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ARTICLE INFO ABSTRACT

Keywords: Valorizing digestates from methanisation plants through their thermochemical conversion is an important topic.
Digestate For this purpose, a micro-fluidized bed reactor was operated by varying the reactor temperatures (from 400 °C to
Micro-fluidized bed 900°C) and the fluidizing gas (nitrogen, steam or air). All experiments were conducted by keeping a constant
l();}:s(i)ngion fluidization regime (U/Upr= 2.5) and gas-phase residence time in the freeboard (1.2 s). The mass yields of solids

(char and ashes), syngas, and liquids (bio-oils or tar) were quantified. The importance of dehydration and
decarboxylation reactions on char composition is highlighted by the Van Krevelen diagram. The effect of steam
on N/C composition of char is also discussed. Gas composition was analyzed by chromatography, FTIR (for
HCN), and spectrophotometry (for NHs). NH3 is the major N-gas species for all conditions. Its formation is
promoted by steam. It is not significantly converted under our conditions even at 900 °C. HCN is an important
product increasing from 700 °C and notably at 900 °C. The liquids were analyzed by GC/MS and high-resolution
mass spectrometry (Fourier-transform ion cyclotron resonance, FT-ICR MS). Principal component analysis of FT-
ICR MS data unravels the effect of air and steam on the composition of liquid products. Air promotes the for-
mation of CHNO species whereas steam does not significantly impact the composition of the liquids (compared to
pyrolysis) on the whole range of temperatures. At 900 °C, all liquids present a similar composition (based on FT-
ICRMS analysis) highlighting the predominant effect of temperature over the reactive gas at 900 °C.

1. Introduction (GHG) emissions [4,5], logistic and regulation reasons. Therefore, other

valorization routes are explored [2], like thermochemical processes to

Several waste processing technologies, such as biological (i.e.,
anaerobic digestion, composting, fermentation, ...) and thermochemical
(i.e., pyrolysis, gasification, combustion, and hydrothermal processes)
have been developed to valorize wastes into energy and/or value-added
products.

Anaerobic digestion (AD) is a biological process that converts
organic biomasses into biogas and digestate, a valuable amendment and
fertilizer [1]. Due to this dual interest, the number of AD plants has been
quickly rising worldwide in recent years. Digestate treatments may be
required before its final disposal in some cases depending on digestate
composition[2], country regulations and disposal costs [3].

At industrial scale, the composition of digestate is not always
compatible with land spreading because of residual greenhouse gas

* Corresponding author.

produce energy[6] and/or high value-added products [7]. In recent
years, some reviews have focused on coupling biological and thermo-
chemical processes [1,3,4,7,8] and most of the studies concerned
digestates pyrolysis and gasification processes.

“Slow” digestate pyrolysis was mainly assessed at lab-scale in
“spoon” (or tubular) or fixed bed reactors, under slow heating rates
(about 5-10 K/min) to promote char production with final temperature
between 350 °C and 800 °C [6,9-18] and a solid residence time at the
final temperature ranged between 10 min and 240 min (more often at
60 min).

Most of studies have been devoted solely to the characterization of
pyrolysis chars [12-18]. Funke et al.[19] presents an interesting study
on the effect of water during the pyrolysis of digestates. They showed
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that steam thermal carbonization allows for a higher solid content (solid
biomass mass (dry basis) per total mass of feedstock) in the reactor
because the biomass is subjected to saturated steam instead of liquid
water. The carbon losses in the liquid phase are decreased and less water
needs to be heated up during carbonization.

Wei et al. [20] valorized digestate through slow pyrolysis at 5 K/min
at different final temperatures (350 °C to 550 °C) and pressures (atmo-
sphere to 8 MPa) for 20 min. Karaeva et al. [6] provides a qualitative
analysis of the bio-oil produced from the pyrolysis of digestate. They
show that bio-oil was mainly composed of acetic acid (at 550 °C,
10 K/min, based on GC/MS area, not quantitative). Tayibi et al. [9]
pyrolyzed anaerobic solid digestate coming from anaerobic digestion of
wastewater sludge and quinoa residues at 500 °C for 1 h (at 10 K/min) in
a fixed bed (300 g of biomass). The biochar obtained was compatible
with soil applications as amendment [21]. The organic phase of the
bio-oil had a HHV of 34 MJ/kg and a high carbon content of 70.6 wt%.
Monlau et al. [11] carried out pyrolysis experiments using a quartz ro-
tary kiln reactor. The maximum yield of the bio-oil was obtained at
500 °C and it ranged between 53.0-58.4 wt%, pyrolysis gas ranged from
8.8-11.3wt%, and 32.8 -35.7wt% for biochar. The bio-oil was
composed by 58 wt% C, 5 wt% H, 34 wt% O and 1 wt% N.

The work of Hornung et al. [10] is specific because it involves a
secondary reactor for gas reforming (over a hot char bed as a catalyst for
tar reforming). This technology promotes tar reforming and Hy pro-
duction. It presents a complete characterization of liquids (elemental
analysis, HHV, total acid number, water content). The bio-oil had a
carbon content higher than 79 wt% and a HHV higher than 35 MJ/kg.
The gas composition from digestates pyrolysis was presented in several
studies [9,10,22-24]. In all the studies, the major gas (in %vol.) is CO; at
500 °C (produced by decarboxylation reactions). Then, Hy and CO are
promoted at higher reactor temperatures by secondary conversion of
primary tar (mainly cracking and decarbonylation reactions). All results
on gas composition were presented in vol%. They are not relevant to
discuss the formation of gas: molar (or mass) yields (mol or g gas/g
biomass) are required to discuss gas formation [25]. To the best of our
knowledge, there is no work dealing with a detailed and quantitative
characterization of the molecular species present in digestate bio-oils
as-produced by fast pyrolysis (e.g., in a fluidized bed). Moreover, the
residence time of gas-phase in the hot zone (one of the main factor
controlling gas composition [25]) was never provided for all reviewed
articles. Therefore, the formation of gas and bio-oils cannot be assessed
with these studies.

Few studies concerned digestate gasification or combustion. Chen
et al. [26] have studied the gasification of digestates from a biogas plant
at temperatures ranging from 600 °C to 800 °C in a batch fixed bed and
as a function of the equivalence ratio (ER). They have included a char-
acterization of ashes (by XRF and proximate analysis). They found an
optimum in the cold gas efficiency (CGE, defined in supplementary
material) of 67 % at 0.28 ER (800 °C). Obviously, the increase in the bed
temperature promotes the production of Hy and CO.

The gasification of digestates has been also studied by Balas et al.
[27] in a pilot fluidized bed of 100 kW (~40 kg/h biomass). They have
compared digestates from wet and dry fermentation for various tem-
peratures (730-760°C) and ER. They have also quantified the main
monoaromatic compounds (benzene, xylenes, others) but not heavier tar
components such as polyaromatic hydrocarbons (PAHs). The CGE was
between 66 % and 74 %. The CGE and syngas yields were not optimal
due to the low temperatures of gasification which were limited by the
sintering of the ashes. Kratzeisen et al. [28] studied the combustion of
digestates pellets in a pilot combustion facility. They concluded that the
calorific value, the ash properties and the emissions allow their use in
the investigated combustion unit but further investigations are required
to cover a broader range of digestates and combustion techniques.

Despite all these extensive studies, we did not find research articles
dealing with the fast pyrolysis of solid digestates in a fluidized bed.
There is still a lack of knowledge in bio-oil composition from digestates
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pyrolysis. Furthermore, and to the best of our knowledge, there is no
study comparing the mass yields in products for pyrolysis, gasification
and combustion on the same digestate, same reactor and under com-
parable conditions (with a constant gas-phase residence time).
Consequently, the novelty of this work lies on the 3 following points:

1) A solid digestate has been converted in a fluidized bed under py-
rolysis (N2), gasification (HyO/N>2) and combustion (air) conditions;

2) Mass yields in main products are provided for a large range of tem-
peratures (400-900°C) with a constant gas-phase residence time of
volatiles in the free-board;

3) The liquid products (bio-oils and tars) are characterized by GC/MS
and high-resolution mass spectrometry (FT-ICR MS) for the first
time.

2. Material and methods

In this work, a solid digestate (SD) produced from the anaerobic
digestion in a biogas territorial plant was converted in a micro-fluidized
bed reactor. The main conditions and products characterization
methods are summarized in Fig. 1.

2.1. Origin of solid digestate and pretreatment

The solid digestate was sampled at a collective biogas plant fed with
30 wt% agro-industrial residues, 50 wt% of silage maize residues, 20 wt
% of manure, after a solid and liquid separation step by screw pressing.
The digestate sample was stored at —20 °C before the drying and pel-
letisation step. 500 g of the wet solid digestate was dried at 40 °C during
24 h. Then, the dried digestate was crushed with a knife crusher at 1500
round/min with a mesh of 2 mm. Pellets were produced from dried and
crushed digestates to reduce the elutriation of fine particles during py-
rolysis experiments in the fluidized bed. Elutriation reduces biomass
conversion and leads to plugging issues at the outlet of the reactor.
Pellets were prepared by a manual press with a diameter of 6 mm and a
final thickness of 4 mm.

2.2. Micro fluidized bed reactor

The fast pyrolysis, partial combustion and steam gasification pro-
cesses were conducted and compared by using a micro fluidized bed
(Fig. 2) performed at the same temperature range (400 — 900 °C),
fluidization velocity (2.5 U/Upf, U for gas velocity and Upp for mini-
mum fluidization gas velocity) and gas phase residence time (1.2 s).

A custom-made quartz-based furnace was used to heat the fluidized
bed. It allows to visualize the fluidization [29] during the pyrolysis (for
temperatures lower than 600 °C). This design is of interest to identify
potential segregation or agglomeration behaviors of the fluidized bed in
real-time and in hot conditions. The reactor (2 cm I.D., 12 cm length)
was filled with 20 g of Fontainebleau sand (150 um — 300 pym). The sand
was preheated to the target process temperature (between 400 °C and
900 °C) under the flow of carrier gas: N for pyrolysis, air for combustion
and, 80 %vol. of HyO and 20 % vol. of Ny for gasification. The flow rate
of the carrier gas was adjusted as a function of the reactor temperature to
keep a constant fluidization velocity (U) (and therefore a constant
gas-phase residence time) of 10 cm/s corresponding to 2.5 U/UmF. The
minimal fluidization velocity (UmF) of the sand bed was measured at

Gas (uGC)
/ HCN, NOx (FTIR) NH3 (photometry)
Micro-fluidized bed

400-900°C —» Liquid (bio-oil/tar)
N, steam or air \ GC/MS-FID, FT ICR MS

Solid —
digestates

Solid (char/ashes)
(elemental anal., FTIR)

Fig. 1. Experimental methods used in this work.
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Fig. 2. Micro fluidized bed reactor used for fast pyrolysis (N,), combustion (air) and steam gasification (80 %vol. of steam and 20 % vol. of N5) processes of

pelletized solid digestate.

4 cm/s in excellent agreement with Xu et al. [30].

1 g of solid digestate (dried, crushed and pelletized) was injected in
the preheated fluidized bed during 5 min. The gas-phase residence time
in the freeboard was kept constant at 1.2 s for all conditions. The gas-
phase residence time was as short as 0.15 s in the heated line (350 °C)
between the freeboard outlet and the entrance of the first cold trap.

For the steam gasification process, the liquid water flow rate was
controlled by a Coriflow controler (Bronkhorst) and the liquid was
vaporized in a Controlled Evaporater Mixer (CEM) (Bronkhorst)
entrained by Nj.

Experiments were conducted with air as fluidization gas for partial
combustion. The corresponding equivalence ratio calculation is pro-
vided in supplementary material.

At the reactor outlet, the vapors were condensed in 3 cold traps: a
first one immersed in ice-water (0 °C), and the 2 other ones immersed in
a solution at —50 °C, prepared by a mix of liquid Ny and isopropanol.
Quartz balls were positioned in the cold traps to break the aerosols and
to improve the cooling surface for the steam. The 3 traps were weighted
before and after the experiment to quantify the mass of liquid fraction
(“bio-0il” for pyrolysis, including water). In the following text, “liquid”
stands for all the condensable species sampled in the cold traps. The
traps were then rinsed with methanol (MeOH). The condensed liquids
collected in the 3 traps were diluted in 20 mL of MeOH (total volume).
The entire gas flow exiting the 3 cold traps was sampled in a Tedlar bag
and further analysed. At the end of the experiment, the reactor was
cooled down in Ny. The whole sand and solid residue (char and/or
ashes) was weighted to quantify the mass of the solid residue. Char was
collected (if not oxidized) and its elemental composition was
determined.

2.3. Analytical methods

2.3.1. Analysis of the liquid

1 uL of tetradecene (internal standard) was spiked in the whole
condensed liquid and MeOH solution (20 mL). The solution was then
analyzed by GC/MS-FID on an Agilent 7890 A coupled to Agilent 5975 C
TAD (TripleAxis detector) mass spectrometer and FID detector (in par-
allel of the MS). MS was operated at 70 eV electron impact. 1 uL of the
solution was injected with a split ratio of 10 in a column Agilent HP-5MS
(diphenyl 5 %, dimethylolysiloxane 95 %, 30 m length, 250 pm diam-
eter, 0,25 pm thickness of the coated material). The GC furnace program
was: 50 °C during 5 min, then 5 K/min up to 270 °C, then 270 °C during
15 min. The “de Saint-Laumer” et al. method [31] was used to quantify
(on the FID) the molecules elucidated on the MS (by NIST database
comparison).

Liquids were also characterized by ultra high-resolution Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS 7 T,
SolariX 2xR, Bruker Daltonics, Bremen, Germany) in positive-detection
electrospray ionization (ESI - Bruker Daltonics). Each stock solution was
diluted by 100 in methanol containing 0.01 mg/mL sodium acetate [32]
and each liquid sample was analyzed in triplicate. Mass spectra were
acquired over a 107.5 - 1500 m/z range, with a 4 megaword
time-domain, and resulted from the accumulation of 300 scans. A mass
resolution of 450,000 was achieved at m/z 300. More details regarding
the analysis parameters, as well as the data treatment, assignment, and
representations are given in supplementary material.

Perseus software was used to perform principal component analysis
(PCA) of the assigned m/z taking into account their intensities in the ESI
(+) FT-ICR mass spectra of the different liquid samples. The research
profiles diagram was used to extract the molecular features specific to
each conversion temperature.
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2.3.2. Gas characterization

The gases were sampled after the cold traps in a Tedlar bag and then
analyzed by micro-gas chromatography (SRA Instruments MicroGC
3000) and Fourier Transform InfraRed gas analyzer (FTIR) within less
than 30 minutes after the end of the thermochemical experiment. A FTIR
(Thermo Scientific Antaris) equipped with a Mercure Cadmium Tellure
(MCT) photoelectric detector was used to identify and quantify HCN and
NOx. The accuracy of this method was assessed by Kwapinska et al.[33].
The optical path length was 10 m and the volume of the cell 0.2 L. The
cell was operated under vacuum and was heated to reduce the back-
ground signal and potential deposit. More details about the calibration
method can be found in our previous work [34]. The gas present in the
Tedlar bag at atmospheric pressure was injected in the cell by a
controlled procedure. FTIR calibrations were obtained by injecting
standards (from standard bottles provided by Air Liquide). To the best of
our knowledge, we present the first report on N-species quantifications
from digestates thermochemical conversion. We have checked that the
cold traps did not impact the sampling and quantification of HCN (by
FTIR) by conducting a separate experiment with traps at room temper-
ature. The quantification of HCN was the same for traps at —50 °C or
room temperature, therefore the cold traps (at —50 °C) do not absorb or
condense HCN.

NH; gas analysis was carried out using the Nessler spectrophotom-
eter method. Separate experiments were conducted for NHs quantifi-
cation because uncontrolled NH3 absorption occurred in the cold traps
used for bio-oils analysis (for GC/MS and FT ICR MS analysis).Therefore
the gases (heating line at 350 °C) from pyrolysis, steam gasification and
combustion were directly passed through three cold impingers (at 0°C)
each containing 35 mL of 0.1 N H3SO4 solution to absorb NHg [33]. All
the connection lines were rinsed with 95 mL of this solution (leading to a
total collected solution of 200 mL). 1 mL was sampled and diluted 100
times with ultrapure water. Ten milliliters of the diluted solution were
filtered through a 0.45 ym syringe filter into a vial. Next, mineral sta-
bilizer and polyvinyl alcohol (PVA) dispersing agent were added, fol-
lowed by 400 pl of Nessler reagent. The results were read on a Hach
spectrometer (calibrated for 0.1-2.0 mg/L NHj). Furthermore, the
whole procedure (sampling, rinsing, dilution and spectrophotometry)
was checked by quantifying a known volume of NH3 (controlled flow-
rate of a standard bottle and time of feeding) as sampled by the 3
impingers (with the same connection lines).

2.3.3. Char characterization

Elemental analysis was conducted in triplicate (RSD provided in
table below) for solid digestates and all the char samples produced by
“fast” pyrolysis and steam gasification using an Elementar Vario Cube.
More details are provided in supplementary material on solids analysis.

FTIR Spectra were acquired using a Bruker Alpha FTIR in ATR mode
between 4000 and 400 cm ™}, Water vapor subtraction was used where
appropriate, and the baseline was corrected. Unscrambler V12.2 soft-
ware was used for multivariate analysis. Principal component analysis
(PCA) was used to analyze FT-IR imaging data in the 400-1600 cm
fingerprint spectral range.

Brunauer-Emmett-Teller (BET) specific surface area and pore volume
of biochar (from pyrolysis and steam gasification produced at 600 °C to
900 °C) were determined by nitrogen sorption using Micromeritics
3Flex instrument. Prior the measurements, the samples were degassed
overnight on sample ports at 620 K.

3. Results
3.1. Mass balances

Mass yields of products (i.e., gas, liquid and solid) were determined
and compared for the 3 types of processes (i.e., fast pyrolysis, steam

gasification and partial combustion) and for a broad range of reactor
temperatures (400 °C to 900 °C). Results are presented in Fig. 3.
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Fig. 3. Mass yields (wt% db) in solid products (char and ashes), liquids and
gases as a function of the fluidized sand temperature and for different fluidizing
gas (constant U/UmF and gas-phase residence time for all conditions): a) fast
pyrolysis (N); b) steam gasification (80 vol% H,0, 20 vol% N,), c) partial
combustion (air). It was not possible to quantify the mass of liquids for gasifi-
cation conditions.

A good reproducibility on mass yields was observed (by triplicate
experiments, see supporting material). The mass yield and relative
standard deviations (RSD) at 500 °C for pyrolysis are: 36.4 wt% (1.2 wt
% RSD) for biochar, 14.8 wt% (RSD 0.17 wt%) for gas and 41.5 wt%
(RSD 2.1 wt%) for liquids (bio-oils).

Concerning pyrolysis, the mass balance closure ranges from 88 wt%
(at 400 °C) to 104 wt% at 900 °C. It is under-estimated at the lower
temperatures probably due to heavy liquid species deposited on the
reactor wall. It was not possible to weight this small mass of deposit on
the reactor. Mass balance is slightly over-estimated at 900 °C probably
due to the gas quantification method. For combustion, the mass yields
can be higher than 100 wt% (based on the anhydrous mass of the
digestate) due to the addition of consumed O in the products.

As expected for fast pyrolysis (Fig. 3a), the bio-oil mass yield
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increases slightly from 400 °C (36 wt%) to 600 °C (41 wt%) and then
decreases until 900 °C (25 wt%.). It is well established that secondary
gas-phase reactions occur from about 600 °C (with a gas residence time
in the range of 1 s) leading to the conversion of the condensable prod-
ucts (organics in bio-oils) and to an increase in the gas phase products
[25,35]. The gas mass yield increases up to 47 wt% at 900 °C. Gases are
mainly formed by the secondary conversion of volatiles in the free-board
of the fluidized bed from 500 °C, which is in agreement with literature
data [25,36]. As for solid (char), its mass yield decreases from 40 wt% at
400 °C to 32 wt% at 700 °C. Then, it stays globally stable from 700 °C
highlighting that the devolatilisation of char is weak after 700 °C.

Concerning gasification, Fig. 3b) depicts the mass yields of solid and
gas products as a function of the fluidized sand temperature. It was not
possible to weight accurately the liquid products considering the high
amount of water used to fluidize the sand bed compared to the mass of
liquid produced by the digestates. For this reason, the liquids produced
during gasification are not discussed in the following section. We have
kept the same reference with the mass of anhydrous digestate in order to
compare the mass yields between all experiments (for pyrolysis, com-
bustion and steam gasification). Steam is a co-reactant (with digestates)
and it increases the mass yield in gas. The mass yield of gas increases
from 11 % at 400 °C up to 79 % at 900 °C. Char yield is similar as py-
rolysis test at 400 °C (41 wt%), then decreases to 18 wt% at 900 °C. One
can notice that the char yield decreases quickly at 800 °C due to char
gasification reactions. It should be noticed that for a residence time of
char particles between 4 and 9 min (see supplementary material), the
char gasification is not even completed at 900 °C. Indeed, the char yield
(18 wt%) is higher than the ash content of the digestate (7.2 wt%,
Table S1). This result is very consistent with the kinetic behavior of char
reported by other authors during steam gasification notably for in flu-
idized bed reactors [37].

For partial combustion (Fig. 3c), the mass balance is higher than
100 wt%db because air is a co-reactant. The consumption of Oy as a
function of temperature ranges from 29 %wt. (of O, injected) at 400 °C
to 55 % at 900 °C (see Table S2). It demonstrates the importance of
oxidation reactions at temperatures as low as 400 °C. Air presents a clear
effect on mass yields (compared to pyrolysis) by reducing char yield and
increasing those of liquid (by water formation) and gas (by CO; for-
mation) even at 400;°C. The solid mass yield remains constant from
800 °C (at 6.7 wt%) highlighting the complete oxidation of the char at a
residence time between 4 and 9 min in the fluidized bed reactor.

3.2. Char characterization

The elemental analysis of char is presented in Table 1. The ash
content is presented in supplementary material.

The devolatilisation of the char, from 400 °C to 900 °C during fast
pyrolysis, leads to an increase in C content (Table 1) and to a decrease in
H and N contents (due to volatiles formation). This fact is well estab-
lished in the literature [38,39]. The S content in char increases with
temperature in agreement with previous work [38] due to the high

Table 1
Elemental analysis of the chars.
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stability of S-moieties in char.

The pyrolysis char produced at 400 °C represents 47 wt% of the
initial carbon present in the digestate (49 wt% C see Table S1). At
900 °C, the char (yield 32 wt%db with 67.6 wt% C, see Table 1) still
represents 45 wt% of the initial carbon of the digestate. Consequently,
the devolatilisation between 400 °C and 900 °C only represents a very
small fraction (2 wt%) of the initial carbon present in the digestate.

Concerning steam gasification, the carbon content of char increases
from 59 wt% (400 °C) to 66 wt% (600 °C) similarly to pyrolysis. From
700 °C, the carbon content in char decreases to 40 wt% (at 900 °C) due
to gasification reactions. The char represents at 900 °C, 14 wt% of the
initial carbon present in the digestate. Therefore, most of the carbon
from char is transferred to gas. At 900 °C, the char presents an ash
content of 53 wt%. The N/C atomic ratio of chars from pyrolysis and
gasification is presented in supplementary material. The N/C ratio of the
char from steam gasification is always higher for all reactor tempera-
tures than that from pyrolysis. Nevertheless, in terms of N yields (N mass
in char/N mass in digestate), steam promotes the conversion of N atoms
from char to volatiles compared to pyrolysis from 800 °C (see Figure S3).

It was not possible to analyse solid carbon from combustion experi-
ments due to their low mass and high dilution in the sand bed.

Van Krevelen diagram (Fig. 4) highlights the importance of dehy-
dration reaction [40] on the evolution of char composition at different
pyrolysis temperatures notably at 400 °C and 500 °C. Furthermore, at
higher temperatures, the contribution of decarboxylation becomes more
significant (in combination to dehydration). These results are in agree-
ment with the literature [41,42]. Indeed, the H/C ratio of chars mainly
depends on the final temperature in the pyrolysis reactor. It reflects the
elemental atomic structure of the biochar (such as the size of the aro-
matic clusters) [42].

For steam gasification chars, the evolution from 400 °C to 600 °C is
similar as for pyrolysis chars. The dehydration reaction is the main

Process type Temperature (°C) N [wt% db]

C [wt% db] H [wt% db] S [wt% db]

Pyrolysis 400 2.92 +0.09
500 2.42+0.12
600 2.49 +0.03
700 2.19 +0.24
800 1.63 + 0.05
900 1.30 £ 0.7

Steam gasification 400 3.68 +0.21
500 3.42+£0.28
600 3.29 £ 0.23
700 2.32+0.13
800 1.72 + 0.04

900 1.85+0.1

58.36 + 1.6 3.13 £ 0.08 0.85 + 0.02
62.86 &+ 0.67 2.34 £ 0.02 0.77 £ 0.11
65.25 4+ 0.71 1.77 £ 0.1 0.94 + 0.07
66.19 & 0.36 1.05 £+ 0.07 1.53 £0.28
66.57 + 1.19 0.78 + 0.41 1.51 £0.07
67.57 + 1.14 0.65 + 0.15 1.54 £ 0.03
59.11 £+ 0.76 3.64 + 0.04 0.94 + 0.02
63.29 £ 0.08 2.71 £ 0.16 0.93 + 0.06
66.12 4 0.48 2.26 £+ 0.06 0.91 + 0.09
63.93 + 1.33 1.59 £+ 0.03 0.78 + 0.07
53.95+ 1.13 0.98 + 0.02 0.84 + 0.02
39.67 + 0.51 0.59 + 0.15 1.08 £ 0.04
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evolution line [40] in the Van Krevelen diagram. From 700 °C, the O/C
ratio is higher for gasification chars compared to the pyrolysis chars
produced at the same temperature. The O/C ratio of steam chars are
higher at 700 °C and 800 °C than the ones of pyrolysis chars because the
formation of oxygen functional groups occurs more rapidly than their
decomposition and release as CO and CO» [43]. Steam gasification chars
present higher H/C ratio compared to pyrolysis chars (Fig. 4). It has been
shown that contacting chars with steam produces high concentrations of
reactive intermediates (especially H) that penetrate into the char matrix
and that react with the carbonaceous moieties impacting aromatic
clusters’ size and surface functional groups [43,44].

Fig. 5 presents the principal component analysis (PCA) of the FTIR
analysis of chars. It enables to differentiate the significant differences on
the surface composition of chars (based on their FTIR analysis).

The loadings for PC-1 and PC-2 of PCA analysis are presented in
supplementary material (Figure S4). FTIR analysis confirms the results
obtained by elemental analysis: the chars produced at 400-600 °C are
not significantly different between gasification and pyrolysis. They are
grouped in Fig. 5. It confirms the poor chemical effect of steam on chars
under these conditions (until 600 °C). Then the chars produced by py-
rolysis or gasification are clearly differentiated above 700;°C (Fig. 5).
This finding indicates that steam presents a significant impact on the
surface chemistry of chars leading to the formation of surface functional
groups [45,46] (mainly C-O moieties at around 1000 cm’l, see
Figure S4).

The characterization of chars has been completed by the analysis of
their porous structure (Table 2).

The N; sorption isotherms are presented in supplementary material
(Figure S5). Table 2 presents a slight increase in the surface area during
pyrolysis up to 900 °C (68 m?/g). Indeed, the increase in pyrolysis
temperature can lead to the production of higher surface area chars
[38]. Steam considerably increases the surface areas and pores volumes
of the chars (compared to pyrolysis) from 700 °C by physical activation
[46,47]. At 900 °C, steam gasification results in a reduction in the spe-
cific surface area because at higher char conversion the micropores
begin to coalesce into larger pores (macropores and mesopores), which
decreases the surface area [48,49].

3.3. Gas composition

The gas mass yields are presented in Fig. 6. Molar compositions of
gases are presented in supplementary material.

For pyrolysis, CO5 is the major gas at low temperatures formed by
primary decarboxylation reactions [39,50,51]. This result is in agree-
ment with the literature on digestates pyrolysis [9,10,22-24]. Then,
secondary reactions (conversion of tar) promote the formation of the
other gases as a function of the freeboard temperature [25,36]. Hydro-
carbons (CHy, C5) are not converted by secondary reactions under the
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Fig. 5. PCA of FTIR spectra of chars from pyrolysis and steam gasification.
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Table 2
Specific surface area and pore volume of chars from pyrolysis and steam-
gasification.

Process type Temperature (°C) Agpr (m*/g) Vo.os (cm®/g)*

Pyrolysis 600 6 0.01
700 5 0.01
800 16 0.01
900 68 0.04
Steam gasification 600 11 0.01
700 337 0.16
800 461 0.26
900 374 0.25

2 Vo.o5 (cms/g) corresponds to the adsorbed volume at a relative pressure of
0.95

conditions of this study (gas residence time of 1.2 s in the freeboard),
which is in agreement with previous work [36,52,53].

For steam gasification, the mass yields in gas are presented in
Fig. 6b). Compared to pyrolysis, the mass yields of all gases are similar
until 500 °C. Then, above 600 °C, an important increase in H, formation
is observed (mass yields of 3.6 wt% at 900 °C with H30 vs. 1.1 wt% for
pyrolysis at 900 °C). Methane mass yields are similar for steam gasifi-
cation and pyrolysis. It is not impacted by the presence of steam con-
firming the poor chemical effect of HoO for methane gas-phase
reforming at a gas-phase residence time of 1.2's [53]. CO is competi-
tively formed by char gasification and converted by water gas-shift
leading to an important increase in CO, and Hy mass yields. At
900 °C, CO, and CO present mass yields of 41 wt% and 26 wt%,
respectively, for steam gasification (vs. 15 wt% and 22.5 wt%, respec-
tively, for pyrolysis). The experimental gas composition obtained for
steam gasification is compared to the thermodynamic equilibrium in
supporting material. The thermodynamic equilibrium is not achieved
under the conditions of this study (gas-phase residence time of 1.2 s).
This result is in agreement with previous works [54-56].

For partial combustion, the mass yield in gas is presented in Fig. 6¢c.
CO;, is the major products even at 400 °C. H, formed during pyrolysis is
further oxidized by air at all temperatures. CH4 and CyH, are clearly
converted from 800°C by oxidation in the freeboard, but their conver-
sion is not complete due to kinetic limitations (short gas-phase residence
time). The CO/CO, ratio increases from 0.13 (molCO/molCO,) at
400 °C to 0.37 at 900;°C. This trend is in agreement with previous work
on chars combustion in fluidized beds [57-59]. CO is competitively
formed by primary pyrolysis, oxidation of pyrolysis products (gas, tar
and char) and converted to CO5 by oxidation.

The global conversion of carbon from digestates to the gas is pre-
sented in Table 3.

For pyrolysis and steam gasification, the conversion of carbon from
digestates to the gas (mainly to CO») is similar at 400 °C and 500 °C. For
steam gasification, the total carbon content of gas represents 6 wt% of
the initial carbon (present in the digestate) at 400;°C and 59 wt% at
900 °C (instead of 43 wt% for pyrolysis). Therefore, at 900 °C, 16 wt%
of the carbon is transferred from the char to the gas stream by the steam
gasification reactions. Concerning combustion, 50 wt% of carbon is
already transferred in the gas at 400 °C (mainly as CO,) and 84 % at
900 °C. Oxidation reactions are probably limited by kinetic or hydro-
dynamic factors considering the partial consumption of O (presented in
supporting material).

The results of quantification for NH3 (by spectrophotometry) and
HCN (by FTIR) are presented in Fig. 7.

The formation of N-species and notably the NHs/HCN ratio mainly
depends on the composition in amino-acids of the biomasses [60]. It is
known that sludges produce NHs as a major N-product during fast py-
rolysis between 400 and 700 °C [61]. NHjs is the major nitrogenous gas
for all our conditions (Fig. 7) in agreement with Cao et al. [61]. NH3 is
formed by the pyrolysis of amine groups [62] at temperatures lower
than 500 °C under our conditions. Steam slightly promotes NHgs
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Fig. 6. Mass yields (wt% db based on anhydrous digestate mass) of gases for a) pyrolysis, b) steam gasification, c) partial combustion at different fluidized sand

temperatures.

Table 3

Conversion of carbon from digestates to gas (wt%, g C in gas/g C in digestate).
Temperature of 400°C  500°C  600°C 700°C  800°C  900°C
fluidized sand
Pyrolysis 7 10 13 23 35 43
Steam-gasification 6 9 15 28 48 59
Combustion 50 58 80 78 84 84

formation in agreement with a previous work explaining this increase in
NHj; by a potential hydrogenation of char-N moieties by H radicals [63].
NH3 seems only slightly converted at 900 °C. We did not notice an effect
of oxygen under our conditions on NH3 conversion. This high stability of
NH;j (even at 900 °C) is consistent with previous work [33,64]. NOx
were not detected by FTIR analysis of the gas. This result is in agreement
with previous work showing a very low formation of NO from NHj3
conversion even at 900 °C under oxidation conditions [64].

At 900 °C, the yield in HCN is similar for pyrolysis, gasification and
combustion. It is interesting to note the increase in HCN from 700 °C and

an important increase at 900 °C. Cao et al.[61] also found an increase in
HCN from 500 to 700 °C during the pyrolysis of sludges (but not on the
same type of digestates as this present study) in a drop tube reactor.
Kwapinska et al. [33] presented a comprehensive analysis of N-species
from the pyrolysis of dairy sludges and these authors also showed an
increase in HCN yields up to 900 °C. The mechanisms of nitrogen
migration during sludges thermochemical conversion were extensively
reviewed [65-68]. The formation of HCN may be explained by the
conversion of amide [60,61,69], pyrrole and pyridine groups [62].

3.4. Characterization of the liquids

The liquids were analyzed by GC/MS-FID. A detailed characteriza-
tion of about 30 detected peaks is presented in supporting information.
But these 30 species still account for a minor mass fraction of the bio-oil
(less than 2 wt% of the digestate mass). Fig. 8 shows the evolution of the
major type of species quantified by GC/MS as a function of reactor
temperatures.

Fig. 8 highlights that the major compounds at 400 °C and 500 °C are
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tate mass).

acids (acetic acid), methoxy-phenols (like 2-methoxy-4-vinylphenol as a
main species) and furans (mainly as benzofuran, 2,3-dihydro-) for the
three fluidizing gas. This result is in agreement with previous work on
the pyrolysis of digestates [6,20]. Steam promotes the formation of
phenols and furans compared to pyrolysis. The yield in aromatic hy-
drocarbons increase from 800 °C for the three processes.

For pyrolysis and steam gasification, methoxy-phenols are converted
from 600 °C and furans from 800 °C. Methoxy-phenols are primary
products[70] and they are converted from 600 °C to phenol, a secondary
product[70]. Phenol is, mainly, formed between 600 °C and 800 °C and
competitively converted (notably at 900 °C) to aromatic hydrocarbons,
in agreement with previous work[52,70,71]. Concerning gasification,
Fig. 8 confirms that steam does not promote (compared to N») the sec-
ondary gas-phase conversion (in our freeboard) of phenol or aromatic
hydrocarbons [72]. The GC/MS analysis (Fig. 8c) clearly shows the
important effect of air (O3) on the secondary reactions occurring in the
free-board of the fluidized bed (for a gas-phase residence time of 1.2 s).
From 600 °C, air seems to promote the conversion of acids,
methoxyl-phenols and furans. The conversion of aromatic hydrocarbons
is promoted by air (compared to steam or N3) at 900 °C.

GC/MS identifies a small fraction of organic liquid products (only
less than 2 wt% of the digestate mass). For this reason, the analysis by
high resolution mass spectrometry (FT-ICR MS) was performed in order
to complete the characterization of the liquids.

Molecular compositions of all bio-oils obtained by FT-ICR MS mea-
surement are given in Fig. 9 and S8.

It is noteworthy to highlight the good repeatability of the conversion
processes. Indeed, the replicate analysis of two different bio-oils pro-
duced by two different pyrolysis experiments (pyrolysis and steam
gasification) gave similar DBE, O/C, and H/C values (Table 4), as well as
close molecular composition descriptions (Fig. 9).

Between 9000 and 3000 different molecular formulae were found for
each sample, demonstrating their high molecular complexity. CHNyOx
molecular series mostly contributes to the sample description, followed
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by the CHOx class. The high contribution of the nitrogen-containing
compounds was also observed by ESI (4) FT-ICR MS analyses of bio-
oils from waste [73,74].

Regardless of the thermochemical conversion process, fewer com-
pounds were detected upon increasing temperature. This decrease in the
overall number of compounds is specifically to the benefit of CHNx
compounds, whose number increases. This is consistent with FTIR an-
alyses of the gas that measured an increase in the amount of HCN with
the conversion temperature due to the secondary conversion of CHNyOx
species. Secondary reactions are promoted at higher reactor tempera-
ture, which also results to less oxygen-containing and lower-mass
compounds [75,76]. Oxygen content decreasing with increasing tem-
peratures was observed with the decrease of the O/C value. It is well
known that secondary gas-phase reactions in the freeboard promote
conversion of oxygenated species and the formation of aromatic hy-
drocarbons [52,70,71]. This is consistent with the GC/MS analysis
showing the increase in aromatic hydrocarbons species with the tem-
perature. This fact is also evidenced in this study with higher Double
Bound Equivalent (DBE - see supplementary materials) value of bio-oil
components at higher reactor temperatures, regardless the atmosphere
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Table 4

Weighted averages of DBE, O/C, and H/C calculated from the assignments ob-
tained by ESI (+) FT-ICR MS analysis of bio-oil samples from combustion (C),
steam gasification (V), and pyrolysis (P) at different temperatures.

Samples DBE o/C H/C
P-500 °C 7.37 0.35 1.41
P-500 °C” 7.30 0.36 1.42
P-700 °C 8.36 0.25 1.37
P—900 °C 9.77 0.17 1.24
S—-500 °C 7.21 0.36 1.41
S—-500 °C" 7.01 0.36 1.42
§—700 °C 8.55 0.24 1.32
S$—900 °C 9.86 0.13 1.26
C-500 °C 7.36 0.34 1.40
C-700 °C 9.84 0.19 1.19
C—900 °C 9.79 0.14 1.27

@ Refers to pyrolysis and steam gasification replicate samples.

conditions (Table 4). Thus, bio-oil compounds are less polar, which
makes them less or not ionizable by ESI [77]. Therefore, it also explains
the decreasing number of detected compounds with increasing

temperatures.

The repeatability of the conversion processes and FT-ICR MS anal-
ysis, as well as the temperature influence on the bio-oil composition,
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were also evidenced on the Principal Component Analysis (PCA) score
plots (Fig. 10).

Indeed, samples are ordered within the first component according to
the temperature parameter. The samples obtained at 500 °C present
higher variability in their composition than those obtained at 700 and
900 °C. This result is in agreement with a previous study conducted on
liquids composition as a function of reactor temperatures [78]. This is
mainly due to the number of molecular contributions describing these
samples, but the research profiles allowed to extract the molecular as-
signments specific to each conversion temperature (Figure S9), which
emphasized the previous observations. With temperature increase,
contribution of the CHOx class decreases, and O/C values too, while the
CHNx one increases, as well as the DBE value.

Within the second component (in Fig. 10), bio-oil compositions differ
according to the atmospheric conditions (air, water, N5), especially for
the samples obtained at 500 °C. Indeed, at this temperature, it is clearly
observed that bio-oils produced at one atmospheric condition clustered
on the PCA plot. However, over the different temperatures, the bio-oils
from combustion have a different behavior compared to those obtained
after pyrolysis and steam gasification based on the distance between the
plots. This result is in agreement with the effect of O, evidenced by GC/
MS. To better understand what is responsible for these variations,
research profiles were done for each of the pyrolysis, combustion, and
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steam gasification samples at 500 °C as they present the highest
compositional differences. This enabled to extract and to plot the spe-
cific compounds (Fig. 11).

Steam gasification sample exhibits more CHOx and CHNx com-
pounds, but overall, CHNyOx series is predominant in the sample de-
scriptions. In order to unravel a better insight into the bio-oil
compositions and to highlight molecular differences within the samples,
N-compounds were plotted on van Krevelen diagrams (Fig. 12).

Fig. 12 shows that bio-oil from combustion is characterized by more
oxygenated N-compounds, with higher O/C values, which are not
observed on the two other van Krevelen diagrams. Air presents an
important effect on the molecular species even at 500 °C and notably at
700 °C (Fig. 10), with the promotion of CHNO species formation (Fig. 9)
even at 500 °C.

Steam gasification and pyrolysis bio-oils are more similar with
nitrogen-containing compounds having O/C < 0.6. FT-ICR MS confirms
aforementioned poor chemical effect of H,O based on DBE, O/C, and H/
C (Table 4). Steam seems to promote the CHOx classes at 500 °C
compared to pyrolysis (Fig. 9). The PCA confirms that steam presents
fewer chemical effects than air at 500°C and 700°C.

These results confirm that gas atmosphere has a significant impact on
the bio-oil composition, particularly at 500 °C. At higher temperatures,
the differences between atmosphere composition is lower, this means
that the composition of the liquids is more controlled by temperatures
than by atmosphere (at 900 °C), due to the predominance of secondary
reactions in agreement with previous work.[70,71]

Steam-gasification

Combustion
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4. Conclusion

To the best of our knowledge, we present the first study on the py-
rolysis, gasification and combustion of digestates in a fluidized bed. The
complete set of analyses enables to unravel the effect of steam and air on
the products mass yields and on their composition.

Our main findings are the followings:

1) Steam does not present a significant effect on char elemental
composition between 400 °C and 600 °C. However, from 700 °C, the
carbon content in char decreases due to gasification reaction down to
39 wt% C at 900 °C. Steam promotes the conversion of N atoms into
volatiles compared to pyrolysis from 800 °C.

2) Air leads to an important oxidation of char and volatiles even at
400 °C.

3) Methane mass yield is similar for both steam gasification and py-
rolysis even at high temperatures. It is not impacted by the presence
of HoO confirming the low reactivity of HoO on methane gas-phase
reforming with a gas-phase residence time of 1.2 s. Furthermore,
air clearly promotes the conversion of all hydrocarbons from 800 °C.

4) CO yield becomes higher for steam gasification than for pyrolysis
from 800 °C, highlighting the importance of char gasification at
800°C and 900 °C. CO is competitively formed by char gasification
and converted by water gas-shift leading to an important increase in
CO5 and Hj, yields.
NH3 is the major N-gas species for all conditions. It is not signifi-
cantly converted under our conditions. HCN is an important product
increasing from 700 °C and notably at 900 °C.
Both GC/MS and FT-ICR MS reveal that steam presents a poor
chemical effect on the organic molecules present in the liquids. Air
exhibits an important reactivity even from 400 °C. PCA analysis
conducted on the FT-ICR MS analysis clearly differentiate the gas
atmosphere (and Oz notably at 500 °C). At 900 °C, all liquid samples
are very similar highlighting the more significant effect of temper-
ature than the reactive gas at 900 °C. For all conditions, the tem-
perature increases DBE and reduces the oxygenated species. The
class CHN (in liquid) is mainly observed at 900 °C which is consistent
with the increase in HCN molecule as analyzed in the gas by FTIR.

5)

6

~

The syngas (promoted by steam gasification) should be further up-
graded to produce purified Hy, liquid fuels and/or electricity (by com-
bustion in a gas engine). The bio-oils promoted at 500-600 °C by fast
pyrolysis in the fluidized bed also require an up-grading process
(deoxygenation, denitrogenation) to produce chemicals or liquid fuels.
Char can be further activated to produce high-value activated carbons
with tailored porous structure and surface functional groups.
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Supporting information

The supporting information file presents: (1) details on analysis and
preparation of digestates; (2) effect of digestate pretreatment on pyrol-
ysis mass yields; (3) O, consumed and stoichiometry for combustion; (4)
composition (C, N, H), FTIR and N; sorption analysis of chars; (5) gas
composition; (6) detailed characterization of liquids by GC/MS and
FTICRMS.
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