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ABSTRACT

Lignocellulosic materials have great potential to be valorized into new products. Flax by-
products such as powder and short fibers are used in the present study to identify plausible
potential applications for the products obtained from their hydrothermal treatment. The as-
received industrial flax by-products are subjected to hydrothermal carbonization (HTC) in a
wide range of severity, an operating parameter combining time and temperature. In this way,
the yield and characteristics of the resulting HTC products: hydrochars, carbon quantum dots
(CQDs) and organics such as 5-hydroxymethylfurfural (5-HMF) and furfural (FU), are
determined. Likewise, pyrolysis of the hydrochars and the starting flax by-products at 900 °C
is also carried out, leading to carbon materials with developed surface areas, higher than 950
m?/g, and CO> capture values of up to 4.8 mmol/g at 1 bar and 0 °C. In the overall process,
severities above 4.9 were found to be optimal in terms of higher calorific value (around 27
MIJ/kg) of the obtained hydrochars, production of organic products (0.22 and 0.06 g/L of 5-
HMF and FU, respectively), photoluminescence quantum yield of the CQDs fraction (4.7%)

and CO; capture (up to 4.8 mmol/g) by the hydrochar-derived carbons.

Keywords: hydrothermal carbonization; flax by-product valorization; hydrochar; carbon

quantum dots; furfural



1 INTRODUCTION

Flax fiber has been used since ancient times, with evidence of use dating back 10,000 years
(Yan et al., 2014). Europe supplies 80% of the world’s production, mainly grown in France,
Belgium and the Netherlands, with 140,000 tons of drained linen for a total of 160,000 hectares
cultivated in 2020. In recent years, the use of flax fiber to replace glass fiber in composite
materials has gained interest (Baley et al., 2016). Flax is also finding use in the paper and food
industries. The largest flax fibers are used to manufacture high-value products, while the
shortest ones and powder are often considered by-products that are difficult to upgrade (Akin,
2013).

Hydrothermal treatments, lately called hydrothermal carbonization (HTC), are processes
that take place at moderate pressure and temperature and that have been used for processing
lignocellulosic materials and valorizing the resultant liquid and solid fractions. This kind of
process allows relatively insoluble materials to be dissolved under ordinary conditions to
produce value-added chemicals. HTC is considered a green alternative for the treatment of
biomass (Yoshimura and Byrappa, 2008). Pretreatment of lignocellulosic feedstocks concerns
the ultrastructural modification of materials such as wood, straw and bagasse and they can be
classified as follows: (i) steam; (ii) aqueous; and (iii) organosolvolysis treatments. All these
treatments have their antecedents in the thermomechanical processes developed by the pulp and
paper or fiberboard industries (Overend et al., 1987). Their application leads to a fractionation
of the substrate into its main polymeric fractions: cellulose, hemicellulose and lignin with
various degrees of modification. A number of pretreatment concepts now exist on a commercial
scale, and they are applied to produce foodstuffs for ruminants from lignocellulosic raw
materials. The same techniques are being experimented in the energy and chemical sectors from
the same feedstocks, as these treatments are chemicals-free and drying of the biomass is not

required (Yoshimura and Byrappa, 2008).



After subjecting biomass to HTC, the resultant liquid fraction contains small molecules such
as formic or acetic acids, but also compounds with molecular weights above several thousand
Da. Among the lighter molecules, furfural (FU) and 5-hydroxymethylfurfural (5-HMF) are
among the most interesting. FU is produced industrially by acid hydrolysis of pentosans or
directly from biomass (Harry et al., 2014; Steinbach et al., 2017; Yemis and Mazza, 2011),
while 5-HMF (not obtained on a large scale) is obtained from glucose and fructose (Catrinck et
al.,2017; Dou et al., 2018; Lv et al., 2017). Additionally, low molecular weight carbon fractions
remain dispersed in the liquid phase after HTC of biomass and may exhibit photoluminescence
(PL) properties due to quantum confinement effects (Abbas et al., 2018; Thongsai et al., 2019;
Zhao et al., 2020). These carbon quantum dots (CQDs) of renewable origin are biocompatible
and have been used in applications such as bioimaging, biosensing, or optoelectronics and
energy devices (Abbas et al., 2018; Das et al., 2018). On the other hand, solid products from
HTC processes are becoming increasingly important as potential precursors of carbon-rich
materials (Braghiroli et al., 2015a, 2015b, 2015b, 2014, 2012; Romén et al., 2013; Wei et al.,
2011). After carbonization of hydrochars, the resultant carbon materials may indeed have
applications in catalysis, electrochemistry, energy storage, selective gas sequestration, water
purification or soil amendment (Braghiroli et al., 2015c; Kang et al., 2012; Li et al., 2014;

Schaefer et al., 2016; Steinbeiss et al., 2009; Titirici et al., 2012).

Although temperature and residence time are the most important parameters in the
transformation of biomass, other parameters, such as the type of feedstock or use of catalysts
can also affect the products obtained by HTC (Funke and Ziegler, 2010; Borrero-Lépez et al.,
2018). The objective of the present study was to explore the possible valorization of short fibers
and flax powder by HTC under mild severity conditions and avoiding the use of catalysts. The
effect of temperature and time on the hydrochar yield and its characteristics, as well as on the

hydrochar-derived carbons, were therefore studied. Likewise, extracts from the process



including valuable liquids and dispersed CQDs were separated and duly analyzed. The results
of this work show new application perspectives for low-value by-products from the linen

industry.

2 EXPERIMENTAL

2.1 Raw materials

This work was carried out with two types of flax-derived products: short fiber fragments and
powder, both provided by Depestele Group (France). The amount of lignin and cellulose were
directly determined according to TAPPI standards T222 and T203, respectively, while
hemicellulose was determined by difference. Moisture and ash contents were determined by
application of ASTM E871 and E1755 standards, respectively.

Carbon, hydrogen, oxygen, nitrogen and sulfur contents were directly determined using a
CHONS elemental analyzer (Vario EL Cube, Elementar, Germany).

Secondary electrons were used to observe the topographic contrast of the samples using a
scanning electron microscope (FET Quanta 600 FEG) under an accelerating voltage of 3 kV.
The EDX instrument of the microscope was used for microanalysis and mapping of the major

elements.

2.2 Carbonization treatments

2.2.1 Hydrothermal carbonization (HTC)

Temperature and time are the most important variables in hot pressurized water treatments.
The reaction coordinate, Ro, based on the combination of temperature, 7' (°C), and residence
time, ¢ (min), was defined by (Overend et al., 1987) to describe the impact of hot liquid water

treatments on lignocellulosic components:

T—100)
14.75

R0=t-exp( (1)



In Eq. (1), 14.75 is the activation energy (kJ/mol) based on the assumptions that the reaction
is hydrolytic and that the overall conversion is first-order. The logarithm of the reaction
coordinate, log Ry, was defined as the severity of hydrothermal carbonization, i.e., what is
known as the severity factor.

At a given temperature, the pressure inside the reactor was auto-generated by the pressurized
water itself in the available volume of the autoclave. After the reaction time, the autoclave was
removed from the oven and cooled to room temperature for several hours. The solids recovered
after HTC, i.e., the hydrochars, were separated from the remaining liquid phase by filtration,
and were then washed with distilled water and dried in an oven at 80 °C for 8 hours. The
hydrochar yield was defined as the ratio of the weight of hydrochar to that of the initial flax
material on a dry basis.

The experimental details and conditions, which were studied in our own previous works
(Borrero-Lépez et al., 2018, 2020), are as follows. The HTC processes were performed in 125
mL Anton Parr autoclaves. Distilled water was used as the reaction medium, and the liquid to
solid (L/S) weight ratio used was 45/2; i.e., 45 g of water and 2 g of flax powder or fiber. Flax
material and water were introduced together in the autoclave reaction vessel, which in turn was
installed in a ventilated oven preheated to the desired temperature. The temperature was varied
from 130 to 180 °C, and different times were tested: 1, 2, 4, 6, 12 and 24 hours. The autoclave
was then removed from the oven and left for several hours at room temperature to cool. The

solid and liquid fraction were separated by filtration and weighed for subsequent analysis.

2.2.2 Hydrochar carbonization

The hydrochars obtained from the aforementioned HTC process were also further
carbonized. For that purpose, approximately 1 g of hydrochar was placed in a previously
weighed ceramic boat and introduced into a tubular furnace. The latter was continuously flushed

by nitrogen flowing at 90 mL/min, and heated at 2 °C/min to 900 °C. This final temperature



was maintained for 1 hour before cooling to room temperature under N> flow. This procedure
prevented any oxidation of the sample. The latter was then stored in a desiccator and weighed.
The carbonization yield (Y¢) was calculated as the mass ratio of carbon material to hydrochar
on a dry basis. The total carbon yield (Y7) was also calculated as the mass ratio of the final

carbon material to the raw flax powder or fiber, again on a dry basis.

2.3 Characterization of products

2.3.1 Liquid fractions

The analyses were carried out after liquid-liquid extraction using 3 mL of dichloromethane
and 3 mL of the liquid fraction sample under vigorous stirring. Afterwards, the dichloromethane
phase was removed from the solution and analyzed by GC/MS.

The first step of the liquid fraction analysis was performed by using a chromatograph
coupled to a mass spectrometer (GC/MS) Clarus 500 (Perking Elmer Inc., USA) to identify the
main compounds present in the samples. The analysis was carried out with a fused-silica
capillary column (Rxi-5Sil MS; 30 m X 0.25 mm, 0.25 pm film thickness; Restek, USA). The
gas chromatograph was equipped with an electronically controlled split/splitless injection port.
The injection volume was 0.5 YL at 275 °C in splitless mode with a 1 min splitless time. Helium
(Alphagaz 2, Air Liquide) was used as carrier gas, with a constant flow rate of 1 mL/min. The
oven temperature program used was as follows: 40 °C fixed for 2 min, 40 °C to 325 °C at a rate
of 7.5 °C/min, and then 325 °C fixed for 5 min. Ionization was performed in electron impact
mode (ionization energy of 70 eV). The ion source and transfer line temperatures were 250 °C
and 330 °C, respectively. Detection was carried out in scan mode, from m/z = 20 to 500. The
detector was switched off in the initial 5.5 min (solvent delay). The compounds were identified
by comparison with spectra from the NIST (US National Institute of Standards and Technology,

USA) mass spectral library.



2.3.2  Hydrochars and porous carbons

The elemental analysis of the solid products was carried out in the same way as for the raw
materials. In order to evaluate the realistic possibility of using hydrochars as a source of energy
by combustion, their ash contents were determined by thermogravimetric analysis (TGA). This
analysis was performed by increasing the temperature at 5 °C/min to 900 °C in a continuous
flow of synthetic air. This final temperature was maintained for 1 hour.

The textural properties of the samples were determined from nitrogen adsorption-desorption
isotherms at -196 °C and CO; adsorption at 0 °C, using Micromeritics ASAP 2020 and
Micromeritics ASAP 2420 automatic adsorption devices, respectively. The BET (Brunauer-
Emmet-Teller) method was used to determine the BET area, Aggr (m?/g) (Brunauer et al., 1938).
Particular attention was paid to the parameter C in the BET equation, which provides
information about the interaction between the adsorbent surface and the adsorbate, and which
must be positive. Ager strongly depends on the range of relative pressures (P/Py) chosen to fit
the BET equation to the nitrogen isotherm, and thus cannot be applied automatically between
0.05 and 0.25. V2 % (1-P/Py) was thus plotted, where Vi is the adsorbed nitrogen volume at a
given value of P/Py, as a function of P/Py and starting at P/P9 = 0.01. The maximum P/Py to fit
the BET equation is where V2 X (1- P/Py) reaches its maximum. The micropore volume, Vpgr n2
(cm®/g), was determined using the Dubinin-Raduskevich method (Dubinin, 1989). The total
pore volume accessible by adsorption, Vo7 (cm?/g), was measured at a relative nitrogen
pressure of 0.97. The mesopore volume, Vs (cm?/g), was assumed to be the difference Vo7 —
Vpra2. All data were treated using the MicroActive® software from Micromeritics. Finally, the
pore size distribution (PSD) was determined by applying the non-local density functional theory
(NLDFT), combining both N> and CO, adsorption isotherms using the SAIEUS® software

provided by Micromeritics (Jagiello et al., 2015). The PSD was then used to calculate the



surface area, Sniprr, and the micropore volume, Vi.ic noprr. The average pore diameter, d, v,

was calculated as:

dyqp(nim) = 42227 . 1076 )

SNLDFT

The tapped density is an upper bound of bulk density, reached after mechanically tapping a
graduated measuring cylinder or vessel containing the powder sample. After measuring the
mass and observing the initial volume of the powder, the measuring cylinder or vessel is
mechanically tapped, and volume readings are taken until little change is observed. The tapped
density was measured with an Autotap Equipment (Quantachrome). As it indicates the
maximum density that can be achieved by a powdered solid, without compaction, it is useful in
calculating volumes from the weight of the merchandise being transported.

The higher heating values (HHVs) of flax powders, fibers and hydrochars were determined
by a calorimeter (Parr6400, Parr instrument, USA) according to the standard method for
calorimetric analysis (EPA 5050). In this context, the term “higher” refers to the fact that the
water produced by the combustion was condensed in the calorimeter (closed system), and
therefore the heat of vaporization of water was not lost, leading to a higher calorific value than

would be found in an open system.

2.3.3 Carbon quantum dots

Optical properties of CQDs were measured at room temperature and under ambient
conditions. Absorption spectra were measured using a Thermo Scientific Evolution 220 UV-
visible spectrophotometer (Thermo Fisher, France). Photoluminescence (PL) spectra were
recorded with a Fluoromax-4 Jobin Yvon spectrofluorimeter (HORIBA Jobin Yvon, France).
The PL spectra were spectrally corrected and PL. quantum yields (PL QYs) were determined
using quinine sulfate as reference (QY(ref) = 0.54) according to the equation:

F sample Are' nsam e2
QY(sample)z( o J[ o J[ - jQYm ©)
ref g

sample ref




where F' is the integrated PL emission intensity (after excitation at 350 or 375 nm for CQDs
derived from flax powder or short fibers, respectively, and for quinine sulfate (ref) excited at
the same wavelength), n is the refractive index (1.33 for aqueous dispersions of CQDs and for
quinine sulfate (ref) in 0.5 M H2SOs), and A is the absorbance at 350 nm or 375 nm as

appropriate.

3 RESULTS

3.1 Properties of flax by-products

Table 1 shows the ash and moisture contents, as well as those of lignin, cellulose, and
hemicellulose, and the corresponding results of elemental analysis (EA). Flax straw contained
2.44% ashes and 9.13% moisture, similar values to those presented in former studies (Hasan
Khan Tushar et al., 2012), while the flax powder contained 7.66% ash and 10.69% moisture.
Note the much higher ash content in the flax powder. The lignin, cellulose and hemicellulose
contents in the flax powder were 43, 25 and 32%, respectively, and 40, 39 and 21%,
respectively, in the flax straw. The latter compositions were also within the ranges found in the
literature (Tamaki and Mazza, 2010). The higher ash and hemicellulose content in flax powder
will account for the less developed textural properties and lower carbon yield obtained from it,
see below. In terms of EA, the main difference is the much higher nitrogen content of flax

powder, 1.71%, compared to that of flax fibers, which are more oxygen-rich.

Table 1. Composition of flax powders and fibers.

Ash Moisture Lignin Cellulose Hemicellulose C H N S O*
wt.%) (wt.%) (wt.%) (wt.%) (wt.%) wWt.%) (wt.%) (wt.%) (Wwt.%) (wt.%)

Powder 7.66 10.69 43 25 32 48.82  7.20 1.71  0.05 38.33
Fibers 2.44 9.13 40 39 21 4836 638 030 0.00 44.18

* Directly determined



Figure 1 shows the morphology of the ashes from the flax powder; they have a very small
particle size (Figure 1(a)), while those from the flax fibers (Figure 1(b)) retain the fiber shape.
Figure S1 and Figure S2 show the elemental mapping of the major elements. This kind of
analysis can never be strictly considered as quantitative, but it gives information about the
composition of the ashes. Moreover, the elemental content depends on the area chosen for
analysis and sometimes is very different from one point to another, exacerbated by the fact that
the surface is not perfectly flat. This suggests that the materials are very heterogeneous on a
small scale. However, it seems clear that potassium and silicon contents are higher in flax fiber-

derived ashes.

Figure 1. SEM photographs of the ashes from: (a) flax powder; and (b) flax fibers.

Finally, the tapped density was 0.11 g/mL (110 kg/m?) for flax powder and 0.05 g/mL (50
kg/m?) for flax fiber. This suggests that the transportation cost would be doubled when shipping
the same mass of fiber compared to powder flax.

10



3.2 Properties of hydrochars

The flax powder was subjected to HTC at severities corresponding to the following
conditions of temperature and time: 7 = 130, 140, 150, 160 or 180 °C,and r =1, 2, 4, 6, 12 or
24 h. Figure 2(a) shows the hydrochar yields obtained when flax powder was subjected to HTC
at different temperatures as a function of severity. The general trend was a decrease in
hydrochar yield with increasing temperature and time due to depolymerization reactions
occurring during HTC (Sadaka et al., 2014). Figure 2(a) shows that the hydrochar yield
decreased from 98.1% at severity 2.66 to 65.0% at severity 5.51.

Figure 2(b) shows selected hydrochar yields from flax powder as well as from flax fibers. In
the case of flax fibers, HTC pressure and temperature conditions corresponding to selected
severities across the range studied for flax powder were applied (namely: 2.96, 3.44, 3.85, 4.44,
4.92 and 5.51). The hydrochar yield decreased with increasing severity for both kinds of flax
by-products, but the effect was greater for flax powder than for flax fiber, 64.97 and 77.27 %,
respectively, at severity 5.51. This might be due to the higher hemicellulose content in the flax
powder. According to (Peterson et al., 2008), hemicellulose is indeed easily dissolved in water
at temperatures above 180 °C and the auto-generated pressure in the present study should also
promote the dissolution and hydrolysis of hemicellulose. Mok and Antal Jr (1993) indeed found
that it is possible to extract an average of 95% of hemicellulose as monomeric sugars by
working at 200-230 °C and in only a few minutes. Moreover, Reza (2011) reported that most

of the hemicellulose is extracted, and likely hydrolyzed to monosaccharides at 200 °C in 5 min.

11
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Figure 2. Effect of HTC severity: (a) on the hydrochar yield from flax powder for different
operating temperatures; and (b) comparison of hydrochar yields as a function of

severity for the two flax precursors.

Figure 3(a) shows the inverse relationship between the O/C atomic ratio and the severity
factor. The hydrolysis of cellulose and hemicellulose indeed produces a loss of oxygen and
hydrogen, and the corresponding carbon enrichment of the hydrochars (Parshetti et al., 2013).

Figure 3(b) shows the van Krevelen diagram for the hydrochars prepared in this study. The
H/C and O/C atomic ratios of the directly pyrolyzed flax powder (i.e., without preliminary
HTC) are given as reference (solid black diamond in Figure 3(b)), and are equal to 1.77 and
0.59, respectively. Dehydration (H>O loss) and decarboxylation (CO: loss) reactions during
HTC produced some changes in the elemental composition of flax powder-derived hydrochars
(Wiedner et al., 2013). Besides, according to the trend observed in the van Krevelen diagram,
a dehydration pathway is observed as the HTC severity increases (Xiao et al., 2012). At a low
severity of 2.66 (130 °C, 1 h), the composition of the hydrochar (H/C = 1.75; O/C = 0.58) was
similar to that of pristine flax powder. At the highest severity, 5.51, a significant change in the

elemental composition of the hydrochar was observed (H/C = 1.58; O/C = 0.32). Despite the
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range of O/C obtained after HTC, the H/C ratio is higher than those reported for HTC of

lignocellulosic biomass (Xiao et al., 2012).
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Figure 3. Effect of HTC severity of flax powder on: (a) the atomic O/C ratio; and (b) the Van
Krevelen diagram of all materials. DP means directly pyrolyzed at 900 °C, i.e.,

without HTC step.

The higher heating value (HHV) of the raw flax powder and flax fibers was 21.63 and 19.74
MJ/kg, respectively. Figure 4 shows, for materials submitted to HTC, that the HHV increased
linearly with the severity of the process for the two flax-derived hydrochars. It ranged from
22.08 to 27.06 MJ/kg for the hydrochars derived from flax powder, and from 19.80 to 23.18
MJ/kg for those derived from flax fibers. As seen in Figure 4, the measured HHV values for
flax powder-derived hydrochars represent the upper limit of those reported in the literature for
different biomasses subjected to HTC (Table S1) within the same severity range. Likewise,
those of flax fiber-derived hydrochars are in the range of previously reported values. For
instance, lipid-extracted algae subjected to HTC at a severity of 5.60 had an HHV of 23.58
MlJ/kg (Lee et al., 2018), lower than that of flax powder and only slightly higher than that of

flax straw.
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Figure 4. Variation of HHV with severity for raw flax by-products (“‘untreated biomass’) and
for the two flax-derived hydrochars. The HHV values of the biomasses and

hydrochars obtained by HTC (Table S1) are also included.

The ash contents of the raw materials by TGA were also determined and compared to those
obtained by application of ASTM standards, already shown in Table 1. The ash contents of the
flax powder and fibers were 6.75 and 1.75 wt.% on a dry basis; these values are somewhat
lower than those obtained in the muffle furnace, 7.66 and 2.44 wt.%, respectively, because the
ash contents measured in the latter apparatus were obtained at 600 °C, instead of 900 °C with
TGA. After the hydrothermal treatment, the ash contents were 5.82 and 0.72 wt.%, respectively.
Such a decrease in ash content after HT'C can be explained by the partial dissolution of minerals
in hot water. Figure S3 shows that the ash contents of flax straw-derived hydrochars decreased
from 1.07 to 0.36 wt.% by increasing the severity from 2.96 to 5.51, respectively. No clear trend
was observed with flax powder-derived hydrochars when increasing the severity, but the ash

content decreased and was 5.82 wt.% on average.
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3.3 Properties of the liquid fraction

Selected liquid fractions from the HTC of flax powder were analyzed by GC/MS. Table 2
shows the most important compounds and their concentrations. These organic molecules were
2(5H)-furanone, 3-methyl-2(5H)-furanone, furfuryl alcohol, 2-acetylfuran, 5S-methylfurfural, 5-
(hydroxymethyl)furfural and furfural. Figure S4 shows the GC/MS spectrum of the liquid
leading to the highest concentration of furfural and 5-methylfurfural, i.e., that obtained at 180
°C and 6 h (severity = 5.51). The substances found in highest concentration were 5-
(hydroxymethyl)furfural (5-HMF) and furfural (FU): 0.22 and 0.06 g/L, respectively.
Considering the evolution of 5-HMF and FU concentrations with severity, these were maximal
at severity 4.91 in both cases. FU is the result of the degradation of hemicelluloses and is
classified as one of the main value-added chemicals (Anthonia and Philip, 2015) as it can be
used as a selective solvent in the refining of lubricating oils, as a gasoline additive, or as a
decolorizing agent. 5-HMF is also a versatile and multifunctional product that can be used as
an intermediate in polymer synthesis (Yang et al., 2011). For instance, 5-HMF is used in the
production of bioplastics, which are potential substitutes to petroleum-derived plastics

commonly used in beverage bottles.

Table 2. Molecules found in the liquids after HTC, and their concentration (g/L)?* as a function

of severity.

Severity| 3.26 3.85 4.04 4.44 491 5.51

2(5H)-Furanone - - - 0.0016 - 0.0015
5-(Hydroxymethyl)Furfural - - 0.0123 0.0483 0.2245 0.0255
3-Methyl-2(5H)-furanone - - - - 0.0051 0.0099
Furfuryl alcohol - 0.0079 0.0234 0.0084 - -

Furfural - - - 0.0345 0.0558 0.0003
2-Acetylfuran - - - - - 0.0036
5-Methylfurfural - - - 0.0218 0.0279 0.0059

= concentration considering the extracted liquid and the water used in the HTC.
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3.4 Physicochemical and photoluminescence properties of CQDs

The UV-Vis absorption spectra of CQDs obtained from flax fibers and powder under
different HTC severities are shown in Figure 5(a) and Figure 5(b), respectively. Two absorption
signals can be distinguished in both series of samples: one with a maximum in the range of 260-
290 nm (yellow rectangle) and a second in the range of 295-330 nm (green rectangle). The first
absorption peak is the most intense and can be attributed to 1 — 7* transitions in the aromatic
sp? carbon network (Li et al., 2011; Tang et al., 2012). The second peak corresponds to the
n — 1* transitions in C=0 or C-OH functions (Eda et al., 2010; Zhang et al., 2015). According
to these contributions, the existence of both carbon conjugated structure and oxygenated
functional groups in CQDs is confirmed. Additionally, the differences between the two sets of
samples and between the severities are noticeable. In general, an absorption spectrum with a
high contribution from aromatic carbon will in turn have a low contribution from oxygenated
groups. The powder-derived CQDs presented a lower contribution from the former and a higher
contribution from the latter. This series had a more defective carbon structure due to smaller
particle size (more contribution from edges) and more oxygenated groups than the series of
fiber-derived CQDs. In result of increasing severity, an increase in the contribution of aromatic
carbon (or a decrease in the contribution due to oxygen) is observed for both series. It has indeed
been claimed that hydrothermal reduction produces a partial restoration of the aromatic carbon
network, going to a greater extent with increasing temperature (Zhou et al., 2009).

The aqueous dispersions of CQDs derived from flax powder and fibers were subjected to
various PL excitations to collect the corresponding emission spectra. Figure 5(c) and Figure
5(d) show the PL emission spectra of CQDs obtained from each material by HTC at the highest
severity (5.5: 180 °C and 24 h). Lower severities resulted in lower maximum PL emissions. In
both cases, the maximum emission wavelength was dependent on the excitation and it

redshifted as the excitation wavelength increased. This emission-excitation dependence is due
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to the polydispersity of particle sizes and the optical selection of different surface states near

the Fermi level of the CQDs when varying the excitation wavelength (Dong et al., 2012; Sun

et al., 2006). As an example, Figure 5(e) shows TEM images of the CQDs obtained in this

study. The particles are in the range of 5-40 nm and exhibit a spherical-ellipsoidal morphology.
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Figure 5. UV-vis absorption of CQDs obtained by HTC at different severities (in the range 2.7-
5.5) from: (a) flax powder; and (b) flax short fibers. PL emission spectra of CQDs
obtained at the highest severity (5.5) and derived from: (c) flax powder; and (d) flax
fiber, using excitation wavelengths ranging from 300 to 520 nm. (¢) TEM images of

CQDs.

Photographs of aqueous dispersions of CQDs under room light and under UV light
illumination are given in Figures 6(a) and 6(b). Strong blue emission can be observed under
UV irradiation. The maximum PL emissions for flax fibers- and powder-derived CQDs were
located at 430 and 445 nm (both in the violet light region), respectively, after excitation at 350
and 375 nm. Regarding the effect of the severity used in the HTC of the two materials, Figure
6(c) shows the position of the maximum PL emissions of the resulting CQD solutions obtained
under severities in the range 2.7-5.5. The position of the maximum emission of flax fibers- and
powder-derived CQDs (after excitation at 350 and 375 nm, respectively) shifted to lower
wavelengths, from blue (> 450 nm) to violet light (450-400 nm) as the HTC severity increased.
It has been demonstrated that PL and emission position depend on the size of sp? carbon
clusters, which are delimited by oxidation or defects in graphene-like materials (Eda et al.,
2010; Loh et al., 2010).

The maximum PL QYs for the two series of CQDs solutions are shown in Figure 6(d).
Since the excitations (350 and 375 nm) used to obtain the maximum PL are in the range of
quinine sulfate (280-380 nm (Brouwer, 2011)), the latter was used as the reference standard for
the determination of PL QY. The PL QY of CQDs increases for both series with the severity of
HTC. Increases in temperature or time have been reported to improve PL QY in addition to
increasing the weight yield of CQDs (Su et al., 2019). For low severity, PL QY was modest in

both series of sample and was around 0.3-0.5 %. The CQDs derived from flax fiber and powder
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obtained at the highest HTC severity exhibited PL QYs of 1.1 and 4.7 %, respectively, after
excitation at 350 and 375 nm. Comparing these values with those reported in the literature,
CQDs obtained by biomass HTC exhibited a wide range of PL QY's depending on the starting
material and the severity process. For severities between 4.4 and 5.5, and without the addition
of dopants, PL QYs of about 2.8-6.2% are reported for CQDs derived from lignocellulosic
materials such as peanut shell, cotton stalk, rice husk, pine wood, soy meal or cellulose (Liu et
al., 2020; Thongsai et al., 2019, p.; Zhao et al., 2020). It should also be noted that these PL QY's
were measured for extensively purified CQDs, for example by dialysis, which was not
performed on the GQDs described in this work. Finally, as observed in Figures 6(e) and 6(f),
the flax-derived CQDs showed good photostability under continuous UV irradiation (Hg-Xe
lamp, light fluence of 50 mW/cm?) and a decrease of only 18% of the PL intensity was observed

after illumination.
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Figure 6. Photographs of aqueous dispersions of CQDs derived from: (a) flax powder; and (b)
flax fibres, under (top) room and (bottom) UV lights. (¢) Maximum PL positions and
(d) PL QYs of the CQD series as a function of HTC severity. (e) and (f) time
evolution and photostability of flax powder CQDs (Aex = 375 nm, HTC severity =

5.5, Hg/Xe lamp; intensity = 50 mW/cm?).
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3.5 Properties of carbonized hydrochars

Selected hydrochar samples were subjected to carbonization; the choice was made based on
the severity factor, in order to have a wide range of severities from the lowest to the highest.
Figure 7(a) shows that the carbonization yield was always higher for fiber-derived hydrochars
than for powder-derived hydrochars. Flax powder directly subjected to carbonization had a
carbon yield of 15.1%, whereas after HTC, carbon yields ranged from 16.9 to 24.1%. The
increase in carbon yield after HTC is due to dehydration reactions, stabilizing the polyaromatic
structure, and to the partial elimination of hemicellulose during HTC (Libra et al., 2011). Flax
fiber directly subjected to carbonization had a carbon yield of 25.3%. Flax fiber-derived
hydrochars subjected to carbonization yielded higher amounts of carbonaceous materials: the
carbon yield ranged from 19.6 to 27.5 %. The lower carbon yield found for the powder-derived
materials might be due to their higher ash content, which promotes gasification reactions during

carbonization.

Figure 7(b) shows the total yield, considering both the hydrochar yield and the subsequent
carbonization yield. Not surprisingly, the total yield was higher for flax fiber; it ranged from
15.7 to 25.3 % versus 12.0 to 17.5% for flax powder. Moreover, the flax fiber-derived carbons

were expected to have a lower ash content.
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Figure 7. Effect of the severity on: (a) carbonization yield; and (b) total yield of flax powder-

and fiber-derived carbons. The dotted lines are just guides for the eye.

Figure 8(a) shows the nitrogen adsorption-desorption isotherms at -196 °C of two carbons
produced at 900 °C, one from a flax powder-derived hydrochar and the second from a flax fiber-
derived hydrochar, both prepared at a severity of 4.44. The first difference concerns the lower
volume of nitrogen adsorbed by the flax powder-derived carbon at P/Py < 0.01 (corresponding
to microporosity), but also at P/Pyp = 0.97 (corresponding to total porosity), compared to that
derived from flax fiber. The second difference concerns the shape of the isotherms. That of the
flax powder-derived carbon presents a sharp slope at P/Po > 0.01 and a hysteresis cycle; both
facts evidence a broad pore size distribution, and the hysteresis indicates the presence of mesopores
(pore diameter between 2 and 50 nm). The nitrogen isotherm of the flax fiber-derived carbon is
Type Ib according to the IUPAC classification (Thommes et al., 2015), typical of essentially
microporous materials with an important fraction of micropores between 0.7 and 2 nm in width.
Figure 8(b) shows that the highest pore development of flax fiber-derived carbons compared to

those derived from flax powder also involved the narrowest pores (pore diameter < 1.2 nm).

Figure 8(c) shows the pore size distributions (PSDs) while Figure 8(d) shows the cumulated
pore volumes, both calculated from the nitrogen and carbon dioxide adsorption data. These
plots confirmed the main conclusions extracted from the nitrogen adsorption data, i.e., the
essentially microporous character of flax fiber-derived carbons and the micro-mesoporous
character of flax powder-derived carbons. Although the microporosity of flax powder-derived
carbons is rather narrow, these carbons might be used for pollutant adsorption after activation.
The large mesoporous volume would indeed favor the diffusion of pollutants towards the

narrowest pores where adsorption takes place. Flax powder-derived carbons could be especially
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interesting for adsorbing pollutants from contaminated soils. Moreover, the small particles of

flax powder-derived carbons would favor their dispersion in soils.
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Figure 8. (a) N2 adsorption-desorption isotherms; and (b) CO> adsorption isotherms of carbons
produced at 900 °C from flax powder- and fiber-derived hydrochars produced at
severity 4.44. (Full symbols: adsorption data, empty symbols: desorption data); (c)

pore size distributions; and (d) cumulated pore volumes of the same carbons.

Figure 9 shows the BET area, Ager, of the carbon materials synthesized in this study as a
function of severity. Flax fiber-derived carbons had a 2-3 times higher Aggr than the flax

powder-derived carbons, while the mesoporous volume of the latter was much higher. A
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maximum in the mesoporous volume was observed in both carbons for a severity value of 4.92,
corresponding to the total degradation of hemicelluloses and to a significant degradation of
cellulose, which is totally degraded at a severity equal to 6 (Jeder et al., 2018). The percentage
of mesopore volume ranged from 32 to 57% for flax powder-derived carbons while it ranged
from 2 to 18% for flax fiber-derived carbons. The higher mesopore volume in the flax powder-
derived carbons produced a higher average pore diameter (see also Table S2) than in the flax

fiber-derived carbons.
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Figure 9. Effect of HTC severity on: (a) Ager, (b) Vines, and (¢) d,q» for carbons synthesized at
900 °C from flax powder- and fiber-derived hydrochars. The dotted lines are just

guides for the eye.

In summary, Table S2 shows the main textural properties of the carbons synthesized in this
study. It can be observed that Snzprr was always higher than Aggr, which is due to the existence
of narrow micropores in flax powder- and flax fiber-derived carbons, and to the assumptions of
the BET model. In the same way, the micropore volume determined by applying the DR model
to the carbon dioxide adsorption data was always higher than that determined by applying the

same model to the nitrogen adsorption data. Because carbon dioxide adsorption is carried out
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at 0 °C, diffusion of CO> molecules is faster than that of N> molecules at -196 °C. Higher values
of Vpr co2 than those of Vpr a2 indicate large volumes of pores narrower than 1.1 nm. As the
DR model overestimates the micropore volume, the NLDFT model to calculate the pore size
distribution and to determine the micropore volume from both nitrogen and carbon dioxide
isotherms has been included here. The total volume estimated by application of the NLDFT
model, Vniprr, was higher than Vj.97 because the latter only considers the nitrogen adsorption

data.

Some of the carbons prepared at 900 °C have a high ultramicropore volume (pore diameter
less than 0.7 nm), which could be even higher by using a lower carbonization time. These
carbons might be especially interesting for CO» capture because they have a developed texture
and they are stable under CO; capture conditions (Garcia-Diez et al., 2019). Gas physisorption
is a completely reversible process and desorption is achieved by lowering the pressure or
increasing the temperature (Ramirez-Vidal et al., 2021). Figure 10 shows the CO» capture
(mmol/g) at 0 °C and 1 bar of carbons prepared by pyrolysis at 900 °C of hydrochars derived
from flax powder and fibers, and of some activated and non-activated carbon materials reported
in the literature (see also Table S3 in the Supporting Information). For the hydrochar-derived
carbons produced from flax powder, the severity of the HTC was a paramount parameter on the
resulting CO; adsorption capacity. Carbons from hydrochars obtained under severities of 4.9
and above had the highest CO; captures. At most, the carbonization of a hydrochar obtained at
severity 5.5 from flax powder offered a CO; uptake of 4.8 mmol/g, higher than those observed
for other non-activated biomass-derived carbons found in the literature (Plaza et al., 2012; Hong

et al., 2016; Jeder et al., 2018).

CO, adsorption depends on surface area, so that activated carbons (ACs) have generally
higher CO, capacities than non-activated carbons such as those prepared in this study. However,

activation is accompanied by material burn-off and a dramatic decrease in density. Burn-off is
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especially high in KOH activation. While it is true that surface areas as high as 2600 m?/g can
be obtained by activation of lignocellulosic precursors, the final yield is close to 5% for
biomasses similar to flax (Basta et al., 2008), and close to 10% for those richer in phenolic
materials (Fierro et al., 2007). Moreover, the resultant activated carbons present an extremely
low density, making them difficult to handle. Burn-off is somewhat lower by physical
activation, either with CO; or H;O, but the surface areas are around 1500 mz/g (Selmi et al.,
2018). A second strategy to increase CO» adsorption is nitrogen doping in order to increase
surface basicity and therefore the interactions between the graphitic domains of the carbon
materials and the CO, molecules. For this reason, doping with urea (Wu et al., 2016) or sodium
amide (Rao et al., 2019; Yang et al., 2019) can be performed. Some materials are naturally rich
in nitrogen and can be good candidates as CO» adsorbents; this is the case for microalgae (Guo

et al., 2017) or flax.
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Figure 10. Effect of Ager on CO; capture at 0 °C and 1 bar for carbons produced at 900 °C
from flax powder- and fiber-derived hydrochars (Full symbols: direct carbonization

of the biomass; Lines: guides for the eye). CO2 adsorption values of biomass-

derived, activated and non-activated carbons (see also Table S3) are included.
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4 CONCLUSIONS

Flax by-products, namely powder and short fibers, were thoroughly characterized; materials
derived from them were prepared and investigated, and applications have been suggested. Their
conversion by HTC into liquid fractions, CQDs and hydrochars was also studied. Higher
severity, a factor combining time and temperature of HTC, led to carbon-enriched materials,
which significantly improved their calorific value. This is especially the case of flax powder-
derived hydrochars, whose HHV was among the highest reported in the literature dealing with
biomass at similar HTC severity (from 22.1 to 27.1 MJ/kg for severities from 2.7 to 5.5).

The liquid fraction contained organic liquids and dispersed CQDs. The highest yield of 5-
hydroxymethylfurfural and furfural, which are considered to be among the most important
platform molecules for the future of green chemistry, was obtained at severity of 4.9. On the
other hand, CQDs were obtained as rounded nanoparticles of 5-40 nm in diameter, and they
exhibited good photoluminescence properties (PL emission and photostability). The CQDs
from the two flax by-products: short fibers and powder, showed PL emission at 430 and 445
nm (violet region), respectively, after excitation at 350 and 375 nm. The highest PL quantum
yield (4.7%) was measured for the flax powder-derived CQDs at the highest HTC severity (5.5).
CQDs have strong potential for bioimaging and healthcare applications.

A broad range of hydrochars derived from both flax by-products were also used to produce
carbons by simple pyrolysis at 900 °C. The carbons derived from short flax fibers exhibited the
highest surface areas (reaching values of Syzprr of up to 950 m%g), the lowest mesopore
volumes (below 18%), the narrowest pore size distributions, and the lowest average pore size
(1.1-1.3 nm). All of these carbons can be considered as cheap, yet medium-performance,
general-purpose adsorbents. Likewise, the two flax-derived carbons might be used for gas
adsorption, particularly CO;, for which values up to 4.8 mmol/g at 1 bar and 0 °C were obtained

without any additional activation step.
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