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ARTICLE INFO ABSTRACT

Keywords: Biomass entrained-flow gasification enables the sustainable production of chemicals and liquid fuels. For reliable
GaSiﬁca_ﬁO“ and accurate gasifier operation and design, the analysis of biomass char reactivity represents one of the key
Pyrolysis studies. Therefore, the annealing-induced char reactivity loss needs to be investigated for biogenic feedstocks
iiice:;ﬁ from microscopic to reactor level. In the present work, the influence of pyrolysis temperature and particle

residence time on solid digestate char reactivity and structure is studied. Several char types are prepared in a
pressurized entrained-flow reactor between 1200 °C and 1600 °C with varying residence times between 0.4-2.4
s. Isothermal char reactivity in O2 and COy atmosphere is measured by TGA and reactivities are determined.
Strong char deactivation between 1200 °C and 1400 °C resulted from severe heat treatment, especially toward
the CO; reaction. At 1600 °C, the influence of residence time becomes less relevant since all measured reactivities
are comparably low. Experimental data are fitted to a coal deactivation model and verified for biogenic residues
with very good agreement. The results are further corroborated by char structure analysis using FT-IR, XRD,
Raman spectroscopy, SEM-EDX and ETV-ICP-OES. The decrease in char reactivity is mainly attributed to
graphitization and the formation of aromatic ring structures. Char deactivation is further promoted by the loss of
catalytic mineral matter and by high concentrations of inhibiting elements like phosphorus.

Char Characterization

complete feedstock conversion at short residence times, which is espe-
cially attractive for industrial-scale synthesis gas facilities. In addition,

1. Introduction

The utilization of cost-competitive and net-zero waste via advanced
thermo-chemical conversion technologies is an promising solution to
produce intermediates toward high value-added products [1-4].
Biogenic waste and residues are an attractive alternative to fossil fuels
since they are not in competition with other utilization routes. One of
the most favorable technologies is entrained-flow gasification, which
will play a vital role in order to provide high-quality and tar-free syn-
thesis gas. Follow-up products can be C;-building blocks like methanol,
higher alcohols, olefins (MTO) and liquid fuels like dimethyl ether
(DME), gasoline (MtG) or sustainable aviation fuels (SAF). [5-8].

High-pressure and high-temperature gasification allows for almost
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pressurized systems benefit the thermodynamic equilibria of the sub-
sequent catalytic synthesis and reduce specific investment costs by
smaller operational units. However, entrained-flow gasification is a
complex system and demands high standards for durable and reliable
operation. Besides feedstock preparation into a conveyable powder,
other aspects like slagging, refractory interaction, devolatilization, char
conversion kinetics and reactivity development, as well as strong
structural changes of the char are necessary to be understood [9-13]. In
the latter case, the chemical and physical char structure heavily depends
on the particle thermal history during devolatilization and gasification
[14-16]. Here, severe heat treatment leads to annealing-induced
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transformation of the carbonaceous matter into graphene-like struc-
tures. As a consequence, chars show lower reactivities. To achieve
quantitive conversion, higher gasifying temperatures are necessary by
O, input and thus the cold gas efficiency is lowered [17-21]. Therefore,
annealing is of great importance in entrained-flow gasification [22].

In general, the influence of the thermal history on the char reactivity
is widely investigated for various feedstocks and gasification technolo-
gies [22,23]. In particular under entrained-flow conditions, the devo-
latilization step has to be carried out under high heating rates in the
range of 10° K s !, high temperatures above 1200 °C and short residence
times up to 3 s [24-27]. For accurate reactivity determination, repre-
sentative pyrolysis chars are necessary to be prepared under conditions
similar to entrained-flow gasification [19]. Hence, the experimental set-
up (e.g. wire-mesh, heat-strip, single-particle or drop-tube reactor)
should fulfil these specific requirements for char preparation. Herein,
the peak temperature, the heating rate, the residence time, but also the
pressure show a great influence on resulting char reactivity [28].

Pyrolysis temperature dependency of the char reactivity is studied
extensively [29-37]. For example, Senneca et al. [33] investigated the
effect of the pyrolysis temperature from 900-1400 °C on the char reac-
tivity and observed a decrease of CO; reactivity by a factor of 3. Peralta
et al. [36] performed pyrolysis experiments in the range of
1000-2000 °C and detected that the O, reactivity almost halved. In
general, decreasing reactivities with higher peak temperatures is widely
reported and there is a broad consent toward its influence. Besides the
more obvious consequences like char yield or annealing kinetics, also
overlooked effects like surface oxygen complexes hindering the carbon
rearrangement, phase transformation or the loss of catalytically active
mineral matter can occur [38].

Another main focus is the influence of the heating rate. Cai et al. [39]
investigated the effect of different rates in the range of 1-5000 K s 'ina
wired-mesh reactor at 1000 °C peak temperature and 2 s holding time.
Char reactivity increased strongly from 1-100 Ks™! and reached a
plateau at 1000 K s~!. Higher heating rates of 4 ¢ 10° K s}, closer to
entrained-flow conditions, also lead to higher reactivities [40,41]. Such
conditions are considered to promote structural carbon defects which
not only leads to an increase of surface area, but also to a more reactive
surfaces with a more widely distributed activation energy for both
gasification and annealing.

The effect of residence time is strongly linked to the heating rate and
peak temperature [34,42-45]. For example, Salatino et al. [34] studied
the coal-derived char reactivity in a heat-strip reactor at high heating
rates (10° K min~!) and at temperatures up to 2000 °C in a time-scale of
0.2 s to 30 min. The results suggested that conversion rates decrease
and char ignition shifts towards higher temperatures with longer hold-
ing times due to growth of graphitic structures. Mahapatra et al. [44]
investigated the effect between 4.9-11.8 s at temperatures up to
1400 °C and demonstrated that the same trend also applies for drop-tube
derived chars. At more characteristic residence times and temperatures
for entrained-flow gasification, Feng et al. [45] and Netter et al. [42]
made similar observations.

It is further reported that the effect of pressure rather influences the
pore structure and morphology than the intrinsic char reactivity
[46-51]. Moreover, it remains unclear if physical char properties fall in
the scope of thermal annealing at all. Since in most cases the char
reactivity is determined in a chemically-controlled regime at low tem-
peratures, no influence of pyrolysis pressure on the intrinsic reactivity
should be observed as demonstrated by Benfell et al. [51]. However,
char morphology shows major relevance in high-temperature gasifica-
tion in pore diffusion-controlled regime making surface area, porosity
and pore size distribution analysis highly necessary information.

Also, various ash components influence the char reactivity [52-57].
For example, Pflieger et al. [57] found that mixing biomass-derived char
with different minerals like K2CO3, NaCO3, Fe;O3, CaO and MgO re-
duces the apparent activation energy in Oz, CO3 and H»O gasification
reactions, especially for minerals containing K and Na. In contrast,
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Zolin et al. [58] studied the effect of leaching and demineralizing. They
observed lower reactivities, especially at higher annealing temperatures.
When ash components remained, the higher char reactivities are
attributed to highly dispersed potassium on the char surface. Schneider
et al. [37] noted similar phenomena by investigating char reactivity in
secondary pyrolysis, prepared in the range of 1000-1600 °C under drop-
tube conditions. They observed the highest char reactivity at 1600 °C
pyrolysis temperature justified by high calcium dispersion despite se-
vere graphitization. However, depending on the origin and pyrolysis
conditions of the char, the catalytic potential is heavily dependent on the
ash composition, melting temperature, devolatilization of mineral
matter and also char sampling method [38].

In summary, char reactivity is strongly linked to its fuel precursor,
pyrolysis set-up and preparation conditions. Further, the char prepara-
tion method directly influences the char structure and the morphology
as well as nature of the inorganic mineral matter. For example, the
deterioration of char reactivity is mostly explained by the loss of func-
tional groups and reactive carbon sites as well as graphitization and the
loss of catalytically active mineral matter. To uncover the structural
behavior several characterization techniques like X-ray diffraction
(XRD), Raman spectroscopy, Fourier-Transform Infrared-Spectroscopy
(FT-IR), nuclear magnetic resonance spectroscopy (NMR), transmission
electron microscopy (TEM), scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDX), sorption-techniques, but also
in-situ methods like small-angle X-ray scattering (SAXS) and many more
were applied [37,40,59-66]. Char characterization provides deep in-
sights on structural information e.g. carbon structure, aromaticity, pore
structure, soot formation, alkali dispersion and much more. This rep-
resents valuable information at microscopic particle level for a profound
understanding of the conversion behavior for gasifier manufacturer and
operators [67].

At reactor-scale however, experiment-based thermal annealing sub-
models for computational fluid dynamics (CFD) simulation are highly
needed in the design and up-scaling of a gasifier [19,20,26,68]. For
example, Tremel et al. [17] developed a char deactivation model, based
on the generic assumption that the transformation of reactive into
deactivated sites follow a simple Arrhenius type equation, where mainly
the pre-exponential factor is affected. The feedstock-independent model
shows very good agreement for various coals like anthracite, bituminous
coal and lignite [30], but needs to verified for biogenic feedstocks.
Senneca et al. [69] investigated the suitability of a deactivation model,
formerly developed for coal, in the annealing of lignocellulosic biomass.
Herein, several heat treatment experiments over a range of
273-1727 °C, 0.1-10° K s™! and 0.02-20 000 s were conducted. They
found that biomass follows the same deactivation kinetics as coal. In
addition, Holland et al. [38] concluded that coal thermal annealing
models could be in principle applied for biomass, however the deacti-
vation mechanism seems to be much more complex due the heteroge-
neous nature of biomass. Here, complementary and in-depth char
characterization could become more meaningful than before to support
thermal annealing kinetic models.

Although many publications are reported to prepare chars in drop-
tube reactors up to 1400 °C from different fossil and renewable feed-
stocks, just a few experiments are reported to carry out annealing ex-
periments at even higher temperatures around 1600 °C and short
residence times from 0.2-3 s [17,27,30,37]. Moreover, it is rather un-
clear how biomass-derived drop-tube chars evolve in their reactivity and
structure under these harsh conditions.

To the best of our knowledge, there is no report on the relationship
between char structure, reactivity and modelling parameters in the
context of thermal annealing of biogenic residues like solid digestate at
serious heat treatment of 1600 °C. Thus, we report on an analysis of the
deactivation behavior of solid digestate by the investigation of pyrolysis
char structure and reactivity modelling (Fig. 1). First, biomass chars are
prepared in a pressurized entrained-flow reactor and subsequently
characterized each in their reactivity in the presence of O3 and CO». As
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Fig. 1. Outline and experimental procedure of presented work.

suggested by Holland et al. [38], the experimental data are fitted to a
deactivation model, formerly developed for coal [17], verifying whether
the model can also represent the deactivation behavior of biogenic
residues. In order to establish corresponding structure-reactivity and
modelling-relationships the chars are investigated by FT-IR, XRD,
Raman, SEM-EDX and ETV-ICP-OES.

2. Materials and methods
2.1. Fuel preparation and characterization

Solid digestate from a corn-fed biogas plant in Saxony, Germany is
provided as granulate by VER Verfahrensingenieure GmbH. The gran-
ulate is further prepared to a pulverized fuel by pre-milling and fine-
milling using a Retsch SM500 and Retsch SRM100 respectively. The
powder is sieved at 250 pm. The resulting particle size distribution is
measured by Laser Diffraction using Shimadzu, SALD-2201 (Fig. 2). The
results show 90 % of the particles are smaller than 287 um with a me-
dian particle size of 120 pm. Since the typical particle size of entrained-
flow gasification is lower than 500 um, the obtained powder is suitable
for entrained-flow experiments.

Standard proximate (DIN 51718, DIN 51719 and DIN51720) and
ultimate (DIN 51732/733, DIN 51724-3) analysis were performed in
order to gain information about the water, volatile and ash content as
well as the elemental composition. Moreover, the heating value
(DIN51900) and the ash oxide composition (DIN51730) were deter-
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Fig. 2. Particle size distribution of prepared fuel measured by Laser Diffraction
(Shimadzu, SALD-2201).
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mined by X-ray fluorescence spectroscopy (XRF). The fuel analysis is
summarized in Table 1. The results show a characteristic biomass fuel
with relatively high ash content of 23.7 %, low fixed carbon of 15.4 %
and high oxygen content of 55.1 %. The lower heating value of 15.1 MJ/
kg further shows the potential of biogenic residues as suitable feed-
stocks. The ash composition with a high K;O content (25.5 %) might
enable catalytic activity, however the ash is also rich in SiO3 (37.0 %)
and P50s5 (14.4 %). The catalytic potential is quantified by the Alkali-
Index AI (Eq. (1)). Compared to anthracite (< 10) and lignite (54.7),
solid digestate (AI = 26.3) indicates a rather moderate influence on char
reactivity [30,70].

NaZO + Kgo + CaO +MgO + F€203

1
Si0; + Al O3 )

Al = Wash rawfuel ®

2.2. High-pressure high-temperature entrained-flow reactor (PiTER)

Pyrolysis chars were prepared at temperatures of 1200 °C, 1400 °C
and 1600 °C and at residence times up to 2.4 s at 10 bars in an
entrained-flow reactor (PiTER). The experimental set-up is shown in
Fig. 3 and is described in more detail in our previous work [27,42]. In
brief, the 7.12 m high reactor is an electrically-heated entrained-flow
reactor (1800 °C and 50 bar). The reaction gas can be a mixture of Ar/
Ng, O3, COy, H20, Hy and CO. Besides gasification experiments, also
pyrolysis experiments can be carried out. The reactor consists of a pre-
heating and a reaction zone (d; = 70 mm, L = 2200 mm). A vibrating
dosing unit with a Ar/Ny carrier gas feeds a pulverized fuel up to 5 kg
h™! to the reaction zone, where high heating rates of 10*-10° K s™! are
modelled [17,26]. Char samples were derived by a high-adjustable oil-
cooled sampler at different averaged particle residence times up to 3 s.
Uncertainties are considered by correction of the gas residence time by
the influence of particle free fall velocity, the radial velocity distribution
within the reaction tube and by the produced gas amount as a conse-
quence of devolatilization. The product gas is cooled by a water quench
at the bottom of the reactor and the gas composition (O3, CO,, CO, Hj,
CHy) is analyzed online by SICK, GMS 320/310.

2.3. Thermogravimetric analyzer (TGA)

A thermogravimetric analyzer TGA STA-1700 by Linseis GmbH is
applied to determine the reactivity of entrained-flow chars derived by

Table 1
Fuel properties of solid digestate (ar = as-received, wf = water free, daf = dry
and ash free).

Proximate analysis

water 10.2 wt.-% (ar)

volatiles 50.7 wt.-% (wf)
fixed carbon (by difference) 15.4 wt.-% (wf)
ash (815 °C) 23.7 wt.-% (wf)
Ultimate analysis

C 56.7 wt.-% (daf)
H 7.3 wt.-% (daf)
O (by difference) 321 wt.-% (daf)
N 3.6 wt.-% (daf)
S 0.3 wt.-% (daf)
Heating value

LHV 16.8 MJ/kg (wf)
Normalized ash composition (XRF)

SiO, 37.0 wt.-% (wf)
Aly03 1.6 wt.-% (wf)
CaO 7.8 wt.-% (wf)
Fe,03 1.5 wt.-% (wf)
SO3 4.2 wt.-% (wf)
MgO 5.5 wt.-% (wf)
Na,O 2.4 wt.-% (wf)
K,0 25.5 wt.-% (wf)

MnO 0.2 wt.-% (wf)
P,0s 14.4 wt.-% (wf)
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Fig. 3. Pressurized High-Temperature Entrained-Flow Reactor (PiTER) is
applied for pyrolysis char preparation and gasification experiments of pulver-
ized fuels [30].

PiTER. Herein, 10 mg of char dust are introduced in a ceramic crucible
so that the lowest possible height of the bulk is achieved. The particle
size of char samples is much lower than the raw fuel due to fragmen-
tation during pyrolysis promoted by the high volatile content of 50.7 %.
The weight change and the temperature of the sample are recorded
continuously. Prior to reactivity measurements, heating-rate experi-
ments at 5 Kmin~! in Oy, 25 % synthetic air (5 % O3) in N3 and in COg,
50 % CO5 in Ny were conducted in order to determine reaction tem-
perature (SI, Fig. 1). In order to avoid mass transport limitations,
isothermal reaction temperature in O,— and COy-experiments are set as
low as possible to 350 °C and 725 °C respectively. This is further pro-
moted by the very small char particles and sample preparation method.
First, the analyzer is heated up to the set temperature in 200 ml min
N and at steady-state conditions the gasifying agent is introduced. The
volume flow rate is set to 50 ml min ! synthetic air, 150 ml min~! Ny,
100 mlmin~' COy and 100 mlmin ' N,. Char conversion X(t) and
observed reactivity rops were calculated from time-dependent mass
signal change according to Eq. (2) and Eq. (3).

X(t) = ’"";7;"“) @
Tobs = ! L4 d_m = ! L4 d_X (3)

m( " dt  1-X(t) dt
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. 1

Tintrin = Tobs ;{:832 L4 S (4)
The initial observed conversion rate rqps is chosen to be defined as
average between char conversion X = 5-20 % (Eq. (4)). Above 5 %,
errors from the gas change were minimized and below 20 % only minor
changes of the structural char properties were reasonable assumed.

2.4. Modelling thermal deactivation

In literature, the deterioration of char reactivity is mostly explained
by loss of functional groups and active carbon sites, the graphitization of
the carbon structure and the loss of catalytic active mineral matter. The
feedstock-independent modelling approach in this work, developed by
Tremel et al. [17], is based on an overall reactivity and therefore doesn’t
distinguish between these different structural deactivation mechanisms.
However, theoretical approaches were made. In brief, two different
active sites are assumed, with fresh sites rgesh, which are very reactive
and with deactivated sites rgeact, that are much less reactive. Herein, the
reactivity is the sum of fresh rgesn and deactivated sites rqeact. The
transformation to deactivated sites is caused by the heat treatment
severity, which is temperature and time dependent and described by an
Arrhenius type equation. It is assumed that thermal deactivation only
affects pre-exponential factor ko with Ap,x as the ratio of the pre-
exponential factors ko gesh Of a fresh char and ko geact of @ maximum
deactivated char. Hence, the following simplified Eq. (5) and Eq. (6)
were derived [17]:

A= 1+exp[-Fye exp(lgEAT )l e (Anar —1) ®)

kOfresh

f— rmax f—
Apax = Tk
Timin 0,deact

(6)

The deactivation model is fitted to experimental data by the least square
method resulting in the relative reactivity A; and in the model param-
eters Anax, the pre-exponential factor F and the activation energy Ea. At
0 s residence time, Apax is defined as a theoretical value describing
initial reactivity independently from the char thermal history and
calculated by least square method. In several publications a good cor-
relation is previously demonstrated for mainly fossil fuels between
experimental data and model [17,27,42]. Since the theoretical approach
could be also applied for bio-chars the model was used to check whether
a good agreement could be also found for biomass.

2.5. Char characterization

2.5.1. Fourier-Transform Infrared-Spectroscopy (FT-IR)

To identify functional groups, the char samples were analyzed via
Fourier-transform infrared-spectroscopy (FT-IR) using a Varian FT-660
IR spectrometer (Agilent Technologies). For this purpose, the samples
were pressed into pellets with potassium bromide KBr and measured in
transmission in the range of 400-4000 cm ™! in ambient air. A KBr pellet
was used as reference material for the background subtraction and the
resulting spectra were normalized to eliminate pellet thickness.

2.5.2. X-ray diffraction (XRD)

Crystalline phases of the chars were examined using X-ray powder
diffraction (XRD). The measurements were carried out on an X’pert PRO
XRD diffractometer (PANalytical). The measurement was carried out in
ambient air with Cu-K-a radiation (Cu-K-al = 1.5406 A, Cu-K-a2 =
1.5444 R) at angles of 5-80° with a step size of 0.017° with a mea-
surement time of 30 min with a data acquisition time of 0.51 s. In the
obtained diffractograms, the background and the Cu-K-« radiation were
subtracted and then smoothed.
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2.5.3. Raman spectroscopy

Raman spectroscopy in the range of 90-3450 cm™ - was performed
with an inVia Raman spectrometer (Renishaw) equipped with a He-Ne
laser (633 nm, ~17 mW at the source) and an optical microscope
(Leica). The samples were slightly pressed to obtain a flat surface prior
to data acquisition. 5 positions were probed 20 times to give reasonable
average information of the sample (1 % laser intensity, 60 s acquisition
time, 2.400 lines mm ! grating, spectral range of 60-1300 cm™}). Data
treatment (cosmic ray removal, noise filtering, truncation, baseline
subtraction and averaging) was done with the software WIiRE 4.4
(Renishaw). The spectra were normalized to the D band.

1
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2.5.4. Scanning electron microscopy coupled with energy-dispersive X-ray
analysis (SEM-EDX)

SEM analysis (Fig. 11) were performed in the RWE laboratory with a
Zeiss Evo MA 25 including an Everhart-Thornley secondary electron
detector and an EDX detector (Oxford XMAX-50) with 15 kV accelera-
tion voltage for element mapping (SI, Figs. 4 and 5).

SEM images (Fig. 12) were recorded at KIT with a LEO Gemini 982
from Zeiss (Oberkochen, Germany) equipped with an annular high
brightness in-lens-SE detector for high resolution and true surface im-
aging. A laterally mounted SE detector (Everhart-Thornley-type) pro-
vides topographical contrast (sensitive for SE + BSE). The beam
accelerating voltage was 10 kV. The determination of the chemical

o
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Fig. 4. Gasification conversion rate dX dt ! of pyrolysis char samples (10 mg), isothermally in a TGA (A, B, C) 350 °C, 25 % synthetic air in Ny, (D, E, F) 725 °C, 50

% CO5 in Naj.
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composition (Table 3 and SI, Fig. 6) was performed using an Oxford
INCA Penta FETx3 EDX system (Abingdon, UK).

2.5.5. Electro-thermal evaporation with inductively coupled plasma optical
emission spectrometry (ETV-ICP-OES)

The concentration of ash elements of prepared chars, in particular of
potassium K, chlorine Cl and phosphorus P, were determined by electro-
thermal evaporation connected to an inductively coupled plasma optical
emission spectrometry (ETV-ICP-OES). The set-up is validated to other
elemental analysis techniques and is described elsewhere in more detail
[71].

3. Results and discussion
3.1. Char conversion rates

The thermal history plays a major role in char gasification reactivity.
Thus, chars were prepared under various entrained-flow conditions and
subsequently characterized towards their Oy~ and CO»-reactivity in a
TGA (Fig. 4).

Among all temperatures and residence times, the highest conversion
rates are observed at the lowest pyrolysis temperature of 1200 °C.
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Fig. 6. FT-IR spectra of the raw fuel and the entrained-flow pyrolysis chars
show loss of functional groups with longer residence times at 1200 °C.

However, conversion rates deteriorate rapidly when the pyrolysis tem-
perature is increased from 1200 °C to 1400 °C. At 1600 °C all chars show
comparable conversion rates independently from gasifying agent sus-
pecting that chars undergo severe structural changes. Up to 1400 °C, a
noticeable decrease of conversion rates with longer residence times is
showed. The biggest effect is observed in CO; reaction at 1400 °C.
Especially, the conversion rate at 1400 °C and 0.4 s appears to be similar
to that rate at 1200 °C and 0.7 s. However, the influence of residence
time diminishes almost completely, when pyrolysis temperature was
increased to 1600 °C, suggesting that peak temperature shows a much
greater consequence on char structure than the residence time. Yet, in
CO, atmosphere the impact of pyrolysis conditions is considerable
stronger. Below X = 0.25 the level of conversion rates is highly
impacted by the pyrolysis conditions [53]. At conditions of 1200 °C, 2.4
s a slight increase of conversion rate in O, is noted at X = 0.3, which
could have many reasons like different kind of carbon actives sites, the
accessibility of blocked pores filled with molten ash, or catalytic active
sites and many other. This is similarly found at 1400 °C at shorter
residence times, however the effect seems to be less pronounced. In
contrast, the conversion rates align above X = 0.5. Interestingly, the
level of the conversion rate shows two distinct stages below and above
X = 0.5, which could indicate different annealing-induced carbon
structures [72]. These results are in line with literature, where a decline
of char reactivity with increasing severity of heat-treatment, in partic-
ular, peak temperature and holding time is stated for wide range of fuels
[31,35,37].

3.2. Relative reactivity and deactivation modelling

In general, it should be distinguished between an intrinsic reactivity
loss due to a lowered surface area or a loss of active sites due to the
formation of ordered and planar carbon structures (Eq.(4)). While char
morphology gives explanations about the surface area, distribution of
micro-, meso- und macro pores as well the blocking and closing of pores
due to ash melting, the chemical structure of carbon has to be investi-
gated specifically. The surface area does play a role in char reactivity
with regard to the number of active sites, however the nature of active
sites seems to have a greater influence on the intrinsic reactivity ripein
[30]. Consequently, the initial conversion rates were stated to the
observed reactivities rops, emphasizing on the chemical char structure.
Initial conversion rates are averaged between X = 0.05-0.2 and fitted to
the deactivation model [17]. The results are shown in Fig. 5 and Table 2.
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Table 2

Fuel-specific model parameters of thermal annealing for solid digestate chars.
gasifying agent (02 CO,
R? 0.92 0.97
Amax / — 14.45 119.44
Fo /s 4366.17 4488.55
Ea / kJmol™ 110.08 108.75

Table 3

Specific concentration of K and P on char-surface by EDX and in char-ash by
ETV-ICP-OES.

EDX / wt.-% ETV-ICP-OES / gkg!
char sample K Cl P K Cl P
1200 °C, 2.4 s 13.7 6.1 0.5 95.4 59.4 27.6
1400 °C, 2.4 s 15.2 6.0 2.3 134.2 82.7 56.1
1600 °C, 2.4 s 18.1 5.3 2.7 162.3 88.4 68.9

According to Eq. (6), relative reactivity A; describes the reactivity
ratio of the actual char (subscribed by i) to the most deactivated char as a
function of temperature and residence time. In O, atmosphere, the most
reactive char at 1200 °C and 0.7 s is 10.5 times faster than the slowest
char at 1600 °C and 1.1 s. With increasing residence time, Agy drops to
4.1. At 1400 °C, the reactivity decreases from 4.3 to 1.6. Chars prepared
at 1600 °C, show an initial decrease from 2.2 to 1, but with longer
residence times a slight increase in reactivity to 1.5 and up to 2.0 is
observed. Yet, the slight increase could be a consequent of the mass
signal-to-background noise accuracies since the conversion rates of the
samples seem to be rather similar.

However, the degree of deactivation seems to be stronger for CO5
char reaction. The most reactive char at 1200 °C, 0.7 s shows a relative
reactivity Acog of 70.3 and decreases to 34.7 at 2.4 s. With further in-
crease in pyrolysis temperature, the deactivation is even more pro-
nounced from 69.6 at 0.4 s down to 1.8 at 2.4 s, suggesting a stronger
structure dependency for CO5 reactivity. Compared to O, reactivity at
1600 °C, a considerable increase in reactivity with longer residence
times was not observed.

These results indicate thermal annealing impacts CO5 and O, re-
activities potentially in different manner. Since both, carbon active sites
and CO5 have to be activated at given reaction temperature, the carbon
structure is much more sensitive toward COs. In contrast, O3 is a strong
oxidant, so that the conversion could undergo different reaction path-
ways during annealing. Similar behavior was previously observed for
bituminous coals and petroleum coke by Senneca et al. [72].

The deactivation model was applied (Eq. (5) and (6)), predicting the
measured reactivity data quite well (R2 > 0.92). These data confirm that
biomass follows similar deactivation kinetics as coal as previously re-
ported by Senneca et al. [69]. The parameters Amax,02 and Amax,co2 Were
fitted to obtain values of 14.45 and 119.44 respectively, which can be
interpreted as theoretical initial reactivity. Moreover, rather similar pre-
exponential factors Fy (influence of pyrolysis residence time) and acti-
vation energies Ep (influence of pyrolysis temperature) in Table 2 for
both atmospheres suggests that O, and CO5 reactions undergo similar
deactivation kinetics. However, the exception seems to be A ,x, which is
very much different for O, and CO,, indicating that annealing seems to
have a greater influence on Ap,y than Ex and Fy for solid digestate.
Higher reactivities of fresh chars shortly after devolatilization around
0.2 s are modelled. It displays the necessity for preparing chars at resi-
dence times below 0.4 s to further validate the model prediction. At the
same time, it is concluded that chars undergo strong structural changes
within the first milliseconds just after devolatilization around 0.2 s
[26,38].

Although applied model was formerly developed for coal, the theo-
retical approach of the ratio between reactive and deactivated actives
sites was successfully verified for bio-chars. However, the deactivation
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mechanism and the nature of the active sites still remains unclear.
Therefore, several char characterization techniques are applied to reveal
the structural states during entrained-flow gasification.

3.3. The influence of pyrolysis temperature and residence time on char
structure

3.3.1. Infrared spectroscopy

To detect the loss of functional groups during pyrolysis, the raw fuel
and the char samples were analyzed via FT-IR (Fig. 6). At 1200 °C, a loss
of C=0 functional group at 1042 cm ! is observed due the decompo-
sition, especially at 1.7 s and 2.4 s [73]. Additionally, more function-
alities at 1396 cm " related to aliphatic C-H structures disappear with
longer residence time at 1.7 s, but seem to form again at 2.4 s, which
cannot be explained [74]. A more pronounced band at 1620 cm ! at
2.4 s is detected, which corresponds to polyaromatic C=C stretching
[21]. Stretching vibrations of aliphatic hydrocarbons can be observed
between 2860-3000 cm™!, which change with structure at higher
residence time of 2.4 s [75]. Further, hydrogen-bonded O-H stretch at
around 3450 cm ™! can be observed for all samples and it appears less
pronounced for 0.7 s residence time. This can be interpreted as the
water capacity of the char [76]. No changes are observed with higher
pyrolysis temperatures. Yet, char reactivities at 1400 °C and 1600 °C
suggesting severe structural changes. These changes could not be
elucidated using FT-IR making further characterization necessary.

3.3.2. X-ray diffraction (XRD)

One of the reasons leading to different reactivities might be in the
crystalline carbon structure [29,32]. Hence, the char samples were
analyzed by XRD to check if crystalline carbon can be found (Fig. 7). The
formation of crystalline phases plays a major role for ash melting, re-
fractory corrosion and slag viscosity behavior in entrained-flow gasifi-
cation [77]. Though, the scope of this work emphasizes on the thermal
annealing and consequently the discussion is focused towards the
carbonaceous matrix ordering. Two scattered carbon reflections are of
special interest. One reflection emerges at 24-25° (0 0 2), which corre-
sponds to ordered and stacked graphene-like layers while the second
reflection at 44-45° (1 0 0) suggests layered aromatic ring structures
[21,37,48].

No characteristic reflections are found in the char samples up to
1400 °C. Carbonaceous reflections at 24-25° start to appear at 1600 °C
and 0.7 s. If the residence time is further increased, the reflections at 24-
25° narrow and intensify suggesting the formation of polycrystalline
structures. In addition, the presence of aromatic ring structures was
suggested by weak reflections at 45.2°, however the reflection seemed to
be slightly shifted. These results show that the degree of graphitization
might increase when peak temperature and residence times are ampli-
fied. This could explain the strong reactivity drop from Amax co2 70.3
down to 1.3, that could be due to the formation of stacked graphene-like
layers in the char at 1600 °C.

However, the interpretation of the carbon scattering appears limited
since the intensity of the reflections are quite weak, when compared to
other studies [29,32]. Several other distinct reflections of ash forming
components are found with high intensity, which effect the carbon
scattering during the measurement. This is further promoted by the
enriched ash content of the chars up to 63 % (1600 °C, 1.7 s) and low
fixed-carbon content (15.4 %) of the feedstock (Table 1). Another reason
for the weak carbon reflections is the heterogeneous elemental nature of
the feedstock. The process of crystal formation might be inhibited by
heteroatoms like H, N, O and S. While in other studies [29,32] the
carbon content is greater than 90 % and therefore the concentrations of
heteroatoms are relatively low, strong crystalline structures were
observed at 24-25°, the opposite behavior was found in this work.
Hence, heteroatoms could prevent carbon crystal formation during
annealing of biomass. XRD patterns did not significantly change be-
tween the samples treated at 1200 °C and 1400 °C, indicating that the
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change in activity is of a different nature than phase changes. Hence,
other characterization methods are necessary.

3.3.3. Raman spectroscopy

Carbon structure and graphitization were further uncovered by
Raman spectroscopy. All normalized spectra were of similar shape and
show two bands at around 1340 cm™! and 1600 cm™!, which corre-
spond to amorphous sp>-hybridized (D band) and crystalline graphene/
graphite-like sp?-hybridized structures (G band) respectively (Fig. 8).
The valley V at around 1487 cm ' suggest the formation of partly-
amorphous and partly-crystalline structures that are stopped in their
annealing-induced crystallization process probably by hetero atoms
[21,28,35,43,67]. The presence of these peaks with different intensities
clearly indicates the formation of graphite domains, which can be
interpreted that independently from pyrolysis conditions a mixture of
amorphous and ordered structures are found in all chars. However, the
shoulder between 1100-1300 cm ™' becomes sharper with higher py-
rolysis temperatures. Same behavior is also observed at longer residence
times at 2.4 s. No discernable Raman peaks were observed for the raw
biomass.

To compare the char samples relatively to each other in a more
reliable manner, Sadezsky et al. [66] proposed a deconvolution of the
two peaks at 1340 cm ! and 1600 cm ™! into the D1, Dy, D3, D4 and G
band. The Raman spectrum for the char treated at 1600 °C for 0.7 s is
shown in Fig. 9, also depicting the linear data fitting and deconvoluted
peak regions.

Details of the peak fitting for deconvolution can be found in the SI,
Table 1, Figs. 2 and 3. Deconvolution suggests the presence of the G
band, indicating highly ordered graphite domains, the D; band, showing
disordered graphitic lattice domains, the D3 band, indicating amorphous
carbon and to smaller degrees the D4 band, representative for disordered
graphitic lattice domains including polyenes or ionic impurities.

After deconvolution the full-width-half-maximum (FWHM) of the D
band is used as measure of the graphitization, with decreasing values
demonstrating higher graphitization degrees [66]. Fig. 10 shows the
change of the FWHM at constant residence time of 0.7 s with increasing
temperatures as function of initial char conversion rates in COy atmo-
sphere. A steadily declining FWHM of the D; band could be detected
indicating a pronounced graphitization while initial char conversion
rates deteriorate with increasing pyrolysis temperature [37,66]. By
comparison, FWHM values at constant temperatures no observable
trend, suggesting that peak temperature exerts a more significant in-
fluence than residence time on the graphitization process under
entrained-flow conditions. In addition, the shift in FWHM of the D band
might also underline the distinct two stages in CO5 char reactivity in
Fig. 4. Hence, the transformation of amorphous into growing aromatic
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Fig. 8. Normalized Raman spectra of entrained-flow pyrolysis chars show the influence of temperature and residence time (left: 0.7 s, right: 2.4 s) on D and G

band peaks.
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Fig. 10. FWHM of the D; band of chars treated at 1200 °C, 1400 °C and
1600 °C (0.7 s) as a function of initial conversion rates in CO, atmosphere.
Error bars indicate the uncertainty originating from the peak fitting.

structures as well as the presence of graphite-like crystals is concluded.

3.3.4. SEM-EDX and ETV-ICP-OES

Prepared chars at 1200 °C and 1600 °C at 2.4 s were further
investigated by SEM to show the effects on micro structure and
morphology (Fig. 11). A char-covering ash layer is observed almost
throughout the whole sample. More importantly, ordered structures
were uncovered by SEM. EDX shows that ring structures are mainly
oxygen and carbon atoms (SI, Fig. 4).

XRD results exclude such big crystals, since no reflections were found
at 1200 °C. However, the Raman spectra suggests the existence of a
mixture of ordered structures and amorphous carbon. Yet, the raw
biomass does not show any graphitic-like structures in the Raman
spectra due to missing heat-treatment. Therefore, we suspect a hetero-
geneously annealed sample where also some cellular structures could
remain which could be attributed to observed structures. However, since
pyrolysis kinetics are quite quick at these high temperatures and long
residence times, the observed ring structures were referred to the
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Fig. 11. Ordered char structure of entrained-flow pyrolysis char (1200 °C, 2.4
s), uncovered by SEM images in (top) 50 pm and (bottom) 10 pm resolution.

carbonaceous matrix as a consequence of high-temperature annealing.
At 1600 °C these ordered structures could not be found due to the
complete coverage with molten ash (SI, Fig. 5).

When higher resolution is applied (Fig. 12), the formation of typical
cenospheres during pyrolysis at 1200 °C, 2.4 s were detected that are
promoted by the high volatile content of the fuel (Table 1). In both
samples the formation of soot is found. At 1200 °C, the soot seems to be
distributed rather homogeneously with a uniform particle size (Fig. 12,
left), while with higher temperatures, soot aggregation with a bigger
particle size distribution is observed (Fig. 12, right). Yet, further
methods like TEM or HRTEM are necessary for a more detailed analysis
of the soot formation. An influence on char reactivity might be possible,
but due to the highly ordered carbon structure of the soot, the ignition
shifts towards higher temperatures compared to the measured char
reactivity temperatures at 350 °C (O3) and 725 °C (CO3) [13]. Thus, it is
concluded that the influence of soot on char reactivity is negligible and
annealing-induced structural changes play a more dominant role.

Char deactivation might be promoted by the loss of catalytic active
mineral matter. Although the ash composition shows moderate catalytic
potential (Al = 26.3), the ash is also rich in P20s (14.4 %) that could
inhibit the formation of active components (Table 1). Conversion rates
at pyrolysis conditions of 1200 °C, 2.4 s show a slight increase between
X = 0.3-0.5 that might show that different kind of pores open up during
char conversion to catalytically actives sites (Fig. 4). Hence, ETV-ICP-
OES is applied and EDX mapping (SI, Fig. 6) is performed for char-ash
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Fig. 12. SEM images in (top) 200 nm and (bottom) 100 nm resolution show soot agglomeration in entrained-flow pyrolysis chars, prepared at (left) 1200 °C, 2.4 s

and (right) 1600 °C, 2.4 s.

analysis and to identify bulk concentration respectively (Table 3).

For K and P, the concentration is lower compared to raw ash
composition (Table 1). That indicates a release and loss of mineral
matter during devolatilization lowering the catalytic potential. In case of
Cl, ETV shows increasing concentrations while EDX values decrease
slightly. Hence, deposited aerosols like KCl are suspected to be found,
which were initially released during the devolatilization process and
subsequently condensed on the char due the sampling method [58,78].
However, increasing concentrations and a small degree of clustering of K
and P with higher pyrolysis temperatures were found (Table 3 and SI).
Also, the agglomeration and sintering of other ash forming elements like
Si is identified. Therefore, the growing concentrations of K and P with
higher pyrolysis temperatures could explain slightly higher char re-
activities at 1600 °C, however the general influence seems to remain
quite low due to loss of mineral matter and rather moderate catalytic
potential of the raw fuel. Thus, the slight increase is more likely due to
the mass signal-to-background noise accuracies. Compared to the loss of
mineral matter, the strong carbon deactivation according FT-IR, XRD,
Raman spectroscopy and SEM is concluded to be the more dominant
mechanism.

In summary, char deactivation is explained by the most common
mechanisms like loss of functional groups (FT-IR) and catalytic mineral
matter (EDX, ETV-ICP-OES) as well as graphitization or growth of or-
dered crystalline structures (XRD, Raman spectroscopy, SEM). The
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analysis of chemical char structure explains the annealing-induced
reactivity loss. The influence of physical char morphology has to be
further investigated with other methods like Hg-porosimetry, TEM or
HRTEM in order to depict a more precise char reactivity in pore
diffusion-controlled regime.

Although the deactivation modelling approach can not differentiate
between these mechanisms mathematically, there is a very good
agreement with the experiments. Compared to the reactivity toward Oo,
the results suggest a much stronger deactivation for CO», but the deac-
tivation kinetics appeared to be rather similar. However, that seems to
be still up for debate [38]. Hence, there is a need for more biogenic fuels
to be investigated in their deactivation behavior to verify this observa-
tion, especially at relatively high temperatures around 1600 °C.

In general, these structure-based results which provide a dataset for
model development at high temperatures massively help in accurate and
reliable gasifier design. Presented results promote to establish a sus-
tainable value-chain for the production of chemicals and liquid fuels via
advanced gasification technologies by providing design parameters and
a deep microscopic understanding of the conversion behavior.

4. Conclusions

Pyrolysis chars were prepared under pressurized entrained-flow
conditions and characterized in their reactivity and structure as well
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as in their fitting potential to deactivation model:

(1) In the char reactions toward Oy and CO,, pyrolysis conditions
show a strong influence on reactivity with higher temperatures
and longer residence times. The most reactive char is prepared at
1200 °C, 0.7 s while in contrary the most deactivated char results
from conditions at 1600 °C, 1.1 s. Since O (Amax,02 = 14.45) isa
strong oxidant, carbon structure plays a much more important
role toward CO3 (Amax,co2 = 119.44) since both carbon active
sites and gasifying agent have to be activated.

Experimental data and deactivation model predictions are in
good agreement and successfully verified for solid digestate
chars. Further, rather similar Fy and E, indicate that Oy and CO,
reactions might undergo comparable deactivation mechanism. In
addition, modelling suggests strong structure-reactivity de-
pendency shortly after devolatilization. Accurate deactivation
model (R® > 0.92) parameters are provided for time- and
temperature-resolved gasifier CFD-simulation.

Chemical char characterization supports and underlines
reactivity-modelling relationships and provide structure infor-
mation on carbon actives sites. Char deactivation is induced by
loss of functional groups (FT-IR), but more dominantly by
graphitization and the growth of ordered crystalline structures
(XRD, Raman spectroscopy,). With increasing annealing tem-
perature, a steadily declining FWHM of the D; band (Raman
spectroscopy) is be detected indicating a pronounced graphiti-
zation which lead to lowered char conversion rates. The loss and
clustering of remaining catalytic mineral matter (EDX, EVT-ICP-
OES) promotes char deactivation.

(2)

3
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Glossary Abbreviations: Description
AL Alkali Index
e . ar: as-received
Symbol: Description & Unit CFD: Computational fluid dynamics
d;: inner diameter / mm daf: dry and ash free
Aj: relative char reactivity of gasifying agenti/ — DME: dimethyl ether
dX dt!: char conversion rate / g g~! s
Ey: activation energy kJ mol™
Fy: pre-exponential factor (deactivation model) s~

ETV-ICP-OES: Electro-thermal evaporation with inductively coupled plasma optical

1 emission spectrometry

; ) ‘ 1 FT-IR: Fourier-Transform Infrared-Spectroscopy
ko: pre-exponential factor (Arrhenius equation) s FWHM: Full-width-half-maximum
L: length / mm HRTEM: High resolution transmission electron microscopy
m: mass / g

r: reactivity / g g’l s

t: time / s

LHV: Lower heating value
MtG: Methanol-to-gasoline
MtO: Methanol-to-olefins

X: char conversion / —
Subscripts: Description
CO3: carbon dioxide
deact: deactivated char
fresh: fresh char

K: potassium

KBr: potassium bromide
KCL: potassium chloride

NMR: Nuclear magnetic resonance spectroscopy

PiTER: High-pressure high-temperature entrained-flow reactor

SAF: Sustainable aviation fuels

SAXS: Small-angle X-ray scattering

SEM-EDX: Scanning electron microscope coupled to energy-dispersive X-ray spectroscopy
TEM: Transmission electron microscopy

TGA: Thermogravimetric analyzer

wf: water-free

Oz oxygen XRD: X-ray diffraction

P pl.l(.)sphor XRF: X-ray fluorescence spectroscopy
Si: silica
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