' Aalto University

Adamovic, Tijana; Tarasov, Dmitry; Demirkaya, Emre; Balakshin, Mikhail; Cocero, Maria José

A feasibility study on green biorefinery of high lignin content agro-food industry waste through
supercritical water treatment

Published in:
Journal of Cleaner Production

DOI:
10.1016/j.jclepro.2021.129110

Published: 10/11/2021

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY-NC-ND

Please cite the original version:

Adamovic, T., Tarasov, D., Demirkaya, E., Balakshin, M., & Cocero, M. J. (2021). A feasibility study on green
biorefinery of high lignin content agro-food industry waste through supercritical water treatment. Journal of
Cleaner Production, 323, Article 129110. https://doi.org/10.1016/j.jclepro.2021.129110

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.jclepro.2021.129110
https://doi.org/10.1016/j.jclepro.2021.129110

Journal of Cleaner Production 323 (2021) 129110

ournal of

Contents lists available at ScienceDirect = (Cleaner
iction

Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

ELSEVIER

Check for

A feasibility study on green biorefinery of high lignin content agro-food e
industry waste through supercritical water treatment

Tijana Adamovic “, Dmitry Tarasov ® Emre Demirkaya °, Mikhail Balakshin b
Maria José Cocero ™
@ BioEcoUva, Research Institute, High Pressure Process Group, Department of Chemical Engineering and Envirnonmental Technology, Valladolid University, Doctor

Mergelina S/n, 47011, Valladolid, Spain
b Department of Bioproducts and Biosystems, School of Chemical Engineering, Adlto University, P.O. Box 16300, 00076, Adlto, Finland

ARTICLE INFO ABSTRACT

Handling editor: Prof. Jiri Jaromir Klemes This work discusses hydrolysis of defatted grape in supercritical water (SCW) at 380 °C and 260 bar from 0.18 s

to 1 s focusing attention to sugars recovery in the liquid phase of the product and detailed characterization of

Keywords: remaining solid phase enriched in polyaromatics (e.g. lignin, flavonoids, etc.). After the longest reaction time of
Grape seeds 1's, 56% of carbohydrates could be recovered in the liquid phase, as a result of carbohydrate hydrolysis. The high
CarbOhydra,tes content of insoluble lignin in biomass (36%), acts as a mass transfer limitation and presents an important feature
Polyaromatics . . . . . . .

Lignin in the hydrolysis process, slowing down the conversion of carbohydrate fraction, as after the maximum time of

1s, 10% of carbohydrates still remained in the solid phase. Milled wood lignin, extracted from biomass and
dioxane extract from the solid phase were characterized in order to understand the main structural changes
during the SCW hydrolysis process. Dioxane (80%) extraction of solids produces a very complex mixture of
lipophilic extractives, flavonoids and lignin with a certain amount of chemically linked carbohydrates. 2D NMR
analysis of dioxane extract shows remarkably subtle changes in the amounts of main lignin moieties (B-O-4’, $-p’
(resinol) and B-5 (phenylcoumaran)). This subtle change of the main lignin structures is an important feature in
the further valorisation of this sulfur-free lignin residue.

2D-NMR analysis
Circular economy

1. Introduction

Sugars or/and bioethanol are the main objective of the current bio-
refinery. This approach does not pay enough attention to other valuable
biomass compounds including lignin and further polyphenols that are an
alternative sustainable source of high value chemicals (Balakshin et al.,
2021). Biorefinery that targets just biofuel loses the utility of remaining
compounds and struggle with significant economic challenges that are
preventing further industrial development. This can be overcome by the
implementation of the advanced integrated biorefinery approach that
puts forward valorisation of every biomass stream for high value prod-
ucts (Balakshin et al., 2021).

One of the main challenges on the way of lignocellulosic biomass
fractionization is its recalcitrance (Cocero et al., 2018). Biomass recal-
citrance arises from three main constituents, cellulose, hemicellulose
and lignin, and interaction between them (Lorenci Woiciechowski et al.,
2020). Those three biopolymers create very compact, stable and resis-
tant cell wall, so that significant force is required to separate them
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(Lorenci Woiciechowski et al., 2020). Conventional methods used to
fractionate biomass described well in literature are acid and enzymatic
hydrolysis. Prior to enzymatic hydrolysis of biomass pre-treatment steps
are needed in order to remove recalcitrance barriers and increase
enzymatic digestibility (Hendriks and Zeeman, 2009). Pre-treatment
includes physical, chemical, physicochemical or biological methods, or
their combination (Lukajtis et al., 2018). The pre-treatment step is
considered as the crucial step to enhance enzymatic efficiency but it is
the most costly step of the process (Capolupo and Faraco, 2016), where
also degradation reaction of targeted carbohydrates fractions occurs
(Jung and Kim, 2015). Due to the enzymes prices the enzymatic hy-
drolysis itself is an expensive step (Capolupo and Faraco, 2016).
Concentrated acid hydrolysis uses high acid concentration (over 30%) at
ambient and moderated temperatures (<100 °C) to obtain high sugar
yield without additional enzymatic hydrolysis step (Jung and Kim,
2015). No need for additional enzymatic hydrolysis step is one of the
main advantages of this process while as the main disadvantage is
considered the highly corrosive nature of used acids, that require
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expensive equipment and steps of acid recovery due to the economic and
environmental concerns (Solarte-Toro et al., 2019). As an alternative to
conventional methods, we discuss the use of Supercritical water tech-
nology as a clean and powerful method for fractionation and valor-
isation of biomass to produce biorefinery lignin and to recover the
carbohydrate fractions.

Attraction to use water as reaction medium commence due to its
environmentally friendly and non-expensive advantages over other
solvents. At supercritical conditions, water changes its character from a
solvent for ionic species as it is at ambient conditions, to a solvent for
non-ionic species, in which many biomass compounds have enhanced
solubility. The dipole moment decreases to a value typical for organic
solvents. The value of pH significantly decreases in the subcritical region
compared to ambient conditions, supplying in this way much more H30
+ ions for acid catalysed reactions. The ionic product changes remark-
ably close to the critical temperature, turning near-critical and super-
critical water into a much less ionized compound compared to water at
ambient conditions (Brunner, 2014). The opportunity to affect the water
properties by changing the pressure and temperature, shifting from
polar to non-polar solvent and from ionic to radical favourable medium,
allows to control selectivity in the process. The transport properties of
supercritical water can successfully face biomass rigidity and
complexity, as its low viscosity and high diffusivity facilitate penetration
into biomass structure (Cocero et al., 2018). SCW environment provides
an opportunity to conduct reactions in a single fluid phase, taking the
advantages of having no interphase mass transport processes to decrease
the reaction rate (Cantero et al., 2015a). As a result, reactions occur
significantly faster. The reduction of reaction time allows a feasible scale
up of the process, using small reaction volumes.

Grape seeds are the main by-product from grape processing, such as
wine and grape juice industry. Above 3 Mt of grape seeds are discard
annually on the world base (Aristizabal-Marulanda et al., 2017). In the
last few decades there has been rising interest in the valorisation of those
products, to recover oil and phenolic compounds (Bravi et al., 2007;
Duba et al., 2015; Fiori et al., 2014; Marqués et al., 2013). Oil from grape
seeds is rich in unsaturated fatty acids such as linoleic acid and has
furthermore a high content of tannins, that makes it more resistant to
peroxidation (Cao and Ito, 2003). Grape seeds have been also appreci-
ated because of their content of phenolic compounds and their extracts
have been a subject of intensive investigation due to their potential
beneficial effects on human health, such as antioxidant activity (Maier
et al., 2009). After the extraction of oil, defatted seeds are considered as
aresidue and can be used to produce energy by combustion. Considering
that this residue still contains significant amounts of carbohydrates and
high amounts of polyaromatics (lignin and other polyphenols), further
exploitation to recover and use remaining fractions could be more
effective than energy recovery.

Previous work in our group has proved the practicability of sugar
production from wheat bran and sugar beet pulp, in a continuous ul-
trafast supercritical hydrolysis pilot plant by the so-called FASTSUGAR
process, demonstrating the challenges but also versatility and potential
of the process (Martinez et al., 2019). This work is performed to discuss
the feasibility of the SCW hydrolysis process for fractionation of biomass
with high lignin content, as the amount of acid-insoluble lignin con-
tained in defatted grape seeds is significantly higher compared to the
amount in previously used biomass (36% is defatted grape seeds
compared to 4% in sugar beet pulp and 2% in wheat bran) (Martinez
et al., 2019). High lignin content biomass presents even greater chal-
lenge for the biorefinery, as lignin acts as a physical barrier that protects
biomass from microorganism attack and chemical degradation,
contributing significantly to biomass recalcitrance (Li et al., 2016; Loow
et al.,, 2016). Characterization of lignin contained in defatted grape
seeds is presented, as characterization of this lignin, to our knowledge,
has not been reported before. Attention is focused on understanding the
structural changes of lignin due to the supercritical water hydrolysis
(SCWH) process, using among others 2D NMR as a powerful tool in
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lignin analysis. Structural changes occurring on the lignin structure after
SCW hydrolysis of biomass were also reported by Moon et al. but using
woody biomass and more severe hydrolysis conditions in the terms of
time (Moon et al., 2011). Characterization of lignin residue after su-
percritical water and understanding of structural changes caused in
lignin structure are the first steps on the way of targeting possible
application of this lignin residue.

Application of green technologies as SCW hydrolysis to valorise
defatted grape seeds, help us to take further steps towards new envi-
ronmentally compatible and sustainable chemicals and materials. In the
further text we discuss our perspective on how valorisation of defatted
grape seeds using supercritical water technology fits the 12 principles of
green engineering (Anastas and Zimmerman, 2007):

Inherent rather than circumstantial. Defatted grape seeds are a by-
product of grape seed oil production. The SCWH process requires ther-
mal and electrical energy. The use of a gas turbine can lead to zero-
energy consumption in the process, where the detailed explanation of
heat integration with calculations can be found in the previous work
(Cantero et al., 2015c¢).

Prevention Instead of Treatment. This process opens the possibility
to valorise a by-product. The manuscript provides the characterization
of the products and discuss the possible application.

Design for Separation. Sample eluent can be sent to the filters for
liquid and solids separation. The liquid eluent can be further sent to the
flash separator for further concentration. The separation steps require
no extra energy.

Maximize Efficiency. Mass transfer is the limiting step in the
biomass fractionation process (Cocero et al., 2018). SCW improve the
mass transfer as there is no boundary between liquid and gas phase and
reaction is conducted in one, SCW phase. This is the key point for process
intensification, as reaction time is shorter, under 1s. This result in the
low reaction volume required.

Output-pulled versus Input-pushed. Zero-petroleum-based society is
getting closer. Future legislation is going in that direction. Soon, a great
demand of nature-based products will require processes like this one.
The liquid effluent from the process could be used for fermentation,
producing base products (like ethanol, butanol, etc.), where also com-
pounds with antioxidant activity could be isolated. The solid effluent is
enriched in lignin and lignin-carbohydrate complex that could be
further refined and potentially used for new plastics. As mentioned
above the heat recovery is considered in all the process steps (Cantero
et al., 2015¢).

Conserve complexity. The innovative process proposed allows for
the quick disintegration of biopolymers. The control of the reaction time
and reaction conditions allows high yield and selectivity toward desired
products (Abad-Fernandez et al., 2019; Cantero et al., 2013; Martinez
et al., 2015). The operation at high P and T is an opportunity for heat
integration (Cantero et al., 2015c).

Durability rather than immortality. The process can oparate with
different feedstokes, as different biomasses or biopolymers. This brings
high diversity of obtained products that are nature based, so that they
can be durable but also biodegradable. The plant and devices used are
improved with new materials that support operation at high pressures
and temperatures.

Meet need, minimize excess. Reaction time is one of the main vari-
ables that influence the selectivity of the process (Cocero et al., 2018).
The reaction time can be easily adjusted just by changing the length of
the reactor or the flow of biomass and water streams. Innovative
Sudden-expansion micro-reactor (SEMR) supported in a tubular reactor
concept allow to operate with residence time from 0.1s.

Minimize material diversity. Innovative reactor design supported in
conventional high-pressure devices is accessible and disassembly
friendly.

Integrate material and energy flows. The process energy demand
considers the heat recovery from the effluent to the SCW preheaters. The
heat integration developed allow the recovery of effluent work and heat
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(Cantero et al., 2015c).

Design for commercial “afterlife”’. SCWH process is a continuous
process easy to scale up (Martinez et al., 2019). A Demo plant is running
for production of commercial products (‘https://renmatix.com/’, n.d.).
The production is very flexible due to the possibility of obtaining wide
range of products when biomass feedstock is changed or/and operating
conditions.

Renewable rather than depleting. The grape seeds are a renewable
material source, and the thermal and electrical energy can be easily
produced from the renewable source too.

2. Experimental
2.1. Materials

Defatted grape seeds were provided from Alvinesa Natural In-
gredients (Spain). The grape seeds were defatted using hexane-
extraction. Deionized water was used as the reaction medium. The
HPLC standards (cellobiose, galacturonic acid, glucuronic acid, glucose,
mannose, xylose, fructose, arabinose, glyceraldehyde, glycolaldehyde,
lactic, formic, acetic and acrylic acids, furfural and 5-hydroxymethylfur-
fural (5-HMF)) were purchased from Sigma Aldrich, as well as sulfuric
acid and calcium carbonate for biomass characterization. For Kjeldahl
determination of protein content, Kjeldahl catalyst (0.3 % CuSOg4-
5H,0) tablets were purchased from PanReac. Dioxane was used for
extraction of lignins from the sample’s solid phase and deuterated
dimethyl sulfoxide (DMSO-dg) as solvent for 2D NMR analysis.

2.2. Methods

2.2.1. Biomass and sample characterization

Prior to SCWH defatted grape seeds were ball milled using Retsch
equipment, for 4 h. The composition was characterized using the Lab-
oratory Analytical Procedure (LAP) of the National Renewable Energy
Laboratory (NREL) (Hames et al., 2008; A Sluiter et al., 2008b, 2008c; A.
Sluiter et al., 2008). After the SCWH the sample was obtained as sus-
pended solid and further centrifuged for 10 min at 7800 rpm and then
separated to liquid and solid phase. The solid phase was dried at 50 °C
and further analysed. The composition of solid and liquid phase was
analysed by LAP procedures. For analysis of the solid phase the pro-
cedure for determination of structural carbohydrates and lignin was
used (A. Sluiter et al., 2008), while for the liquid phase the procedure for
determination of sugars, by-products and degradation products was
utilised (A Sluiter et al., 2008a).

The analytical techniques used in biomass and sample character-
ization are described as follows.

High Performance Liquid Chromatography analysis using Shodex SH-
1011 column for components separation at 50 °C and sulfuric acid
(0.01 N) as the mobile phase with a flow rate of 0.8 mL/min. A RI-
detector (Waters 2414) was used to identify the sugars and their de-
rivatives. The sample was prepared using the before mentioned LAP
procedures.

Total Organic Carbon was analysed in the liquid phase of the sample
using Shimadzu TOC-VCSH.

Elemental analysis of the sample’s solid phase was performed in order
to determine carbon, hydrogen, nitrogen and sulfur content using
Elemental C-S analyser with a Leco CS-225.

Fourier-Transform Infrared Spectroscopy (FT-IR) was utilised to follow
the structural changes in biomass before and after hydrolysis using
Bruker Tensor 27. The recorded spectra were baseline-subtracted and
normalized to the maximum peak intensity. Each processed spectrum
was hereby a mean of 64 single scans. The sample was analysed without
further preparation.

UV-VIS Spectroscopy was used to determine the total amount of sol-
uble lignin after acid hydrolysis of biomass and solid sample. The
absorbance was recorded at a wavelength of 280 nm, using an
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absorptivity coefficient of 17.08 L g 'em™!.

Scanning Electron Microscopy (SEM) experiments were conducted in a
Hitachi FlexSEM 1000 to determine morphological changes on the
sample surface.

Differential Scanning Calorimetry (DSC) was used to determine glass
transition temperature of lignin in biomass and solid samples. The used
device was a Mettler Toledo DSC 3+.

2.2.2. Milled wood lignin and dioxane-lignins preparation and
characterization

For Milled Wood Lignin (MWL) isolation, a classical method was
used (Bjorkman, 1956) with modifications described by Balakshin et al.
(2011). 4 g of defatted grape seeds were milled for 8 h in a jar of 80 mL
volume by using 34 balls of ZrOs. The diameter of each ZrO, ball is 10
mm. 15 min break has been used after each 30 min of milling to keep the
temperature of the biomass below 50 °C. Obtained meal was extracted
with dioxane (96% v/v) and the solvent was then evaporated under
vacuum at 35 °C. Obtained solid was dried in a vacuum oven at 40 °C to
obtain MWLs preparations.

The supercritical water lignins were isolated by dioxane extraction,
following a procedure described earlier (Capanema and Balakshin,
2015).

2D Nuclear Magnetic Resonance Spectroscopy (2D-NMR) was con-
ducted using a Bruker Avance 600 NMR with a magnetic flux density of
14.1 T and equipped with a cryogenically cooled 5 mm TCI probe head
with inverse geometry (i.e., optimized for proton signal detection). A
total of 36 transients (scans per block) were acquired using 1024 data
points in the F2 (1H) dimension for and acquisition time of 77.8 ms and
256 data points in the F1 (13C) dimension for an acquisition time of
3.94 ms. The 2D data set was processed with 1024 x 1024 data points
using the Qsine function in both dimensions. The sample was prepared
for 2D-NMR by dissolving approximately 70 mg of lignin in 0.6 mL of
DMSO-dg.

2.2.3. Supercritical water hydrolysis pilot plant

A description of the operating details and procedure of the ultrafast
SCWH Plant can be found in the previous work of our research group, in
addition to a discussion of scaling up the process from laboratory to pilot
plant (Martinez et al., 2019). Briefly, the design of the plant provides
short reaction times due to the small reactor volume and a fast flow
through the reactor. The instantaneous mixing of biomass and SCW in
the T junction, just in the inlet of the reactor, allows avoiding all
degradation reactions that could occur during the heat-up. A valve for
high temperature and pressure conditions is based at the end of the
reactor. This provides a decrease in temperature of the sample stream
down to 150 °C, caused by the Joule-Thomson effect. Due to this im-
mediate temperature decrease all reactions are stopped. Regarding that
one of the determining factors of hydrolysis is reaction time, its precise
control is enabled by the design of the plant, simply by changing the
length of the reactor or total flow. The reactor geometry and high flow
rates provide a turbulent flow and thus ensure good mixing. The
maximum operating conditions of the plant are 450 °C and 300 bar with
a maximum capacity 40 kg h™' of biomass suspension. The flow dia-
gram of the plant is presented in Fig. 1.

Defatted grape seeds were hydrolysed in SCW at 380 °C and 260 bar
for different reaction times, ranging from 0.18 s to 1 s, with maximum
biomass flow of 4.9 kg h™!. The average fluctuation in experiments was
around +2 °C in terms of temperature and +5 bar in terms of pressure.
The reaction temperature of 380 °C in the experiment was the same as
the temperature in previous experiments with wheat bran, while in
experiments with sugar beet pulp the temperature was 390 °C. Due to
high recalcitrance of grape seeds a longer reaction time of up to 1 s was
chosen, compared to the reaction time regarding wheat bran and sugar
beet pulp hydrolysis (maximum reaction time of 0.17 s in lab scale
plant).
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Fig. 1. Ultrafast Supercritical Water Hydrolysis Pilot Plant. SEMR reactor detail.

3. Results and discussion
3.1. Biomass characterization

The composition of the biomass as raw material is given in Table 1.
This biomass is characteristic for a high lignin content that presents
almost half of the biomass structure. As mentioned in the methods
section, the biomass was firstly ball milled prior to the hydrolysis and as
such characterized. The resulting particle size of the ball milled biomass
was 180 pm. Reduction of particle size is necessary in the process due to
possible pumping issues as particles with big diameter can cause plug-
ging of the biomass line. This counts especially in the case of defatted
grape seeds as a biomass with high lignin content and rigid structure. For
the determination of extractives, water and ethanol were used (conse-
quently) as solvent.

3.2. Carbohydrate recovery from the sample liquid phase

After SCW hydrolysis sample was centrifugated so that two phases,
liquid and solid, were separated and analysed. The liquid phase was
subjected to the acid hydrolysis adding 72% sulfuric acid and diluting
the acid concentration to 4%. The sample was then hydrolysed in
autoclave for 1 h at 121 °C. During the SCWH process the cellulose and
hemicellulose fractions are firstly hydrolysed to oligomers, from oligo-
mers to monomeric sugars and from monomers converted into further
degradation products. Acid hydrolysis of the sample is necessary in
order to bring oligomeric sugars into monomeric sugars that can be
further analysed and quantified. The carbohydrate fractions C6 (glucan)

Table 1
Compositional analysis of defatted grape seeds.

Substance Composition (% w/w)
Ash 1.9+ 0.5
Moisture 8.4 + 0.05
Water extractives 12.7 £ 1.6
Ethanol extractives 2.7 £0.2
Proteins 3.2+0.2
Acid Insoluble Lignin 36.5+1.1
Acid Soluble Lignin 6.0 + 0.4
Glucan 12.1 +£0.12
Xylan 7.6 £0.2
Arabinan 1.3+0.4

and C5 (arabinan and xylan) in the biomass, used for sugar yield
calculation were obtained using the biomass without previous Soxhlet
extraction. Hydrolysable base for sugars was calculated following eq.
(1), where c{ is the concentration of hydrolysable to sugars in ppm of
carbon, c is the concentration of carbon inside the reactor in ppm and
Whiomass and Whiomass are the weight fractions of C6 and C5 carbohydrates
referring to the biomass in % w/w.

biomass biomass
WC 6 + WC S

100 % w/w )

Chs =

The yield of total sugars (Y1s in % w/w) was calculated in eq. (2)
dividing the concentration of total sugars expressed in ppm of carbon
(S5, see eq. (3)), that was determined in the liquid phase of the sample
by HPLC analysis, by the concentration of hydrolysable to sugars (cg).

cfs
Yis=—¢- 2
Chs
C __ Cout Cout
Crs =Ces" +Ccg 3

The yields of each sugar fraction (Ycs and Yge in % w/w) were
calculated independently, dividing the concentrations of C5 and C6
sugars (cS%and c2*) determined in the liquid by the inlet concentra-
tions of C5 and C6 carbohydrates fraction respectively (eq. (4) and (5))
(both concentration presented with respect to carbon).

- TNy @
YC5 = in ‘iom(z:x. o
- Wes
CCom
Yeo = Lo 100 % 5)

= “in.yy/biomass
cc-Weg

Carbohydrate fractions are considered as the liable fractions that
undergo rapidly the hydrolysis in SCW. By Fig. 2, that present the yield
of total sugar in the liquid phase (Yrs), it is shown that the highest yield
was obtained for a short reaction time of 0.27 s, reaching 61%. Martinez
et al. and Cantero et al. showed that the maximum yield of sugars for the
hydrolysis of sugar beet pulp and wheat bran were obtained for even
shorter reaction times (0.11 s and 0.19 s respectively), operating in a
laboratory scale plant (Cantero et al., 2015b; Martinez et al., 2019). The
recovery of sugars in the Supercritical water process is higher compared
to work reported by Prado et at (Prado et al., 2016). where up to 40%
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Fig. 2. Yield of C5, C6 and total sugars over reaction time in the liquid phase; the error bars are the standard deviations; linear trendlines given.

sugar was recovered from defatted grape seeds using Subcritical water
hydrolysis, under 203 °C-258 °C, 20 MPa for 30 min.

Differently from the case of sugar beet pulp (Martinez et al., 2018),
where within 1 s of reaction time the main part of the carbohydrate
fractions was already converted and the yield of sugars in the liquid
phase rapidly decreased, the yield of the sugar in the case of grape seeds
remained high (56%). One of the natural factors that influence biomass
recalcitrance is the amount of lignin and other polyphenols. The
explanation for slower gradual conversion of the carbohydrate fractions
can lie in the high lignin content of the biomass. Lignin could act as a
barrier for SCW to access the carbohydrate fractions, as some part of
cellulose is less accessible in the inner structure of lignin (Cantero et al.,
2015b). The C5 conversion was higher than that of C6. The C5 yield
dropped from maximum value of 88% obtained for 0.27-71% for 1s. The
maximum yield of C6 sugars was 43% obtained after 1 s.

3.3. Solid fraction characterization
The solid yield (Y4 in % w/w) is calculated by eq. (6), where cgs is

the concentration of suspended solid in the sample in ppm and f3°i is
the solid carbon factor obtained with elementary analysis of the solid.

65

60 §

Solid Yield (%, wiw)

45 |

40 1 Il L 1

Css golid
Yiotia = T 100 % (6)
C

The yield of the solid fraction (see Fig. 3.) decreases with reaction
time up to 0.61 s. To obtain higher rates of liquefication, more severe
conditions were needed, decreasing the yield from 60% for a reaction
time of 0.18 s-46% for the time of 0.61 s. Slight increase of the solid
yield fraction for the longest reaction time of 1s could be result of the
production of the water insoluble compound as the reaction proceeds.

Solid characterization by LAP procedure for carbohydrate and lignin
content is presented in Fig. 4. It is important to note that extractives
were not removed from the solid sample and that they could contribute
to the total amount of the Klason lignin. The amount of carbohydrates
and lignin fractions in biomass presented in Fig. 4 is also calculated for
the biomass as received, without previous extraction. As carbohydrate
fractions are more labile fractions, they undergo to hydrolysis fast while
the amount of acid insoluble solid increased in the solid fraction for
already shortest reaction time, to 61%, and goes to 65% for the longest
reaction time. As mentioned above the biomass’ high content of insol-
uble lignin increases its recalcitrance and reacts as barrier to total hy-
drolysis of sugars fraction, as even for the longest reaction time of 1 s,

0.1 0.2 0.3 0.4 0.5

0.6 0.7 0.8 0.9 1.0 1.1

reaction time (s)

Fig. 3. Yield of solid after SCWH over reaction time.
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Fig. 4. Solid sample composition over reaction time; top: carbohydrate frac-
tions (where C6 refers to glucose and C5 to sum of xylose and arabinose);
bottom: acid insoluble lignin (AIL) and acid soluble lignin (ASL).

the solid phase still contained 10% of the carbohydrates fraction. This is
different compared to the biomass composed mainly of the more labile
fractions as above-mentioned sugar beet pulp (Martinez et al., 2018) as
for this biomass high recovery of sugars was obtained in the liquid
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phase, and just 0.9% of carbohydrates fraction was determined in solid
phase after similar reaction time.

FT-IR signals for raw biomass and solids for different times (0.18 s,
0.39 s, 0.61 s) are presented on Fig. 5 and assign according to the
literature (Ehara et al., 2005; Hemmila et al., 2020; Sahoo et al., 2011;
Wahyudiono et al., 2008; Xu et al., 2013). The FT-IR signals of solids
after hydrolysis showed increased intensity in the region related to
lignin structure approving the increased aromaticity of the solid after
the process. The increased intensity was observed for peaks at: 779 cm™!
assigned to C-H out of plane vibration on the aromatic ring; 1270 cm™!
assigned to the guaiacyl ring breathing and C=0 stretching; 1315 cm™!
assigned to aromatic ring breathing; 1617 cm~! and its shoulder at
1650 cm™! assigned to the aromatic ring vibration of phenylpropane
groups and C=0 bonds in conjugated ketones; 3430 cm™! assigned to
O-H stretching specifically from lignin. Peak at 1050 cm™! assigned to
the C-O-C ether linkage of the skeletal vibration of both pentose and
hexose unit from hemicellulose and cellulose decreased due to the hy-
drolysis of carbohydrate structures in the solid residue.

Reported Glass Transition Temperature (Tg) for different under-
ivatized lignin lies between 90 and 180 °C (Daz et al., 2001). The DSC
curves for the biomass sample and solid after SCWH at reaction times of
0.185s,0.39sand 0.61 s are shown in Fig. 6. The biomass sample shows a
peak that could correspond to the lignin transition temperature at
152 °C, while the solid obtained after reaction times of 0.18 s, 0.39 s and
0.61 s have peaks shifted to higher temperature, 162 °C, 165 °C and
167 °C respectively, that is higher compared to other lignins. The results
in the literature report that the same molecular motion of in situ lignin
has been observed at the temperature lower than that of the isolated
lignin and that shifted T, suggests that the amorphous structure of lignin
could be affected by coexisting components in the original biomass, but
also by mechanical and thermal changes during the treatment (Hata-
keyama et al., 2010). Higher T, values of lignin obtained after process-
ing, even increased with the severity of the process. Determination of Ty
value is an important information for potential application of lignin.

At temperatures above 250 °C peaks that correspond to the degra-
dation of main constituents of samples, hemicellulose, cellulose and
lignin, can be observed. These peaks can be seen in the region of
285 °C-296 °C for hemicellulose, 347 °C-360 °C for cellulose and
402 °C-417 °C for lignin. Similar degradation temperatures of main
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Fig. 5. FT-IR spectrum of raw material and solid after hydrolysis at 0.18 s, 0.39 s and 0.61 s.
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Fig. 6. DSC curves for raw biomass and solid after SCWH for reaction times of 0.18 s, 0.39 s and 0.61 s.

biomass constituents obtained by DSC analysis were reported by Brys
et al. when different wood species were analysed (Brys et al., 2016). For
the SCWH sample obtained after 0.61 s, the peak that corresponds to
hemicellulose degradation was almost absent, as the main amount of
hemicellulose was already hydrolysed. The peak that corresponds to
cellulose degradation was observed at 347 °C for GS, while for SCWH
solids this peak was at 359 °C, 356 °C and 360 °C (for 0.18s,0.39's, 0.61
s respectively). The higher degradation temperature of cellulose in solids
after SCWH compared to GS might be due to the more crystalline
structure of the cellulose that remained in the solid, as a more labile
amorphous part is firstly hydrolysed, or due to the part of cellulose
chemically bonded to lignin polymer. The highest degradation temper-
atures correspond to lignin, as lignin is the most thermostable constit-
uent of biomass (Brys et al., 2016). Due to the complexity of the lignin
structure, its thermal degradation happened over a wide temperature
range (Yang et al., 2007).

SEM analysis was performed for solid obtained at different reaction
times in order to observe changes in morphology of biomass caused by
hydrolysis and severity of the process (Fig. 7). The sample before hy-
drolysis had a compact surface structure, while the influence of the
SCWH clearly causes structural damage. These ruptures are more visible
with longer reaction times. The surface of treated solid also shows
appearance of the small droplets that can be related to the molten lignin

at high temperature and pressure (Donohoe et al., 2008; Kristensen
et al., 2008; Pingali et al., 2010; Selig et al., 2007; Xiao et al., 2011). This
is in accordance to compositional analysis of solid fraction, as it is manly
composed of lignin. Since lignin plays a significant role in biomass
recalcitrance this can be the reason for a slower rate of carbohydrate
hydrolysis in SCW, compared to the biomass with a lower amount of
lignin as explained above. Lignin is also specific to be relocated during
the hydrothermal treatment, so that upon melting, lignin in biomass
becomes fluid and thus can move through the cell wall matrix observed
as spherical formations on the surface of pre-treated biomass (Selig
et al.,, 2007). He et al. assign appearance of aggregated droplets to
pseudo lignin that originate from the condensation and aromatisation
reaction of sugar degradation products during dilute acid pre-treatment
(He et al., 2018). The released aromatic compounds from lignin degra-
dation also have effect of the formation of pseudo lignin that have
polyaromatic phenolic nature and contribute of the total amount of
Klason lignin (He et al., 2020).

3.4. Structural analysis of grape seed MWL and extracted polyphenols
mixture by 2D NMR

The supercritical water process produces solid enriched in lignin.
This solid can be further refined to obtain a higher purity of lignin,

Fig. 7. SEM images of raw material and solids after SCWH obtained for different reaction times (0.18 s, 0.27 s, 0.39, 0.61 s and 1 s).
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named as SCWL in text below (Capanema and Balakshin, 2015). For
structural characterization with high-resolution NMR, lignins (with
chemically linked carbohydrates) were extracted from the solids after
SCWH with 80% v/v dioxane. This solvent mixture allows about
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maximal solubility of lignin and LCC components (Balakshin et al.,
2003) without possible chemical modification. This counts for instances
in the case of NaOH extraction, especially for a very complex non-wood
plant biomass containing significant amounts of ester and other labile
moieties (e.g., polyphenols). The extraction yield (dioxane lignin) was
about 55-57% w/w per lignin content in the solids obtained after
SCWH.

The extracted SCWL were analysed by a HSQC 2D NMR method
(shown in Fig. 8), to obtain information on changes that occur in lignin
structure during the hydrolysis process. The MWL isolated from grape
seeds feedstock was used for comparison, as MWL is considered to be
relatively close to the native lignin structure (Balakshin et al., 2020b).
Table 2 presents the assignments of main lignin cross-peaks and their
quantification in the spectra of MWL and SCWL isolated after reaction
times of 0.18 s, 0.27 s and 0.39 s.

The spectra (see Fig. 8) show clearly that the extracted SCWL are
very complex mixtures of different types of chemicals, such as lipophilic
extractives, polyphenols (e.g., flavonoids) and true polymeric lignin,
which is also linked to carbohydrates via chemical linkages. Detailed
analysis of the SCWL is extremely challenging due to the high
complexity of the mixture and significant signals overlap even in the 2D
spectra. Therefore, only high-level conclusions are possible at the cur-
rent stage.

Lignin from grape seeds consisted mainly of G type units, with minor
amount of H units, while S units were practically absent. Main lignin
signals were assigned according to the literature available (Balakshin et
al, 2003, 2011; Lancefield et al., 2018). Apart of main lignin units the 2D
NMR data shows the presence of lignin — carbohydrate linkages, i.e., the
presence of Lignin Carbohydrate Complex (LCC). Three types of LCC
linkages, namely benzyl ether (BE), phenyl glycoside (PhGlc) and y-ester
were detected (8¢/06y 79.6-82.8/4.4-4.9, 99.4-103.7/4.8-5.1 and
60.8-62.9/4.2-4.4, respectively). Importantly, other BE (lignin-lignin)
and esters moieties can also contribute to these resonances (Balakshin et
al, 2011, 2014, 2020b), therefore they show only maximal possible
amounts of LCC linkages. In addition, high varieties and high amounts of
lipophilic extractives and flavonoids were detected in the spectra. Lignin
from grape seeds differs from lignin isolated from the grape stalks, as the
latter contains significant amount of S units that were not found in the
grape seeds MWL. Condensed structures of alkyl-aryl type were also
determined in the lignin from grape stalks, and they are at least partially,
assigned to the lignin—tannin condensed structures (Prozil et al., 2014).

For a semiquantitative analysis, the resonance of methoxyl groups
was used as a reference to normalize the resonance values of the other

Table 2

Relative amounts of different moieties of milled wood lignin (MWL) and supercritical water lignins (SCWL) at different reaction times (0.18 s, 0.27 s and 0.39 s).
S¢/du MWL 0.18 s 0.27 s 0.39 s assignment
69.3-73.6/4.6-5.0 33.9 26.0 26.7 24.4 P — aryl ether (-O-4)
84.0-86.0/4.5-4.8 6.7 4.7 5.3 4.8 resinol (-f3)
86.1-88.5/5.4-5.6 10.3 7.8 7.6 6.9 phenyl-coumaran ($-5)
60.7-62.9/4.0-4.2 14.4 14.9 17.8 16.5 coniferyl alcohol (Calk)
60.8-62.9/4.2-4.4 3.4 5.6 9.1 6.4 y — esters (Est)
79.6-82.8/4.4-4.9 7.5 12.8 12.6 11 benzyl ethers (BE)
99.4-103.7/4.8-5.1 4.1 2.0 0.5 1.4 Phenyl glycosides (PhGlc)
19.2-22.0/1.8-2.1 32.4 43.4 26.1 38.6 Acetyl groups (Ac)
97.0-100.5/5.8-6.4 1.7 35.5 35.0 38.8 Flavonoids (F1)
93.6-96.9/5.7-6.3 6.7 55.3 49.4 35.0 Flavonoids (F2)
98.9-105.1/4.0-4.8 28.4 17.5 7.3 13.1 CH1 in carbohydrates
35.9-39.2/2.9-3.0 1.1 14.2 11.0 22,5 Alkyl-Aryl moieties (Alk-Ar1)
23.2-26.3/2.6-2.8 2.3 50.6 69.4 60.8 Alk-Ar2
39.6-43.9/3.0-3.2 1.6 20.9 11.9 10.1 Alk-Ar3
35.4-39.6/3.3-3.7 0.8 23.3 21.0 24.8 Alk-Ar4
45.5-49.3/3.4-3.8 1.9 36.3 30.4 34.0 Alk-Ar4
39.9-44.9/3.6-3.9 1.9 64.3 27.9 42.9 Alk-Ar5
33.4-36.3/2.7-2.9 0.7 7.0 5.8 11.9 Alk-Ar6
125.6-133.2/5.8-6.5 16.8 30.3 24.5 29.5 Olephinic 1
133.2-150.8/7.1-8.2 4.7 19.7 17.9 23.3 Olephinic 2
27.7-33.1/1.0-1.3 120.3 748.4 1043.6 972.3 CH2 (mainly extractives)
125.9-133.9/5.1-5.5 8.7 149.2 192.8 180.8 olephinic CH in extractives
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signals. It was set as 300 to express the value obtained close to 100 lignin
monomeric units (i.e. expressed in mol % in respect to lignin). A more
common approach (for lignins) using resonance of G2 cannot be used in
our case as it is obscured with the resonance of non-lignin signals,
apparently flavonoids. Very approximate calculation shows that lipo-
philic extractives, flavonoid and lignin are present in a similar mass
proportion, i.e. lignin share in the extracted material is about 30-40%
w/w. In terms of advanced biorefinery, these valuable components
might be further fractionated (if they are not linked chemically) e.g., by
solvents of different polarities or/and other manners. Alternatively, the
effect of the presence of non-lignin compounds and potential synergism
of them (Balakshin et al., 2020a), in typical lignin application may be
also studied in terms of advanced biorefinery.

There is no clear tendency in the amounts of lipophilic extractives
and flavonoids in the dioxane extracts of SCWL during the reaction
course. The amounts of these components in MWL are dramatically less
as the biomass was pre-extracted with toluene-ethanol prior to lignin
isolation according to the classical procedure (Balakshin et al., 2011)
indicated that they are not chemically linked to lignin in the original
biomass. In contrast, the amounts of residual LCC (evaluated by the
amounts of carbohydrates in the samples) was lower in the SCWL indi-
cating cleavage of LCC linkages during the SCWH. Interestingly, the
amounts of ester and BE moieties do not correlate with the amount of
carbohydrates in the samples, indicating potential presence of ester and
ether linkages of different types (e.g., acetyl groups, lignin-lignin ethers
etc). Notably, the amount of labile acetyl groups (from carbohydrates
and/or lignin) does not decrease during SCWH.

The amounts of main moieties of native lignin, e.g., p-O-4, -5 and
p-p structures, decrease very slightly during the SCWH process (compare
Table 2), at least in the range of 0-0.39 s when the major changes in
biomass component separation occur. Such, the content of the main
lignin reaction centres, p-O-4 moieties, decrease by only ca 30%. This is
in strict contrast to other biorefinery processes when the amounts of p-O-
4 linkages decreases by 3-10 times (Balakshin and Capanema, 2015).

Moon et al. reported significant decrease in p-O-4 amount specif-
ically and in the oxygenated aliphatic moieties in general after SCWH
but under much severe process conditions (380 °C and 60 s), which
sound very unreasonable in the light of our results. They also claim
strong demethylation, which however, cannot be justified due to clearly
insufficient processing of the !3C NMR spectra obtained; no
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quantification was performed and the spectra were compared at rather
different intensities that does not allow any reliable conclusion unless
the changes were dramatic (such as decrease in oxygenated aliphatic
region) (Moon et al., 2011).

Significant resonance in the saturated aliphatic region of the SCWL,
specifically in different moieties of Alkyl-Aryl types, was observed.
These signals likely belong to flavonoids of different types. Some lignin
condensed moieties also resonate in this region, but their amounts are
usually in order of magnitude lower even after significant lignin con-
version (Balakshin et al., 2003; Balakshin and Capanema, 2015), which
is not the case here. Main lignins’ linkages and LCC linkages are given in
Fig. 9.

4. Conclusion

Defatted grape seeds were hydrolysed in supercritical water where
the recovered yield of sugars in the liquid phase reaches 61% for 0.27 s
and solid enriched in polyaromatics is produced. High content of
insoluble lignin in grape seeds biomass creates additional mass transfer
limitation that acts as barrier to higher recovery of sugars. After longest
reaction time of 1s still 10% of carbohydrates remained in the solid,
differently to the result obtained with biomass that has low content of
insoluble lignin where almost all carbohydrate fractions could be
extracted. Solid phase of the sample consists of a very complex mixture
that partially belong to lignin with a certain amount of chemically linked
carbohydrates, residual lipophilic extractives and flavonoids. Influence
of supercritical water hydrolase on lignin structure was investigated by
2D-NMR analysis that indicates that cleavage of -O-4 linkages and
other native lignin moieties during the supercritical water process are
very subtle, that can be beneficial in valorisation of this lignin residue.
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