carotenoid pigments and especially of astaxanthin. This compound has great economical
relevance because it is a widely used feed ingredient, utilized for the pigmentation of fish
and crustaceans, and is one of the most expensive feed ingredients in the aquaculture
industry [40,41]. In addition, the European Commission has authorized the direct use
of the whole yeast biomass in foodstuffs for salmon and trout [16], including the use of
astaxanthin overproducing strains [42]. Therefore, we tested the biomass productivity of a
wild-type strain of Phaffia rhodozyma (DSM 5626) using our BSG medium (Table 1, entry 1).
As soon as the microorganism reached the stationary phase of growth, the biomass was
separated by centrifugation and then was freeze-dried, until complete removal of the water
content. Three-point-six grams of dry biomass per liter of BSG medium were obtained,
corresponding to a productivity of 135 g of dry yeast per kilogram of dry BSG. These very
good results clearly indicated the potential of BSG medium in biomass production and its
specific use for the above-described industrial application.

The other five strains reported in Table 1 were selected taking into account their
capacity of lipids accumulation. Indeed, the yeast Yarrowia lipolytica and the bacterium
Rhodococcus opacus are well known oleaginous microorganisms, able to produce triglyc-
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erides starting from a number of different waste materials as substrates [43,44]. In
particular, Yarrowia lipolytica is a GRAS microorganism and the European Commis-
sion has authorized the commercialization of the dried and heat-killed biomass of all
Y. lipolytica strains as a novel food ingredient [45]. Moreover, in specific culture condition,
this microorganism can produce lipids having a composition resembling that of cocoa
butter [46] and has been selected to integrate by fermentation the limited production of
this natural fat. In contrast, Rhodococcus opacus has not been used for food applications
yet. Since this microorganism has the capacity to grow on different kind of substrates,
accumulating high level of triglycerides, R. opacus has been used for the production of
biodiesel from organic wastes [47]. Similarly, strains belonging to the genus Streptomyces
have been studied for their ability in the degradation of lignocellulose wastes leading to
the production of branched chain fatty acid (BCFA) derivatives [48]. These compounds
possess a number of physical, chemical, and biological properties. Due to their low
melting points, BCFAs esters have been selected as preferred biofuels for use in cold
environments, whereas BCFAs show protective activity against neonatal necrotizing
enterocolitis (NEC), a potentially lethal disease representing the major cause of morbidity
in premature infants [49]. For the latter reason, these compounds have been proposed
for inclusion in infant food formulas as human milk fat substitutes [50].

In the context of bacteria degrading lignocellulose wastes, two Streptomyces strains
were isolated from a soil sample, polluted with cereal and fodder residues. The strains
were identified as Streptomyces cavourensis and Streptomyces albidoflavus and were deposed
in DMSZ collection under the numbers DSM 112466 and DSM 112467, respectively.

Both the biomass productivity and the fatty acids productivity of all the above-
described fungal and bacterial species, grown on BSG medium, were investigated (Table 1,
entry 2-6). As described for P. rhodozyma, the biomass was separated by centrifugation
as soon as the microorganism reached the stationary phase of growth, freeze-dried, com-
pletely hydrolyzed, and analyzed by GC-MS after acidification and extraction as reported
in Section 2.4 (Table 2).

Table 2. Fatty acid composition of the glycerides produced by the selected microbial strains grown in
BSG medium.

Microbial Strain

Branched Chain FAs (%) ! Linear FAs (%) ! Undetermined FAs (%) 12

iso anteiso Others SFAs 3 MUFAs 4 PUFAs 5

Yarrowia lipolytica

(DSM 70562) - - - 16.5 9.0 72.0 25
Rh(ggscﬁcﬁzﬁcus - - 4061517 44.6 21.7 9.1 5.5
Strepf%n;ﬁeifgzggemis 284 37.7 6.8° 15.0 3.7 75 0.9
Streptomyces albidoflavus 186 391 616 159 70 5 oo

(DSM 112467)

! The percentages are determined by GC-MS analysis of the crude fatty acids mixture derivatized as methyl ester
derivatives. 2 The percentage indicates the sum of the fatty acids whose chemical structure was not determined. 3
Saturated fatty acids.  Monounsaturated fatty acids. > Polyunsaturated fatty acids. ® The percentage indicates
the sum of the fatty acids possessing a cyclopropyl ring in their chemical framework. 7 Percentage of 10-methyl-
octadecanoic acid (tubercolostearic acid).

The two Yarrowia lipolytica strains, DSM 8218 and DSM 70562, were isolated from very
different environments, namely from a diesel fuel tank and from marzipan, respectively.
Despite this fact, they showed similar characteristics both in term of biomass and fatty acid
productivity (Table 1, entry 2 and 3). The dry yeast was obtained in yield of about 1.5 g and
1.6 g per liter of BSG medium respectively, whereas the oil production ranged from 200 mg
to 220 mg of isolated fatty acid per liter of BSG, respectively.

Otherwise, Rhodococcus opacus DSM 43205 showed better performances. The fermenta-
tion afforded 2.4 g of dry biomass per liter of BSG medium, yielding 547 g/L of isolated
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fatty acids (Table 1, entry 3). Finally, the two Streptomyces strains showed results compara-
ble to those obtained with Y. lipolytica strains, with S. cavourensis showing slightly higher
productivity (2.1 g/L biomass and 220 mg/L of FAs) than S. albidoflavus (1.7 g/L biomass
and 180 mg/L of FAs).

The most relevant differences among the investigated fungal and bacterial species
were highlighted by the GC-MS analysis of the fatty acids mixtures isolated from the
corresponding biomasses (Table 2). In more detail, Y. lipolytica contained only linear FAs,
of which 72% corresponded to polyunsaturated fatty acids (PUFAs), mainly made up
of linoleic acid. In contrast, the bacterium R. opacus produced predominantly saturated
fatty acids (SFAs), although monounsaturated fatty acids (MUFAs), PUFAs, and some
specific BCFAs, such as cyclopropane containing FAs and 10-methyl-octadecanoic acid,
were present.

The two Streptomyces species showed very similar fatty acid composition. Both mi-
croorganisms accumulated prevalently BCFAs and the majority of the fatty acid mixture
was made up of iso- and anteiso-fatty acids.

Overall, the present study outlines four possible applications of the BSGt medium.
Fermentation of P. rhodozyma and Y. lipolytica could afford biomass materials to be employed
in aquaculture and human alimentation, respectively. Moreover, R. opacus and S. cavourensis
could provide the FA derivatives useful for the preparation of different kinds of biodiesel
and for the formulations of the BCFA-containing human milk fat substitutes, respectively.

3.2. Lignocellulose Process
3.2.1. DES-Mediated Fractionation

Recently, some innovative biomass DES-based treatments have been reported in the
literature in the context of exploiting agricultural waste in biorefineries [51-53]. However,
the described treatments were mainly focused on the obtainment of a high quantity of
fermentable sugars as in the majority of the research concerning biomass exploitation [54].
In this work, a new protocol of biomass DES-based treatment coupled with the previous
sugar process step (described in Section 3.1) has been set up with the special aim of lignin
recovery and exploitation.

Different DESs were prepared by heating and stirring the two components, a hydrogen
bond acceptor (HBA) and a hydrogen bond donor (HBD), in a defined molar ratio. The
quaternary ammonium salts choline chloride (ChCl) and betaine glycine (BetG) were used
as HBAs whereas formic acid, acetic acid, and L-lactic acid constituted HBDs, as reported
in Table 3.

Table 3. List, composition, density (measured at 18 °C) of prepared DESs and data of mass recovery
of BSGy Cellulose and BSGy Lignin (ns represents no separation).

Composition DES Molar Ratio  Density of Pure DES  BSGy Cellulose Recovery =~ BSGy Lignin Recovery
HBA/HBD (HBA/HBD) (g/cm®) (% w/w Biomass) (% w/w Biomass)
Choline chloride/Formic acid 1/2 1.147 ns ns
Choline chloride/Acetic acid 1/2 1.103 39 7
Choline chloride/L-Lactic acid 1/5 1.184 25 10
Betaine Glycine/Formic acid 1/2 1.161 55 9
Betaine Glycine/Acetic acid 1/2 1.107 32 8
Betaine Glycine/L-Lactic acid 1/5 1.203 53 7

DESs were prepared using a defined protocol, which consisted of mixing the compo-
nents in a defined ratio (reported in Table 3) and heating them, under constant stirring, at
90 °C for 2-5 h until a stable, homogeneous, colorless single-phase liquid was formed. The
obtained mixtures were dried at reduced pressure for 24 h, preserved under argon, and
characterized by 'H NMR spectra. The final mixtures were then conserved in a desicca-
tor in presence of calcium chloride until a constant weight was observed. The densities
of DESs were also measured because these data provided important information about
the intermolecular forces that occur during DES formation. Typically, DESs show higher
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density than water and the value depends strongly on the type of the HBD and its molar
ratio on HBA.

When the BSG was received from the brewery, it was promptly dried for 24 h, finely
milled and labeled as BSGy (untreated BSG). BSGy was suspended in DES at 130 °C under
magnetic stirring for 24 h. Then ethanol was gradually added in order to precipitate the
BSGy Cellulose fraction, which was separated with yields reported in Table 3 (as w/w
initial biomass). The filtrate was then concentrated and treated with water as anti-solvent
to induce lignin precipitation. After centrifugation, filtration, and solvent evaporation the
final solid fraction (BSGy Lignin) was recovered with a final yield reported in Table 3. The
choline chloride/L-lactic acid 1/5 appeared to be the best DES for the treatment of BSG
biomass in terms of solubilization of the starting biomass as well as for the handling of the
solutions during the DES treatment, and due to the yields of BSGy Cellulose and BSGy
Lignin. For that reason, the present study has focused only on the use of the DES choline
chloride/L-lactic acid 1/5 for the lignocellulose fractionation.

From the lignocellulose process point of view, the sugar process (Section 3.1) can
be considered as a pretreatment of the waste BSG biomass. The sugar process had the
effect of improving the successive lignocellulosic fractionation, enhancing the yields of
the two fractions, probably because of better interaction between the solvent and the
biomass. Moreover, the reduction of the biomass weight derived from the sugar process
allowed, if compared to BSGy fractionation, a substantial saving accounting for around
25%, in terms of DES quantity and solvent volumes. This enables a great improvement
of the overall process both in economic and environmental terms. In that case, the yield
of BSGt Cellulose recovery accounted for 40% (instead of 25%) and up to 15% for BSGt
Lignin instead of 9%.

The ability to recycle DES in a cyclic process would add value to the previous con-
siderations, allowing further potential optimization of the entire process. In this study, a
preliminary assessment of the recyclability of DES was conducted by performing a series
of three successive treatments recycling the DES after precipitation of the BSGt Lignin
without further purification apart from water evaporation. This study demonstrated a
quite good preservation of the DES (by NMR analysis, Supplementary Materials Figure
52) and a substantial conservation of yields indicating a great potential to configure the
lignocellulosic process as a closed loop with respect to DES.

3.2.2. BSGt Lignin Characterization

A deep characterization was carried out on the recovered BSGt Lignin using as
reference a well known commercial soda lignin (Protobind 1000, indicated from now on
as Protobind).

Solvent Solubilization Determination

Solubilization studies are a key step in lignin characterization and valorization. In fact,
one of the main drawbacks currently hampering effective lignin exploitation is generally
its poor solubility in aqueous systems and in the most commonly used organic solvents. In
order to determine the solubility characteristics of the present recovered BSGt and BSGy
Lignins, a solubilization study was performed with water and six organic solvents: n-butyl
acetate (BuOAc), ethyl acetate (EtOAc), 2-butanone (MEK), methanol (MeOH), tert-butyl
methyl ether (MTBE), and tetrahydrofuran (THF). The resulting extraction yields (as w/w
percentage of solubilized fraction vs. total fraction) are reported in Figure 5 (with water
solubility as the comparison). For a better evaluation, the data for the commercial lignin
Protobind have been also recorded and inserted in Figure 5.

Like Protobind, the two BSG lignins (BSGy and BSGt Lignins) were quite insoluble
in water, but on the other hand were soluble in the selected organic solvents; showing,
however, a general lower solubility when compared to Protobind in all tested organic
solvents. MEK, methanol, and THF appeared to be the best choices for the solubilization
of these lignins with a range of solubility from 32-35% for BSGy Lignin and 40-56% for



Fermentation 2022, 8, 151 15 of 24

BSGr Lignin. Moreover, it is clear from the Figure 5 that BSGt Lignin always presented a
higher solubility than BSGy Lignin in the examined solvents: in THF the solubility was 25%
higher, in MEK 45%, and in MeOH 61%. This characteristic constitutes a great advantage
in further potential lignin exploitation.
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Figure 5. Extraction yield of a commercial technical lignin (Protobind) and the two lignins extracted
from BSG (BSGy and BSGrt Lignins). The data are reported as the percentage (w/w) of solubilized
fraction vs. total fraction in 6 different organic solvents and water.

GPC Results

The molecular weight and the molecular weight distribution of the lignin samples
were determined by means of GPC. In Table 4, the number average molecular weight
(Mp), the weight average molecular weight (M), and the polydispersity index (D) of BSG
lignins and Protobind, used as benchmark, are reported. As can be seen, the lignocellulose
process led to BSG lignin fractions characterized by a lower molecular weight and lower D
compared to Protobind. In particular, a slightly lower M, was observed in BSGt Lignin,
likely resulting from the isolation method (aqueous extraction), which may lead to an
enrichment of low-molecular-weight fractions. This also leads to a slightly higher D. In
contrast, no significant differences between BSGt and BSGy Lignins were observed in
terms of My,.

Table 4. Number average molecular weight (M,), weight average molecular weight (M), and
polydispersity index (D) of all examined lignins (samples were eluted after acetylation; reported
values are relative to polystyrene standards).

Sample M, (g/mol) M,y (g/mol) b
BSGy Lignin 820 1580 1.93
BSGr Lignin 670 1630 243

Protobind 1000 830 2800 3.37

Sugars Quantification

The total reducing sugar quantification in the final BSGy and BSGr Lignins was
performed using the bincinconic assay method with some modifications (see Section 2.8).
It was necessary to set two different calibration curves, a and b (respectively reported in
Supplementary Materials Figures S3 and S4), established by using glucose solutions in
the 0-80 uM concentration range as standards. In particular, the calibration curve a was
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used to evaluate the sugar content of samples soluble in water, and the calibration curve
b for samples insoluble in water, but soluble in dimethylsulfoxide (DMSO). Curve a was
used to analyze aqueous sugar solutions after step 2 (BSGt medium filtrate) whereas curve
b, recorded for DMSO soluble samples, was used to analyze lignins and lignin samples
subjected to acid hydrolysis. This procedure was conducted to evaluate the presence of
complex saccharides in lignins. The results for BSGy and BSGt Lignins are reported in
Table 5, as well as the data for Protobind. The reducing sugars in the BSG lignins appeared
to be around 0.20% (w/w), lower than the value in Protobind (~0.34%), with a reduction for
BSGr Lignin that demonstrated that the sugar process is quite effective for the recovery of
a higher-quality lignin. Furthermore, after hydrolysis, Protobind showed also the presence
of a higher quantity (13%) of complex sugars, whereas in these conditions, for the two BSG
lignins this amount was much lower. This result is fundamental in view of the applications
of these lignins in the development of cement water reducers.

Table 5. Results of the total reducing sugar quantification.

Reducing Sugars/Biomass = Reducing Sugars/Biomass after Hydrolysis

Sample (wlw) (wiw)
BSGy Lignin 0.25% 2.9%
BSGr Lignin 0.18% 3.3%

Protobind 1000 0.34% 13%

Phenolic Hydroxyl Group Determination

The total phenolic content in the recovered BSGy and BSGt Lignins was determined
using the Folin—Ciocalteu (FC) assay. The test is based on the reaction of phenolic hydroxyl
groups with a specific redox reagent (FC reagent), which leads to the formation of a blue
chromophore, which is, however, sensitive and unstable in strong bases. Therefore, based
on an analytical protocol previously demonstrated by our group [55], DMSO was used as
solvent for the samples in order to obtain their complete solubilization in neutral conditions.
The phenolic content results are reported in Table 6 as vanillin equivalents (mmol/g of dry
lignin) with the data for Protobind as a reference.

Table 6. Results of the determination of phenolic hydroxyl groups expressed as vanillin equiva-
lents/g of lignin sample. Estimated standard errors £ 0.2 mmol/g vanillin equivalent (1 o, from
calibration data).

Sample Vanillin Equivalent Content (mmol/g)
BSGy Lignin 1.1
BSGrt Lignin 1.2
Protobind 1000 3.1

BSGy and BSGr Lignins show a quite similar content of vanillin equivalents (around
1.15 £ 0.05), which is nearly half the amount value if compared to Protobind. The trend
seemed to be confirmed by 3P NMR analysis as will be illustrated later in the text. The
quite similar values of the two BSG lignins demonstrated that the pretreatment carried out
in the sugar process has no influence on phenolic functionalities.

Total Hydroxyl Groups Quantification by 3'P NMR

The different hydroxyl groups present in the recovered BSG lignins were deeply
investigated by 3'P NMR. The spectra are shown in Figure 6, where Protobind has been
also recorded for a comparison.

In detail, three sections of the spectra were analyzed and integrated to perform the
attribution of the different hydroxyl groups: the signals from 150-147 ppm are associated
to the aliphatic hydroxyl groups, the signals from 145-138 ppm represent the signals
associated with aromatic hydroxyl groups, whereas the signals centered on 136 ppm
account for the carboxylic acid residues. The peak integration in these three parts of
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the spectra led to the quantification of the total hydroxyl groups expressed in mmol of
functional group per g of dry lignin, as reported in Table 7 below.

Aliphatic hydroxyl groups Aromatic hydroxyl groups  Carboxylic acids
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Figure 6. 3'P NMR spectra of Protobind 1000 (spectrum 1 in gray), BSGy Lignin (spectrum 2 pale
orange), BSGt Lignin (spectrum 3 dark orange).

Table 7. Detailed hydroxyl/carboxyl quantification by 3'P NMR (as mmol of functional group per g

of dry lignin).
Sample -OH Aliphatic -OH Aromatic -COOH
P (mmol/g) (mmol/g) (mmol/g)
BSGy Lignin 2.27 2.77 2.30
BSGr Lignin 1.78 3.21 3.99
Protobind 1000 3 4.67 1.42

Lignins from BSG seemed to show a higher concentration of carboxylic residues
but a lower quantity of aliphatic and aromatic hydroxyl functionalities if compared with
Protobind. In particular, it appears very interesting that BSGt Lignin presented a higher
quantity of aromatic OH and carboxylic functionalities when compared to the other samples,
which could be a very important tool for the investigation of its use in the preparation
of lignin-based macromolecular materials where the presence of such functionalities are
mandatory. More specifically, target applications for this lignin fraction may include the
field of phenolic resins and adhesives and the field of epoxy-based systems for fiber-
reinforced composite materials.

Fourier-Transform Infrared Spectroscopy

FT-IR spectroscopy was carried out with the aim of studying the chemical com-
position of the extracted BSG lignins. The spectrum of Protobind is also presented for
comparison purposes. The results obtained are reported in Figure 7, where a zoom of the
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fingerprint region is also presented. All three lignins showed a broad absorption band in
the region 3400-3200 cm !, attributed to the stretching vibrations of the aliphatic and
phenolic O-H groups, and three distinct signals in the region 3050-2800 cm ! related
to C-H bond stretching in methyl and methylene groups. The region from 1740 to 1710
cm ™! is attributable to the stretching vibration of C=0 in unconjugated ketones, carbonyl,
and ester groups [38,55]. Within this region, the signal located at 1710 cm™~! is visible
in all lignin spectra, whereas the signal located at 1740 cm~! is found only in the cases
of BSG lignins (blue arrows). This additional signal can be associated with the higher
concentration of C=0 moieties from carbohydrate origin contained in the two extracted
lignins, which is an indication of the slightly lower purity of the BSG lignins compared
to Protobind. In the case of BSGy Lignin, a signal is clearly detectable at 1660 cm ™!,
likely attributable to conjugated carbonyl/carboxyl stretching. This signal confirms the
presence of the highest concentration of C=0O moieties (viz., of carbohydrates species)
in the lignin recovered from the untreated biomass [56]. The bands ascribable to the
aromatic skeletal vibrations in lignin are located at 1600 cm 1, 1515 em ™1, 1463 ecm 1,
and 1430 cm ! (the last one barely visible in BSG lignins) in all the three lignin samples.
Among these, the two signals at 1463 cm~! and 1430 cm~! derive from the combina-
tion of aromatic ring vibration and C-H deformation [56,57]. Below 1430 cm~!, the
interpretation of bands becomes more difficult, since the signals are given by complex
contributions from different vibrational modes. In more detail, aliphatic O-H group
vibrations combined with stretching vibrations of aliphatic C-H in methyl groups were
found at around 1370 cm ! in all lignins. Only in the case of Protobind was a further
signal at 1330 cm~! attributable to the syringyl ring breathing found. At 1270 cm™!
and 1217 cm ™!, two peaks associated with C-O vibration in aromatic rings of G-units
combined with C=0 stretching and C-C, C-O and C=0 stretching, respectively, were
detected. It is noteworthy that the broadening of these two peaks in both BSG lignins
together with the absence of the syringyl ring breathing signal is consistent with the
predominant content of guaiacyl units expected in BSG lignins, as reported in the litera-
ture [56,58]. At 1120 cm ™! a band associated with CH in-plane deformation in S-units
was observable in all cases (more evidently in Protobind), while only in Protobind was
the absorption signal at 1153 cm ™! related to C=O deformations in conjugated ester
groups of G/S/H units visible. In addition to these, signals associated with aromatic
C-H in-plane deformation (typical for S-units), secondary alcohols, and C=O stretching
were observed in all spectra collected in the region from 1130 cm ! to 1120 cm~!. The
shoulder at around 1090 cm~! appearing in all three lignins can be associated with C-O
deformations in secondary alcohols and aliphatic ethers [56].

In general, FT-IR results indicated a good match between the chemical structure
of the BSG lignins and that of Protobind. The minor differences found between the
recovered lignins and the reference system are likely attributable to the lower level
of purity of the BSGy Lignin (higher carbohydrates content) and the large number of
G-units in both BSG lignins.

Differential Scanning Calorimetry

The thermal transitions of the recovered lignins were assessed by DSC analysis. As
shown in the DSC scans reported in Figure 8, the glass transition temperature (Tg) for both
BSG lignins was found to be higher compared to the Tg of the reference Protobind. In
line with the outcomes of ' P-NMR analysis, this trend may be associated with the higher
content of carboxylic groups found in BSG lignins vs. Protobind, which are likely to yield
increased hydrogen bonding interactions between the macromolecular chains, ultimately
leading to reduced macromolecular mobility and thus increased Tg. In more detail, Tg of
BSGr Lignin is found at a slightly higher temperature than that of BSGy Lignin. In this case,
this evidence also appears in line with the higher content of -OH aromatic functionalities
and carboxyl groups in this treated lignin fraction vs. the untreated counterpart. The value
of Tg is of fundamental importance in lignin valorization, especially in the field of material
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science and engineering, where high temperature processing is often encountered. In this
context, a higher Tg value can be an advantage in those applications that require a good
thermal stability of the material, such as in the case of thermosets and composites.
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Figure 7. (a) FT-IR spectra of BSGy Lignin, BSGt Lignin, and Protobind; (b) zoomed view of the
fingerprint region.

3.2.3. Water Reduction in Cement Pastes

Albeit several lignosulfonates are used directly as low-performance cement plasti-
cizers, natural lignins are very interesting as a basis for the development of sustainable
superplasticizers through different types of derivatization. These include, among others,
oxidation [33], sulfomethylation [59], and grafting with various polymers such as PEG [60],
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acrylates [61], and sulphanilic acid-phenol-formaldehyde condensates [62]. Although lig-
nosulfonates typically demonstrate better water reduction properties than natural lignins,
the latter have been successfully adopted in several studies as a starting point in the de-
velopment of experimental high-performance plasticizers for cement, both with a specific
sulfonation step [34] and without sulfonation at all [33]. The use of DES fractionation
methods results in the production of an underivatized lignin that is comparable to lignins
obtained with mild lignocellulosic fractionation methods such as the organosolv or soda
processes. The obtained water reduction capabilities of BSGt Lignin, BSGy Lignin, and
Protobind (Section 2.9) are reported in Figure 9.

4
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Figure 8. DSC curves of BSGy Lignin, BSGt Lignin, and Protobind 1000.
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Cement paste sample (0.2 % lignin)

Figure 9. Measured water reduction capability for cement pastes containing 0.2% BSGy Lignin, BSGt
Lignin, and Protobind. Error bars show confidence interval (95%) of the inverse linear regression.

The measurements were carried out using cement pastes (blends of water and cement
powder) that are a quite simpler system in comparison with concrete (blends of water,
cement powder, sand, and aggregates) or even mortars (blends of water, cement powder,
and sand). This allowed performing the required tests with very low sample volume
(about 100 mL) and thus with very little quantity of lignin. The applied procedure allows
direct measurement of the water reduction capability of each lignin, keeping constant
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a specific rheological parameter (the Bingham dynamic yield torque, which estimates
the minimum torque needed to maintain an established flow in the given experimental
conditions), and it was thus considered a good indication of the potential performance
of the lignins in the final system (concrete). The measurements demonstrate a fairly
comparable water reduction capability for the BSGt and the BSGy Lignins. Moreover,
both lignins demonstrate a water reduction capability substantially equivalent to the
commercial soda lignin Protobind. This is a good indication that the proposed process,
and more generally the DES based fractionation process, is capable of producing a lignin
with water reduction capability comparable to a typical industrial soda lignin. Moreover,
BSGr Lignin demonstrated a quite high content of carboxylic and aromatic hydroxylic
residues that are exploitable in several derivatization methods. These results suggest
that the lignin obtained in the described process is suitable to constitute the basis for
the development of a high-performance, sustainable lignin-based water reducer for the
production of concrete.

4. Conclusions

In this work, we described in detail a process (reported in Figure 2), which started
from wet BSG recovered from a regional brewery and ended with the production of
different compounds of industrial interest. Overall, the presented research reports
on the almost complete transformation and exploitation of the starting BSG waste.
A comprehensive approach combining biomass hot water treatment with successive
deep eutectic solvent-mediated fractionation was developed in order to maximize the
process versatility. The upstream phase, which provided an aqueous solution called
BSG medium, allowed us to exploit the soluble moiety (which accounted ~ 35%, w/w)
composed of proteins and soluble sugars, as a fermentation medium with high yields of
different microorganisms leading to the production of linear and branched chains fatty
acids. The solid outcome of the upstream phase underwent fractionation mediated by
deep eutectic solvents. A subsequent precipitation firstly with ethanol and then with
water provided two main products, BSGt Cellulose and a BSGr Lignin, with a final
yield of 30% and 10%, respectively. This lignin has been fully characterized in terms of
its chemical, physical, thermal, and structural properties. Moreover, BSGt Lignin has
then been tested as water reducer in cement paste with comparable results to technical
commercial soda lignin, indicating that it can constitute a good basis for the development
of sustainable water reducers for concrete. Overall, our study proposed an integrated
multistep fractionation process that could enhance the perspectives of recyclability of
BSG. Accordingly, around 75-80% of the mass of the latter important agrofood waste
is transformed into high-value-added products of industrial relevance. These results,
even in their preliminary form, fulfill the principles of circular economy and give new
insights in the field of the biotransformation of agrofood wastes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ fermentation8040151/s1, Figure S1. 'H NMR spectrum of DES
choline chloride /L-lactic acid (1:5 mol /mol); Figure S2. 'H NMR spectrum of DES choline chloride/L-
lactic acid (1:5 mol/mol) after recycling; Figure S3. Calibration curve a for glucose quantification
registered in HyO; Figure S4. Calibration curve b for glucose quantification registered in DMSO;
Figure S5. Calibration curve of Folin—Ciocalteu phenol titration with vanillin.
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