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Abstract

Nowadays, black liquor, the liquid residue from cooking step in pulp industry is burnt to produce energy
for the plant. But as the pulp mills have energy in excess, higher added values applications for black
liguor may be looked for. Hydrothermal treatment offers a good opportunity as it is well suited for this
kind of wet feedstock. It may be used to depolymerize organic compounds or produce syngas for biofuels
applications. The objective of this study is to combine phenols and biofuel production by extracting the
small organic molecules formed at moderate temperature prior to complete gasification of black liquor.
Hydrothermal experiments from 225 °C to 600 °C have been performed on sulfur-free black liquor in
batch reactor. At 280 °C phenol, guaiacol and syringol were found in their highest quantity: 5 % of the
initial lignin (which represented 6 wt% of the liquid black liquor) could be converted into these three

compounds.
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Lignin gains more and more interest in the field of biomass research [1]. Indeed its aromatic structure, its
high functionalization and its natural abundance make it an ideal candidate to produce high added value
chemicals as for example bio-sourced phenolic compounds. However, lignin extraction and
depolymerization are challenging because of the complexity of its structure and its heterogeneity ([2],

(3]).

Nowadays, the most important potential source of industrial lignin is the kraft process which removes
lignin from wood chips by an alkaline hydrolysis using NaOH and NaS to produce cellulose for paper
making. The lignin polyphenolic molecules are then found in the black liquor, the liquid residue of the
cooking step. The black liquor also contains carboxylic acids molecules (under carboxylate anion form)
resulting from the degradation of part of the hemicelluloses as well as inorganic molecules from the
cooking reagents. Black liquor is then burnt to recover the cooking chemicals and produce energy for the
plant. This process, used for many decades, works well and is perfectly optimized. More than 70 million

tons of wood lignin is burnt every year worldwide ([1], [4]).

However, to diversify their activity, pulp mills have started to change and transform into complete
biorefineries by giving better value to the wood components which include hemicelluloses and lignin
([5], [6]). For example, hemicelluloses can be extracted by adding a hydrolysis step (hot water extraction
at 170°C) prior to cooking. In a previous study we demonstrated that this process modification, besides
allowing hemicelluloses valorization, facilitated wood delignification and enabled cooking without sulfur
chemicals [7]. Consequently, with this modified process a different type of black liquor, sulfur-free and
poorer in organic acids, will become available. So, instead of burning it, it is anticipated that other types

of valorization for lignin could be more easily found.

The present study is part of the European “Pulp & Fuel” project that gathers 10 academics and
industrials partners and aims to convert black liquor into biofuels thanks to supercritical water

gasification (SCWG). SCWG is an hydrothermal treatment which produces gas and where water above
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critical point (374 °C, 22.1 MPa) acts as reactant (source of hydrogen and free radicals), solvent for
organic compounds and catalyst [8]. Moreover, this process is compatible with high-water containing
feedstocks like black liquor that can then be used directly avoiding a costly drying step. The alkali salts

present in black liquor also act as catalysts for the SCWG and would enhance lignin depolymerization

([91-[11]).

Several studies have investigated the SCWG of black liquor to produce a gas mixture rich in Hy ([12]-
[19]). Temperature appears to be the main parameter influencing gas yield. Hydrogen production
increases with the temperature ([12], [17]). Clogging problem have been reported due to the salt

precipitation and char formation ([14], [20]).

Additionally, some researchers have studied the hydrothermal treatment of lignin at lower temperature
for the production of phenolic molecules ([21]-[25]). Huet et al. [25] have shown that monomeric
compounds like phenol, catechol, guaiacol and syringol can be extracted from hydrothermal treatment
of black liquor at 250 °C with a yield of 28 g.kg™ of dry black liquor. Moreover, they demonstrated the
advantage provided by the treatment of a black liquor originating from prehydrolyzed wood and
therefore depleted in products resulting from hemicelluloses which usually have the effect of causing

recondensation of the phenolic fragments.

Our goal in this project is to study the lignin depolymerization and degradation during SCWG of black
liguor coming from a soda cooking of prehydrolyzed hardwood chips. Hydrothermal experiments would
be done at different temperatures between 225 to 600 °C. By doing so, optimum conditions to find
phenolic compounds of interest (like syringol, guaiacol and phenol) can be identified. In fact, the studied
process would consist in recovering these small phenolic molecules during the rise in temperature of the
SCWG, at a time to be defined, before they have been transformed, and to continue the treatment until
complete gasification. The whole process would then produce both gas (CHs, H,, CO>...) and valuable

phenolic monomers (syringol, guaiacol, phenol...).



2. Material and methods
2.1. Material

2.1.1. Chemicals and gas

List of chemicals and gas used for the experiments: Sulfuric acid H,SO4 4N (prepared from 95—
97% H,S04 ACS reagent, Fluka), sodium hydroxide NaOH (>99 %, Carl Roth), vanillin CsHsOs (99 %,
Sigma Aldrich), kit poly(styrene sulfonate) sodium salt (PSS), ethyl acetate CsHsO, (ROTISOLV®
>99.9 %, CPG Ultra Grade, Carl Roth), phenol CsH¢O (PESTANAL® analytical standard, Sigma
Aldrich), guaiacol C;sHgO, (Rotichrom®GC, Carl Roth), syringol 2,6-dimethoxyphenol CgH1003
(analytical standard, Sigma Adrich), phenol-ds CsDsO (99 atom% D, Sigma Aldrich), Potassium
Bromide KBr (for IR spectroscopy, Carl Roth), helium He for GC-MS analysis (ALFAGAZ™ 2
Helium, He 2 99.9999 %, Air Liquide), nitrogen N, for batch reactor (technical nitrogen, N, > 99

%, Air Products).

2.1.2. Black liquor

The raw material used in this study is sulfur-free black liquor provided by our project partner
Fibre Excellence R&D kraft, a wood kraft pulp producer located in Saint-Gaudens (France). To
produce this black liquor an industrial mix of hardwood chips composed of beech, poplar, oak
and chestnut was used. The first step was hemicellulose hydrolysis (hot water extraction at
170 °C during 1 h with a mass ratio of water/dry wood of 3.9). With the temperature increase,
the acetyl groups on hemicelluloses are released as acetic acid and acid hydrolysis occurs. Then
a soda cooking (32 % NaOH, 5.1 Liquid/dry-wood mass ratio, 170 °C during 55 min) was applied
on these hydrolyzed wood chips and the black liquor was recovered.

The main characteristics of this sulfur-free black liquor are presented in Table 1.

Table 1: Characteristics of sulfur-free black liquor used in the study



2.2.

Black liquor main characteristics

pH 13.6
Density 1.11
dry matter content (%) 19.4
ash content at 800 °C? (% of dry black liquor) 41
Na 203,000
Ca 1,620
ash main element content (mg/kg) K 1,240
method: ICP/AES NF EN I1SO 16967 Si 324
Mg 116
Al 97
lighin content? (% of dry black liquor) 31

1105 °C-oven dried black liquor was introduced in a muffle furnace at 800 °C for 5 hours and the ashes was weighed

2lignin was recovered by centrifugation and freeze drying after acidification of black liquor at pH 3 with H,SO,

Hydrothermal treatment

Hydrothermal treatments were performed in two stirred batch reactors: a 0.6 L stainless steel
(type 316) reactor sealed with a screwed jaw from Parr Instruments for temperature below
280°C and a 0.5 L stainless steel (type 1.4980) reactor sealed with dowels and nuts from TOP
Industrie for temperature above 280°C. For each experiment, depending of the temperature,
between 60 mL and 300 mL of black liquor is introduced in the reactor and N, is added to create
an inert atmosphere and reach an initial pressure of about 10 bar relative. Then the reactor is
heated by a heating collar (of 1.1 kW for Parr reactor and 4 kW for the TOP reactor) at the
desired temperature (225, 250, 280, 300, 350, 400, 500 or 600 °C). The heating time depends on

the targeted temperature (from 30 minutes to more than 2 hours). Once at temperature the
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time is hold for 30 minutes before cooling down with an air coil around the reactor (time of
cooling between 30 min and 1h30). During the reaction, the temperature is monitored by a
thermocouple (type K) in an immersion sleeve inside the reactor and a relative pressure sensor
associated with a pressure gauge indicates the pressure. Data of both sensors (temperature and
pressure) are automatically recorded during the experiment in a computerized file.

When the temperature is below 30 °C, the gas analysis is performed. The reactor is opened to
collect the liquid and solid phases which are separated by Buchner filtration. The solid is washed
with deionized water before analysis. The mass of each phase was determined and the mass

yield can be calculated by:

mass of liquid phase recovered 100

liquid ph ield (%) = X
lquid phase yteld (%) mass of black liquor introduced

lid oh old (%) = mass of dry solid phase recovered < 100
solid phase yteld (%) = mass of black liquor introduced

x
Ngas S Z (Mgasi X Pgasi)
i=1

x 100
mass of black liquor introduced

gas phase yield (%) =

where ng;s is the number of moles of gas produced during reaction, x the number of gases

detected, Mg,si the molar mass of the gas i, Pgasi the molar percentage of the gas i in the total of

the gas detected by micro-GC.

2.3. Samples preparation

2.3.1. Lignin extraction
Lignin or high molar mass fractions were extracted from black liquor and liquid phase after
hydrothermal treatment. 20 g of sample under stirring was gradually acidified to pH 3 using
H.S04 4N. A centrifugation step for 30 minutes at 3076 g in a Sigma 3-16P centrifuge made
it possible to recover the precipitated lignin. The lignin was then washed three times with

deionized water previously acidified to pH 2 with H,SO, 4N and centrifuged after each



2.3.2.

washing for 30 minutes at 3076 g in a Sigma 3-16P centrifuge. Finally, the washed lignin
was freeze dried in a SP VirTis BenchTOP Pro freeze dryer.

Liquid/Liquid extraction

In order to recover the small phenolic compounds from the liquid phase after
hydrothermal treatment, liquid/liquid extraction with ethyl acetate were performed. Ethyl
acetate was added to the sample in a volumetric ratio of 1:1. After stirring, the mixture was
centrifuged for 30 minutes at 3076 g in a Sigma 3-16P centrifuge to distinctly separate the

two phases.

2.4. Analysis

2.4.1.

2.4.2.

Gas analysis

At the end of the experiment, gases produced were vented from the reactor and analyzed
with an on line micro-Gas Chromatography (CP-4900 from Varian). O, H;, CO and CH,4
were analyzed by a molecular sieve column with argon as carrier gas. C;Ha, C;Hg, CoH,,
CsHs, CgHg, C7Hg, CO, and H.S were analyzed on a Poraplot-U column with helium as carrier
gas. Temperature was 100°C and carrier gas pressure was 150 kPa. The quantity of the gas
produced is calculated with the equation of ideal gas law knowing initial and final
temperatures and pressures. The volume of the gas was determined by the volume of the
reactor minus the volume of the liquid phase (calculated by the mass divided by the
density). The volume of the solid was not taken into account. The uncertainty of the
quantification is estimated to be + 20 %.

Size Exclusion Chromatography (SEC)

Molar mass distributions of liquid phases and precipitated lignin were measured by an

alkaline aqueous system gel permeation chromatography. 0.5 mL of liquid sample (or 25



2.4.3.

mg of lignin) were dissolved in 4.5 mL (or 5 mL for lignin) of ultrapure water previously
adjusted at pH 12 with NaOH. After filtration with a 0.45 um PTFE membrane, the samples
were injected. The chromatography device was composed of a pump (SP Thermo Spectra
System P1500), an autosampler (SP Thermo Spectra System AS3500), a guardcolumn
(TOSOH TSKgel PWH 0006762), three columns in series (TOSOH TSKgel G3000PW 0005762,
TSKgel G4000PW 0005763, TSKgel G3000PW 0005762) and a UV-detector (SP Thermo
Spectra System UV6000LP) measuring absorbance at 280 nm. Elution was performed with
NaOH solution of pH 12 at flow rate of 0.6 mL.min? and injection volume of 10 pL. Four
polystyrene sulfonate sodium salts of different molar mass (PSS-psskit Mp 891 Da, 2180
Da, 4210 Da, 9740 Da) and vanillin were injected. The elution volumes at the maximum of
the pics were recovered and added on the chromatogram of the samples to help analyze
the results.

Gas Chromatography — Mass Spectroscopy (GC-MS)

After liquid/liquid extraction, ethyl acetate extracts were analyzed by GC-MS (PerkinElmer
GC Clarus 680 and PerkinElmer MS Clarus SQ 8T). Helium is used as carrier gas at a flow
rate of 1 mL.min™. In the GC oven, the capillary column (Elite 1701- 60 m x 0.25 mm inner
diameter; 1.0 um film thickness) is initially held at the temperature of 45 °C for 10 min and
the temperature increase by 6 °C min™ to 230 °C where it is finally held for 9 min. The
identification of compounds was done comparing mass spectra with NIST library. For the
quantification, standard compounds (phenol, guaiacol and syringol) were injected at
different concentrations to create a calibration curve and phenol-d6 was used as internal

standard.

2.4.4. Elemental analysis



Elemental analyses were performed in a CHNS analyser Vario EICube from Elementar.
Helium and dioxygen were used as carrier gas and for the combustion. Content of carbon,
hydrogen, nitrogen and sulfur were determined on 10 mg of the solid samples after
hydrothermal treatment.
2.4.5.FTIR

Lignin and solid samples after hydrothermal treatment were analyzed by Fourier-
Transform Infrared spectroscopy (FTIR). KBr pellet were prepared with 2 mg of samples
and 178 mg of KBr. Absorbance spectra were recorded on a FT-IR spectrometer
(PerkinElmer Spectrum 65) between 400 and 4000 cm, with a resolution of 4 cm™ and 16

scans and analyzed using Spectrum software from PerkinElmer.

3. Results and discussion

3.1. Hydrothermal experiments

Hydrothermal experiments have been performed in batch reactor at different temperatures between
225 °C and 600 °C and for each experiment three phases have been recovered: a solid phase, a liquid
phase and a gas phase. Figure 1 represents the mass balance of the hydrothermal experiments. At high
temperature, closure of mass balance is more difficult because of the smaller quantity of black liquor
introduced but at least 95 % of the initial mass is recovered. For each trial, liquid phase remains the most
important recovered phase by weight. With the increase of temperature, the quantity of solid produced
increased until 500 °C. A temperature of at least 400 °C must be reached to obtain gas in a significant
amount and then the increase of temperature increased the quantity of gas produced. These results are
consistent with the study of Gokkaya et al. [26] on supercritical water gasification of phenol which
produced a gas quantity nearly zero at 400 °C and which increased afterwards significantly with the

temperature rise.
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Figure 1: Mass yield of hydrothermal experiments at different temperatures

3.2. Gas phase
Concerning the gas composition, the main gas produced in our experiments were CHs, H,, CO; and C;Hs.
Figure 2 shows the quantity of gas produced for hydrothermal treatments at 400 °C, 500 °C and 600°C.
Except for H, between 500 °C and 600°C, their quantity increased with the temperature. At 600 °C their
molar proportions were 46 %, 25 %, 19 % and 9 % respectively for CHs, H, CO, and C;Hs. Other gases
were present in the gas phase in much smaller quantity. Among them, toluene, benzene, propane and
ethylene. CO was not found because of the water-gas shift reaction converting CO into CO, (CO + H,0 >
CO2 + Hy). This latter reaction is catalyzed by alkali salts which are present in high quantity in black liquor
([15], [24]). The CO; production is underestimated as part of the CO, will dissolve in water especially in
alkaline media. The carbonic acid formed by this dissolution will gradually consume alkalinity and
decrease the pH. Indeed, the pH of the liquid phase is changing depending on temperature: it stays at a
value of about 13 up to 350 °C. Then, it gradually decreases to around 10 at 600°C. This pH drop would

be essentially linked to an increase of CO; dissolved in the liquid phase.

In the Pulp & Fuel process, the H, from SCWG will be used to adjust CO/H, ratio of the syngas coming
from bark gasification so that it is suitable for the Fischer-Tropsch process [27]. The production of H,

should increase at higher temperatures than 600 °C ([18], [28], [29]). These temperatures cannot be
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reached in our batch equipment but will be tested in a new reactor (continuous) that we will receive

soon. The co-produced CH4 may be valorized as energy for the mill.

1.6E-03 ~
1.4E-03 -
1.2E-03 -

1.0E-03 -
m 400 °C
8.0E-04 -

m 500 °C
6.0E-04 - {

:[ 600 °C

4.0E-04 -

Gas produced (mol/g black liquor)

2.0E-04 - I

0.0E+00 - T J

CH4 H2 co2 C2H6

Figure 2: Main gas products in mol per g of raw black liquor
3.3. Liquid phase
The goal of this study is to look for interesting phenolic compounds coming from lignin depolymerization
during hydrothermal treatment of the black liquor. These molecules of interest are found in the liquid
phase at the end of the experiment. First of all, the whole liquid phase was analyzed by SEC, and then
the small phenolic compounds were extracted to be identified and quantified. Finally, the high molar

mass fraction were precipitated and characterized.

Figure 3 show the Size Exclusion Chromatography analysis on black liquor and liquid phases recovered
after hydrothermal treatments at different temperatures. Compared to the initial black liquor, the liquid
phase after 225 °C experiment is already significantly depolymerized: the highest molar mass have
disappeared and the molar mass at the peak shifted from 2180 Da to 891 Da. Then, by increasing the
temperature of the hydrothermal treatment further the high molar mass peak regularly decreases in
intensity but stays around 890 Da. From 350°C and above, the signal is too low to be properly observed
in this analysis. This decrease in intensity would reflect a change in the chemical structure of the
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components (which would absorb less in UV at 280 nm). This will be confirmed below by FTIR
spectroscopy of recovered lignin.

The black liquor curve exhibits a second peak after 25 mL which can be attributed to small oligomers of
lignin with a degree of polymerization of 2 to 3. These small compounds are significantly degraded by the

hydrothermal treatment from the lowest temperatures studied.
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Figure 3: SEC analysis of black liquor and liquid phases after hydrothermal treatments at different temperatures
3.3.1. Small phenolic compounds analysis

The goal of this study was to find the best temperature of the hydrothermal treatment to recover the
highest quantity of interesting phenolic compounds. For each hydrothermal experiment the small
phenolic compounds were extracted from liquid phase by ethyl acetate. These ethyl acetate extracts
were analyzed by gas chromatography coupled with mass spectrometry (GC-MS). As shown as example
in Figure 4, many different aromatic compounds have been identified in the samples depending of the

temperature of the hydrothermal treatment. At 280 °C, most of the compounds are methoxylated
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phenol while at 500 °C the latter have disappeared in favor to alkyl phenol. Kang et al. ([23], [24]) have

observed the same trend during hydrothermal treatment of lignin which may be explained by

demethoxylation reactions that are favored at higher temperature, followed by radical coupling with

alkyl groups.
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Figure 4: Example of GC-MS chromatogram of ethyl acetate extracts after hydrothermal treatment of black liquor at 280 °C

and 500 °C

Three of the most abundant compounds (phenol, guaiacol and syringol) have been targeted and

quantified thanks to calibration with model compounds: Figure 5 gives their concentration in all the

samples.
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The three molecules (coming from syringyl, guaiacyl and hydroxyl-unit of hardwood lignin) were already
present in small quantity in black liquor but the depolymerization induced by the hydrothermal
treatment increased their quantity. At low temperatures (up to 250°C), syringol was found in the highest
quantity and as the temperature increased guaiacol became progressively dominant and finally at 350°C
and above, only phenol was present. Several explanations can be suggested: The most methoxylated
units may be the most easily extracted from lignin since they are supposed to carry less interunit C-C
linkages ; also, demethoxylation reactions would occur more and more as the temperature increases

[24] to eventually lead to phenol, which is rather stable at the investigated temperatures ([30], [31]).
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Figure 5: Concentration of phenol, guaiacol and syringol in liquid phase

Regarding these results, a treatment at 280 °C appears to lead to the highest quantity of small phenolic
molecules: 3.15 g of phenol, guaiacol and syringol was extracted from one liter of liquid phase. So,
calculation gives 5 % of the initial lignin which was converted into these small phenolic compounds.

The extraction and valorization of these phenolic compounds might be of great interest for pulp mills as
the demand for biobased compounds increases and the phenol market is expected to grow in the
coming years ([2], [32]).

The phenolic extract contains several compounds that could be valorized directly as a mixture by

substituting petroleum-based phenol for the production of green phenol-formaldehyde resins ([24],
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[33]). However, the purification and isolation of some specific compounds may be a good opportunity to
target higher added value applications. Indeed, these phenolics have particular properties like
antioxidant, antiseptic, anti-diarrhea and germicidal activity which can be used for the synthesis of
specialty polymers, pharmaceutical products, adhesives, food additives etc. ([24], [34], [35]). For
example, guaiacol can be used as smoky odor in synthetic flavors and flagrances; syringol can be used in
pharmaceutical (platelet aggregation, anti-dermatophyte activity); 4-ethylguaiacol can be used in ice

cream, gelatins or puddings ([35]-[38]).

3.3.2. Higher molar mass fraction

As observed before, the depolymerization already occurs significantly at 225 °C. In order to investigate
the structural modification of lignin, the high molar mass fraction of the liquid phases from hydrothermal
treatments between 225 °C and 300 °C were isolated by the same precipitation method used to extract
lignin from black liquor. This temperature zone has been studied because as seen in the previous part, it
is in this range that the small phenolic molecules should be extracted in the framework of this project.

The presence of potentially valuable oligomers could be interesting information as well.

Table 2 gives the weight percentage of the precipitate called here “lignin”. The quantity of high molar
mass fraction that could be extracted by acid precipitation decreased with the increased intensity of the
treatment. These results are consistent with the reduction of UV absorbance observed in the SEC of the

whole liquid phase (Figure 3) and follow the degradation of the lignin.

Table 2: Content of “lignin” in the wet liquid phases (in weight)

Black Liquor 225°C 250°C 280°C 300°C

Lignin content (% of liquid phase in weight) 6.0 5.4 5.1 49 4.2

The molar mass distribution of the precipitated lignin was also analyzed by SEC (Figure 6). Compared to
Figure 3 the molar mass distribution of lignin samples in Figure 6 is narrower but the main peaks are still
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centered on the same molar mass. All the small molar mass compounds are reduced in quantity because

part of them did not precipitate under acidification.

In Figure 6, compared to the lignin extracted from the initial black liquor, the lignin precipitated from the
liguid phase at 225 °C experiment is already significantly depolymerized. With the increase of the
temperature of the hydrothermal treatment (from 225°C to 300°C), the molar mass of the lignin
precipitate decreased a little further to an average polymerization degree of about 4 (800 - 900 Da).

Zhou [39] and Wahyudiono et al. [21] have observed similar trend during the hydrothermal treatment of
isolated alkaline lignin. Lignin depolymerization occurs during hydrothermal treatment by hydrolysis of
ether bonds like B-O-4 linkages and cleavage of aliphatic C-C bonds ([21], [24], [39], [40]). These results
are also consistent with the presence of small phenolic compounds in the liquid phases as detailed in the

previous part.

4210 Da 891 Da
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19 21 23 25 27 29
Elution volume (mL)

Figure 6: SEC analysis on lignin extracted from black liquor and liquid phases after hydrothermal treatment
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At the same time when the temperature increased, the intensity of the global signal was reduced. As the
SEC is equipped with a UV detector, the lower absorbance would indicate that the phenolic character of

the precipitate is progressively lost.

FTIR spectra of the lignin samples recovered from the liquid phase are presented in Figure 7. The
intensity of absorption band between 3100 and 3600 cm™ ascribed to hydroxyl group decreased with the
rise of reaction temperature. Likewise the absorption bands between 1400 and 1600 cm™ ascribed to
carbons of aromatic skeleton tended to decrease with the increase in temperature. The absorption band
at 1463 cm™ assigned to lignin OCHs groups also progressively decreased in intensity with the
hydrothermal treatment. The same observation could be done for the absorption bands at 1329, 1271,
1150, 1030 cm™ related to vibrations of C-C, C-O and C-H of syringyl and guaiacyl unit.

Thereby, with the increase of the temperature, lignin is not only more depolymerized by ether and
aliphatic C-C bonds cleavage, but it is also more intensely degraded leading to more structure and
functional groups changes. Demethoxylation, dealkylation, alkylation and condensation reactions
occurred in a greater extent [24]. Demethoxylation reactions are in line with the observations on FTIR

spectra about the reduced intensity of adsorption band assigned to syringyl and guaiacyl units.
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Figure 7: FTIR analysis of the precipitate recovered from black liquor and liquid phases after hydrothermal treatment

So, with the increase of temperature, lignin structure was progressively degraded and lost its

polyphenolic character.

3.4. Solid phase

To fully apply the concept of biorefinery, all the side products of the process should be valorized to
optimize the use of natural resources. Regarding solid from hydrothermal experiment, some authors
have proposed application as active carbon for gas storage or heavy metal adsorption ([41]-[43]). With
this in mind, the solid phases produced in this study have been characterized.

Solid phases recovered at the end of hydrothermal treatments were analyzed after thorough washing
with deionized water. No sample could be recovered in sufficient quantity below 300 °C.

Table 3 shows the result of elemental analysis of the solid produced in comparison with the dried black

liquor.
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Table 3: Elemental analysis of dried black liquor (BL) and solid phase after hydrothermal treatments at different temperatures

- “others” (calculated by difference) include oxygen atom and Na, K, Ca, Al, Mg etc. in inorganics.

Dried BL 300°C 350°C 400°C 500°C 600 °C

C (%) 25.9 70.5 76.8 84.2 87.7 91.6
H (%) 53 5.2 5.4 5.2 51 2.6
N (%) 0.1 04 0.3 0.3 0.3 0.3
S (%) 0.2 0.1 0.1 0.1 0.2 0.1
Others (%) 68.6 23.8 17.4 10.2 6.7 53
H/C (mol/mol) 2.5 0.9 0.8 0.7 0.7 0.3

There is a significant difference between the elemental composition of dried black liquor and the solid
after a hydrothermal treatment already at 300 °C. This is essentially due to the high quantity of
inorganics present in dried black liquor which stay in the liquid phase after the hydrothermal experiment
as the reactor is cooled down to the room temperature before opening.

The results in Table 3 shows an increase in carbon content in the solid with the increase of the
temperature of the treatment. This can be explained by the removal of oxygen atom (elimination of
OCH3 on aromatic structures and OH on lignin side chains) as shown by the decrease of the “others”
category. The hydrogen content and the H/C ratio slowly decreased with the temperature up to 600 °C
where an important drop was observed. As suggested by Hu et al. [44], the increase of the temperature

induces the elimination of functional groups and then carbonization in the solid residues.
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Figure 8: FTIR analysis of solid phases after hydrothermal treatment

The FTIR analyses of solid phases (Figure 8) highlight the decrease of OH groups (band between 3100 and

3600 cm?) with the increase in temperature.

The three absorption bands below 3000 cm™ assigned to stretching vibrations of aliphatic C-H decreased
only above 400°C and have almost disappeared at 600 °C. It is consistent with the elemental analysis
where a drop of H/C ratio from 0.7 to 0.3 was observed between 500 °C and 600 °C. Kruse et al. [45] by
treating wood hydrochar between 490 °C and 700 °C also observed a decrease of bands characteristic for

alkyl-chain and alcohols.

The absorption band between 1400 cm™ and 1600 cm™ ascribed to carbons of aromatic skeleton were

present in all the spectra even if their intensity tended to decrease with increasing temperature.
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From 400 °C, an absorption band just above 3000 cm™ can be distinguished; it is ascribed to C-H aromatic
stretching vibrations. Moreover, the presence of the absorption band between 700 cm™ and 900 cm?,
related to C-H out of plan deformation in mono, di or tri-substituted benzene ring confirms that the solid
structure is highly aromatic and condensed. This conclusion is in line with the high carbon content

observed in elemental analysis and the low H/C ratio.

4. Conclusion

The objective of this study was to find the optimal temperature to recover monomeric phenolic
compounds during the hydrothermal gasification process applied on black liquor. Hydrothermal batch
experiments from 225 °C to 600 °C have been performed on black liquor coming from soda cooking of
autohydrolyzed hardwood chips. It was shown that lignin depolymerization has already occurred at
225 °C. The molecular weight of lignin continued to decrease with increasing temperature. However it is
at 280 °C that the quantity of phenolic monomers (phenol, syringol and guaiacol) was the most
important. These three compounds represented 5 % of the initial lignin present in the black liquor (by
weight). This work makes it possible to envisage a complete process producing both syngas and phenolic
monomers of interest in which the latter are extracted at around 280 °C well below the start of gas

formation (400 °C).
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