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Lignocellulosic agrowastes are one of the most abundant and inexpensive bioresources on earth. However, they
comprise a wide range of materials with different organic and inorganic composition that may influence their
performance in energy applications. Here, we analyze the impact of inherent inorganics on the steam gasification
performance of bioresources, using an approach combining the analysis of the gasification reaction mechanisms,
and the assessment of the process product distribution and energy balance. We proved that the inorganic ratio K/
(Si + P) is a valuable indicator of the biomass gasification reactivity and product yield. Under the same

experimental conditions, samples with K/(Si + P) higher than 1 followed a catalytic gasification behavior,
resulting in higher gas yields and process gas efficiencies in comparison to samples with K/(Si + P) below 1. This
work is expected to bring new insights in the field and could facilitate the adaptation of the process parameters to
the feedstock characteristics and the application requirements.

1. Introduction

Each year, billion tons of agricultural and agroindustrial wastes are
generated all around the world, representing one of the most abundant
and inexpensive bioresources on earth [1]. Being widely available,
agrowastes constitute a valuable and renewable source of energy in
developed and developing countries, in the framework of an environ-
mentally sustainable approach, representing more than 7 million ter-
ajoules of energy, or the equivalent of more than 7.5 billion barrels of
diesel [2-5]. Among the existing agrowaste conversion pathways, steam
gasification is particularly interesting, as it allows the production of high
heating value fuel gases (10 and 18 MJ/m?), for the generation of heat or
power [6-8], as well as the synthesis of advanced chemicals [9-11].
However, the sustainable use of these bioresources for energy produc-
tion needs to overcome different challenges related to their variability.
In particular, the volume of residues generated from agricultural and
agroindustrial activities is not constant throughout the year, and is
regularly determined by the seasonality of crops. Therefore, the asso-
ciated gasification facilities should work intermittently, or employ
multiple kinds of residues with heterogeneous characteristics.

Along with the reactor configuration and the process operating
conditions like temperature and steam flowrate, the characteristics of

the feedstock may also impact the performance of gasification, and
particularly, the produced gas composition and yield [12-14].
Regarding the steam gasification product distribution and gas compo-
sition, several studies related to different kinds of lignocellulosic feed-
stocks have been developed [15-17], dealing with the analysis of
residues individually, without comparing different materials. A few
approaches working with several feedstocks described some divergences
in the gas production rate and composition during gasification, attrib-
uted to the samples ash content and composition, volatile matter, par-
ticle porosity, or particle size, without defining the mechanisms
associated with the described behavior [12,18,19].

In general, lignocellulosic materials are a complex mixture of natural
polymers, mainly hemicellulose, cellulose, and lignin, tightly bonded by
physical and chemical interactions [20,21]. They may have different
proportions of the constituent polymers depending on the plant species,
origin, and age, as well as several inorganic elements present in their
structure [22]. In this regard, it has been proven that the biomass
gasification reactivity may depend on the sample morphology, struc-
ture, and composition [23,24]. Among these parameters, the biomass
inherent inorganic composition has been identified as the most influ-
encing one [25-27]. In particular, alkali and alkali earth metals (AAEM)
like K, Na, Ca and Mg, are related to a catalytic effect on biomass
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gasification [28-31]. Among these elements, K has been reported to be
the most active species for steam and CO gasification of charcoal and
biomass [28,29]. In contrast, Si, Al or P may inhibit this catalytic effect,
as they tend to react with AAEM [32,33]. In accordance, the under-
standing of the influence of the feedstock characteristics on the steam
gasification behavior and product distribution is a fundamental issue to
further develop steam gasification as a viable process for energy
applications.

In this work, we elucidated the gasification behavior and product
distribution of lignocellulosic agrowastes, as a function of their
composition. Thus, coconut shells (CS), bamboo guadua (BG), and oil
palm shells (OPS) were strategically selected as raw materials, consid-
ering their different macromolecular structure and inorganic composi-
tion. The steam gasification process was analyzed for the raw samples
and selected blends, with a focus on the gas production and process
efficiency. The characterization of the gasification solid by-product
supported the description of the gasification mechanism of the
selected samples. The approach and results developed in this paper give
a point of reference to properly adapt the process parameters of gasifi-
cation facilities to the feedstock characteristics and application. They
constitute a contribution beyond the state-of-the-art in the domain of
biomass to energy.

2. Materials and methods
2.1. Biomass samples

Three different lignocellulosic feedstocks were selected for this
study. Coconut shells (CS), bamboo guadua (BG), and oil palm shells
(OPS) were strategically chosen as raw materials, considering their
different macromolecular structure and inorganic composition, detailed
in a previous work [34], and summarized in Table 1. The elemental
analysis (CHNS) of the three samples showed very similar results. In
contrast, the comparison of their macromolecular and inorganic
composition revealed remarkable differences. Regarding the macromo-
lecular composition, coconut shells (CS) and oil palm shells (OPS), as
endocarp residues, have high lignin content in comparison to bamboo
guadua (BG), mainly constituted of cellulose. In relation to the inorganic
composition, coconut shells main inorganic constituents are K, Ca, and
Na, while oil palm shells and bamboo guadua are principally composed
of Si and P. This choice might give an interesting outlook into the impact
of biomass composition on the gasification behavior and product dis-
tribution of a wide range of lignocellulosic feedstocks. Moreover, to
elucidate the impact of intermediate organic and inorganic composi-
tions between the three selected samples, bi-component biomass blends
were also analyzed using different proportions (90%CS-10%OPS, 90%
CS-10%BG, 50%CS-50%0PS, and 50%CS-50%BG in wt. %). The raw
feedstocks were milled and sieved to a particle size between 2 and 4 mm
before the gasification experiments.

2.2. Steam gasification experiments

Gasification experiments were performed using a semi continuous
laboratory scale fluidized bed gasifier. With a height of 60 cm and an
internal diameter of 6 cm, the stainless steel reactor was externally
heated with an electrical furnace. A porous disk in the bottom held the
biomass samples, and allowed the gasification atmosphere to pass
through. The thermal regulation was ensured by an Eurotherm
controller connected to a thermocouple in the center of the reactor. The
reacting agent (steam) and fluidizing inert gas (Ny) were regulated by
calibrated flow mass controllers. At the exit of the reactor, a gas con-
ditioning unit based on the tar protocol [35], allowed the condensation
of tars and steam using a series of 7 impinger bottles. After the
condensation train, a gas meter measured the volume of the produced
gas (see Fig. 1). For all the experiments, 80 g of biomass were used. The
minimum flow required to fluidize the biomass bed was experimentally

Table 1
Organic and inorganic composition of the three selected samples.
Coconut Bamboo Oil palm
shells (CS) guadua shells
(BG) (OPS)
C 46.8 + 0.2 46.7 + 0.2 46.7 +
0.2
H 58 +£0.1 6.5+ 0.1 6.5+0.1
Elemental Analysis * o* 47.1+0.1 46.2+0.1 46.2 +
(wt. % dry ash free) 0.1
N 0.3+0.1 0.6 £ 0.1 0.6+0.1
o/C 0.7 £ 0.1 0.7 £ 0.1 0.7+0.1
H/C 1.5+0.1 1.7 £0.1 1.7+0.1
Volatile 79.5 £ 0.3 77.2 £0.3 77.2 £
Proximate analysis ” Matter 0-3
. Fixed Carbon* 19.0 +£ 0.2 20.9 £ 0.3 20.9 £
(wt. % dry basis) 0.3
Ash 1.4 £0.1 1.7 £ 0.2 1.7+£0.2
Macromolecular Cellulose 32.5 53.9 30.4
composition © (wt. % Hemicellulose 20.5 135 12.7
dry ash free) Lignin 36.5 25.1 49.8
High heating value ¢ HHV 18.7+£0.3 19.6 £0.2 19.6 £
(MJ/kg) 0.2
Al 262 + 8 243 + 34 1500 +
22
Ca 391 +73 441 + 99 54+6
Fe 160 + 28 116 +£17 107 £ 4
. L. 2808 + 44 5360 + 85 1006 +
Inorganic composition
¢ (mg/kg dry basis) 15
Mg 170 £ 15 173 £ 10 135+ 3
Na 330 £ 11 30+0.8 15+ 0.5
P 397 + 40 829 + 62 270 £ 7
Si 309 + 43 19372 + 5600 +
354 39

* Calculated by difference.

# Determined using a Themoquest NA 200 elemental analyzer. Standard EN
1SO 16948.

b calculated according to standards EN ISO 18134-3, EN ISO 18123, and EN
ISO 18122.

¢ From [59].

4 Determined using an IKA C 5000 automated bomb calorimeter, according to
EN ISO 18125.

¢ Determined using inductively coupled plasma optical emission spectrometer
(ICP-OES), according to EN 16967.

determined by monitoring the pressure drop through the particle bed,
while increasing the Ny flow rate. A liquid column manometer con-
nected at the top and the bottom of the reactor (acetylene tetrabromide)
was used for this purpose. The pressure drop increases with the gas flow
while the fluidization condition is not reached. Once the particle bed is
fluidized, the pressure drop stabilizes. In accordance, it was observed
that from a total flow rate of 0.6 m>/h (Minimum fluidization velocity
Vg : 0.06 m/s), the biomass bed was fluidized. The sample inside the
reactor was heated to the gasification temperature at a rate of 20 °C/
min, under nitrogen. When the gasification temperature was reached
(from 750 °C to 850 °C), the atmosphere was switched to a mixture of
H,0/N3 (100 g/h of steam — 30% of steam in the gasifying agent) and
was maintained during all the gasification stage (holding time at the
gasification temperature from 1 h to 3 h). The total flow rate at the inlet
of the reactor was 0.7 m®/h for all the experiments (V: 0.07 m/s, V/ Vs
1.2). Every 5 min, the gas volume produced was registered, and gas
samples were taken using Tedlar® bags to analyze their composition.
For this purpose, a micro-GC (MyGC Agilent) was used. The gas heating
value was calculated from the CO, Hy, CH4 and C,H,, measured frac-
tions. After each test, the reactor was cooled down to room temperature
under No. The remaining char was collected and weighted, as well as the
impinger bottles and pipes, to determine the quantity of water and tars
condensed, and perform mass balances. For this purpose, the conden-
sation train impinger bottles and pipes were also weighted prior to each



Y

Control

5

Caption:

@ Reactor

Q Steam generator system

@ Condensation train

O Gas flow control system

(5] K-type thermocouples

0 Computer: Temperature acquisition software

*Mass flow control

0 Fritted Gas
disk 2- propanol 2- propanol Sampling to
Ij I I I . . @ | -
Empty ~25°C Codbath 25" Gas Counter
N, bottle 0
Stea W.
MFC* genereWor MFC* ﬁgr

Heated
o steam line

2]

Fig. 1. Schematic diagram of the gasification experimental setup.

test. Pyrolysis tests were carried out to assess the gas, solid and liquid
yield at the end of the heating period (pyrolysis stage), for each gasifi-
cation temperature. Pyrolysis and gasification tests were carried out
twice. The repeatability was found to be satisfactory as the standard
deviation of the gas composition was below 3% (for all the measured
gases), and the gas production below 10%, for all the analyzed samples.
Also, the standard deviation of the produced char yield was below 3%
for all the samples.

2.3. Product mass yield and energy fraction

The mass balance for each experimental condition was calculated
from the gravimetrically measured solid (char) and liquid yields (tar +
water), and the registered gas volume production and composition. As
the last bottles of the condensation train are placed in a —20 °C cold
bath, it was considered that the 2-propanol in the impingers is not
volatilized during the experiment, and then, the liquid yield was
determined from the mass difference between the condensation train
before and after the test.

Considering that the nitrogen flow supplied to the process was
known and constant for each experiment, the total volume of permanent
gases produced was deduced, from the gas volume measured. The vol-
ume and mass of each gas species (Hy, CO, CO5, CH4) were then deter-
mined from the measured gas composition. As the repeatability was
found to be satisfactory, the gas, liquid, and solid mass measured for the
pyrolysis-only tests were subtracted from the gasification experiments to
obtain the product yield associated only to the gasification stage. Under
all the tested conditions, the mass balance closure for the gasification
stage was in the range 88.6% and 103%, considered acceptable for the
presented experimental setup. The gasification product yield as a func-
tion of the initial biomass and steam used in the pyro-gasification pro-
cess was calculated according to Egs. (1)-(3).

. Mehar
Char yield(%) = — " 100 1
ar e ( 0) Mpiomass + Miteam ( )
Liquid yield(%) = — ™4 100 @

Mpiomass + Msteam

Mgas

Mpiomass + Msteam

Gas yield(%) = <100 3)

where mgpqr is the mass of the recovered char at the end of the

experiment, and my;qy;g and My, are the mass of liquid and gas produced
during the gasification stage. For their part, mpiomqss and Mggeqm are the
mass of the initial biomass used and the steam fed to the gasification
process. For the present study, the gasification total product yield with
respect to the initial biomass is below 100%, as only the gasification
products are considered in the calculation procedure.

For all the experimental conditions, the energy fraction associated to
the gas, liquid, and solid by-products was determined. Their chemical
energy, as well as their sensible or latent heat at the gasification tem-
perature were taken into account, as presented below:

Eprod = Egotia + Egas + Eliguia @
Eqotia = Metar (Cpetar Ty + HAV iy ) )
Exax = Myas (hgas(r,) + HHV gar ) Q)
Etiguia = Mitean (Mstean(r,) ) + Mears (Prars(r,) + HHV 105 ) 7

where mepqr and mygs are the mass of the recovered char and gas at the
end of the gasification process. C, chqr is the specific heat capacity of the
char [36], and T, is the reactor temperature during the gasification
stage. For their part, hgg is the enthalpy of the produced gas at tem-
perature T, leaving the gasifier, and hgeqm is the enthalpy of the
unreacted steam also at temperature Ty. Finally, HVV xqr and HV Vg are
the high heating value of the recovered char and gas. As the mass of tars
could not be accurately determined during the gasification stage, it is
assumed for the liquid energy fraction calculation that the recovered
liquids correspond only to unreacted steam. In accordance, the energy
fraction of each gasification product was calculated according to Egs.
(8)-(10):

E as
E frac,.,(%) = —£ . 100 (8)
prod
E,
Efrac (%) = =100 ©)
prod

E. .
E fracigia(%) = —2.100 (10)

‘prod

Finally, considering the permanent gases as the targeted product, the
gas efficiency of the gasification process is defined as follows:
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where Mpjiomass and Mgeqm are the mass of the initial biomass used and the
total steam fed to the gasification process, HHVgqs and HHVpjomass are the
high heating value of the produced gas and the raw biomass, and hgeqm
(rr) is the enthalpy of the steam at the reactor temperature T, during the
gasification process.

2.4. Gasification reactivity analysis

To analyze the impact of the raw samples characteristics on their
gasification behavior, an average reactivity study was performed for
different gasification times. The conversion degree of the char after the
gasification stage is defined as in Eq. (12):

_mo — m(r)

a(r) 12)

my — Mgsp

where my is the mass of the sample at the beginning of the gasification
stage, m(t) the mass at the end of the gasification period t, and mgg, the
mass of ash in the sample. For each experimental condition my is the
mass of char in the reactor before the steam injection, determined from
the pyrolysis-only tests. The apparent gasification reactivity is expressed
as a function of the conversion degree o. In general, reactivity com-
parisons are referred to a specific sample conversion level. Nevertheless,
considering that the continuous monitoring of the mass change was not
possible in the presented experimental arrangement, the gasification
reactivity is expressed in this study as the mean value calculated for a
defined gasification time, as presented in Eq. (14), where t is the time of
the steam gasification stage, from 1 h to 3 h.

1 da

) =Tl dt as

R(a),

1< 1 da
R(X) (uppyaverage = 7 Z} T—a() d (14)
P

2.5. Chemical characterization of the steam gasification solid by-product

The local chemical composition of the samples at a micro-scale was
analyzed using a Hitachi TM3030 Plus tabletop scanning electron mi-
croscope (SEM), with an energy dispersive X-ray spectroscopy (EDX)
module in the same apparatus. For its part, elemental mapping of
chemical species at a nano-scale was performed using a JEOL JEM-
ARM200F transmission electron microscope (TEM) with energy
dispersive X-ray spectroscopy (EDX) capability. The inorganic crystal-
line species present in the steam gasification biochars were identified
using X-ray diffraction (XRD). The analysis in char powder samples
(particle size below 250 pm) were carried out using a Phillips Pan-
alyrical X’pert Pro MPD diffractometer using a Cu Ka radiation source
(1.543 f\) with a current of 4 kV and an intensity of 40 mA. The
diffraction patterns were collected between 20 = 10 and 20 = 70 with a
step size of 0.05°.

Temperature programmed desorption measurements (TPD) were
also performed in a Micromeritics AutoChem II chemisorption analyzer,
to identify the presence of oxygen-containing functional groups in the
solid by-product surface. Around 150 mg of sample were placed in a
quartz U-tube and heated from 25 °C to 1000 °C at 5 °C/min, under a
helium flow of 50 ml/min. The effluent gas was monitored using a MyGC
Agilent micro-GC. Desorption experiments were performed twice, and
their repeatability was found to be satisfactory, with a maximum
calculated standard deviation below 10% for all the analyzed samples.

3. Results and discussion
3.1. Bioresources steam gasification reactivity and product yield

The steam gasification by-product distribution and the associated
energy fractions were determined for the selected feedstocks: coconut
shells (CS), bamboo guadua (BG), and oil palm shells (OPS). The
experimental results showed that for the three samples, a rise in the
gasification temperature resulted in an increase in the gas production
and a decrease in the solid and liquid yields, as presented in Fig. 2.
Indeed, with the temperature change from 750 °C to 850 °C, the gas
yield after 1 h shifted from 0.50 to 0.94 g/gpio (0.66 to 1.41 N1/g,,) for
coconut shells (CS), from 0.47 to 0.54 g/gpio (0.75 to 0.81 Nl/g,,) for
bamboo guadua (BG), and from 0.44 to 0.56 g/gpio (0.79 to 0.84 N1/gpio)
for oil palm shells (OPS). This is an augmentation of 18, 3 and 5 per-
centage points respectively, while the liquid and solid yields decreased
for the three samples. The detailed experimental results are presented in
Table 2.

This trend is associated with an increase in the steam gasification
reactivity with the temperature. In particular, from the average values
calculated for the analyzed samples, a reactivity increase of at least four
times was observed with the temperature change from 750 °C to 850 °C,
from 0.35, 0.25 and 0.08 to 2.28, 1.18 and 0.32 for coconut shells,
bamboo guadua, and oil palm shells respectively. This general behavior
was expected, considering that endothermic steam gasification re-
actions, especially the water gas reaction (C + HyO — CO + Hy + 131
kJ/kmol), is promoted by higher temperatures, resulting in an enhanced
gas production [13,19,24]. However, it is worth noting that even though
the described trend is the same for the three samples, significant dif-
ferences are observed. For the same gasification time, the increase in the
gas production was greater for CS in comparison to OPS and BG, when
the gasification temperature rose from 750 °C to 850 °C. Similarly, the
energy fraction contained in the permanent gases augmented 28 per-
centage points for CS compared to only 10 and 5 for BG and OPS
respectively (Fig. 2). The decrease in the energy fraction associated with
the recovered solids and liquids was also greater for CS.

The experimental results proved that under the same gasification
conditions the gas production evolution is also different for the three
samples. Notably, CS exhibited the highest gas yield, while BG and OPS
showed a similar behavior, as observed in Fig. 3. These differences are
consistent with the calculated average reactivity values, revealing that
regardless of the process temperature, the gasification reactivity of CS
was always higher in comparison to BG and OPS. For instance, at 850 °C,
the BG and OPS reactivities correspond to only 51% and 14% of the CS
value respectively, clarifying the observed differences in the gas yield
evolution with the gasification temperature and time. Accordingly, two
different trends are identified: CS in one hand, with high steam gasifi-
cation reactivity, and BG and OPS on the other hand.

Despite the differences in the macromolecular structure of the sam-
ples, the observed trend may be mainly related to their inherent inor-
ganic content. For instance, CS and OPS showed very different
gasification behavior despite their comparable macromolecular
composition and nature (endocarp biomasses). In contrast, BG and OPS
showed similar gas yield evolution under the same gasification condi-
tions. Specifically, CS contain mainly K and Ca, while OPS and BG are
principally composed of Si, Al, and P, as described in Table 1. On this
subject, the beneficial effect of AAEM on the steam gasification behavior
of carbon materials, as well as its inhibition by Si, Al, or P, has been
highlighted by different authors [32,37,38], and kinetically confirmed
in a previous work [26,39].

In the particular case of steam gasification, the influence of alkali and
alkaline earth metals (AAEM) on the water gas reaction (C + Hy0O — CO
+ Hy) has been described as an oxygen transfer mechanism via the metal
M, involving the reaction of salts with carbon, followed by the subse-
quent metal oxidation by the gaseous environment [40,41]. As a result,
the enhanced oxygen exchange between the gasifying atmosphere and
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Table 2

Steam gasification by-products distribution and associated energy fraction for the analyzed experimental conditions.

Product distribution

Product energy fraction Gas efficiency (%)

Raw sample * Solid (g/8bio) Liquid (g/gpio) Gas (8/8bio) Solid (%) Liquid (%) Gas (%)

CS_750°C_1h 0.23 0.92 0.50 37.0% 17.0% 46.0% 33.2%
CS_750°C_2h 0.20 1.98 0.75 23.3% 30.6% 46.2% 37.1%
CS_750°C_3h 0.16 2.97 1.26 13.0% 32.6% 54.4% 52.0%
CS_850°C_1h 0.12 0.48 0.94 16.9% 10.1% 73.0% 54.6%
CS_850°C_2h 0.04 1.18 1.62 3.9% 15.4% 80.7% 78.3%
BG_750°C_1h 0.23 0.97 0.47 33.4% 21.9% 44.7% 31.0%
BG_750°C_2h 0.21 2.11 0.65 21.4% 34.4% 44.2% 34.4%
BG_750°C_3h 0.20 3.40 0.79 15.7% 43.9% 40.5% 33.6%
BG_850°C_1h 0.15 0.85 0.54 21.8% 22.9% 55.4% 33.3%
BG_850°C_2h 0.12 1.84 0.92 8.9% 31.4% 59.7% 45.3%
BG_850°C_3h 0.08 2.76 1.34 3.4% 34.5% 62.0% 53.8%
OPS_750°C_1h 0.25 0.97 0.44 37.1% 18.2% 44.8% 35.5%
OPS_750°C_2h 0.24 2.12 0.65 25.1% 27.1% 47.8% 45.9%
OPS_750°C_3h 0.24 3.11 0.88 19.4% 31.9% 48.7% 49.3%
OPS_850°C_1h 0.23 0.73 0.56 35.3% 15.5% 49.2% 35.1%
OPS_850°C_2h 0.20 1.62 1.00 19.8% 21.7% 58.5% 54.5%
OPS_850°C_3h 0.16 2.62 1.35 12.6% 27.4% 60.0% 60.3%
Blends "

50%CS_50%BG 0.16 0.65 0.76 24.2% 13.7% 62.1% 46.5%
50%CS_50%0PS 0.17 0.72 0.73 27.4% 14.8% 57.8% 44.6%
90%CS_10%BG 0.15 0.46 0.89 22.6% 9.3% 68.1% 52.7%
90%CS_10%0PS 0.12 0.68 0.86 19.0% 14.1% 66.9% 51.2%

Analyzed samples: coconut shells (CS), bamboo guadua (BG), oil palm shells (OPS).
@ Sample name gives information about gasification conditions: sample_temperature_time.

b Biomass blends were gasified at 850 °C, during 1 h.

the reacting solid increases the carbon conversion rate, leading to a
higher reactivity and gas production (Fig. 4). This is the case of CS,
considering that their main inorganic constituents are alkali and alkaline
earth metals (around 3700 mg/kg dry basis). In accordance, this sample
exhibits a catalytic gasification behavior, with a higher gas yield in
comparison with the other two selected feedstocks.

However, the described catalytic mechanism may be inhibited by
elements like Si, Al, and P, as they tend to react with AAEM, reducing
their beneficial effect [26,32,33,39]. In particular, the formation of

alkali phosphates, silicates, and aluminosilicates may hinder the oxygen
transfer mechanism via the metal M, and in consequence, the catalytic
impact of AAEM on the steam gasification reactions [42-44]. Despite the
fact that BG and OPS have non-negligible amounts of AAEM (around
6000 and 1200 mg/kg dry basis respectively), the significant content of
Si, Al, and P in these samples (around 20,400 and 7300 mg/kg dry basis
respectively), may explain their similar behavior and the notable dif-
ferences observed with CS. The catalytic steam gasification of CS and the
inhibitory impact of Al, Si, and P was confirmed by the physico-chemical
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Fig. 4. Reaction mechanism of water—gas reaction (C + H,O — CO + Hy) in the
presence of AAEM. The possible oxygen transfer mechanism between the
gaseous atmosphere (H20) and the reacting solid (C) is schematized [38,40].

characterization of the process solid by-product.

3.2. Catalytic gasification revealed by the process solid by-product

The oxygen transfer mechanisms between the sample and the gasi-
fying atmosphere may involve the intermediate creation of oxygen and
hydrogen surface complexes in the reacting carbon substrate. In accor-
dance, the characterization of the process solid by-product, also called
biochar, corroborated the favorable effect of AAEM on the development
of gasification reactions. In particular, the thermal programmed
desorption (TPD) results revealed a higher extent of oxygen-containing
surface complexes in the samples obtained from coconut shells, showing
greater amounts of desorbed CO and COs in all the analyzed TPD tem-
perature range (25-800 °C), in comparison to the other two feedstocks
(Fig. 5). In the case of samples from steam gasification at 850 °C during
1 h, the total amount of desorbed products for CS char was 1.5 and 3
times higher than the observed values for BG and OPS chars respectively
(1.41 mmol/g compared to 0.95 mmol/g for BG and 0.48 mmol/g for
OPS). Moreover, the observed differences in the total amount of CO and
CO4 desorption increased to 2.5 and 5 times respectively, for a gasifi-
cation time of 2 h (2.32 mmol/g compared to 0.90 mmol/g for BG and
0.50 mmol/g for OPS). This behavior suggests an enhanced oxygen ex-
change between the carbon substrate and the gasifying agent for CS, and
confirms the catalytic impact of AAEM on the development of steam
gasification reactions, according to the mechanism described (see
Fig. 4).

Moreover, the association of Si, the main inorganic constituent of BG
and OPS, with the AAEM present in these samples, was verified by TEM-

EDX and SEM-EDX analysis, confirming the chemical affinity of these
elements under the studied steam gasification conditions, and in
consequence, the inhibition of the presented catalytic reaction mecha-
nism. From TEM-EDX cartographic images presented in Fig. 6a, it was
possible to observe that Si may be present in the biochar as SiOj, or
associated to K or Ca. Furthermore, single point SEM-EDX spectra of BG
and OPS biochars confirmed the presence of Si, P, and Al, and their
association to AAEM, probably as phosphates, silicates, or aluminosili-
cates (Fig. 6b-d). In the particular case of BG biochar, the presence of
calcium potassium phosphate CaKPO4 (01-074-1951) and cristobalite
SiO4 (96-900-8230) was verified by XRD analysis (Fig. S1 in Supple-
mentary Information. Other species like KAISiO4 (00-155-0184) may
probably be present, but hidden by the intense SiO, peaks in XRD dif-
fractograms. In contrast, the occurrence of these compounds was not
observed in coconut shells biochar samples.

3.3. Prediction of bioresources steam gasification behavior

From the experimental results and the described reaction mecha-
nism, it is possible to conclude that the proportion of AAEM in relation
to Si, AL, and P in the raw feedstocks, determines their steam gasification
behavior. In this regard, different inorganic ratios were analyzed in
order to establish their relationship with the gasification reactivity and
product yield of lignocellulosic bioresources. In the first place, the ratio
(Na + K + Na + Mg)/(Si + Al + P), considering the impact of the usual
inherent AAEM in agrowastes, seems to appropriately describe the two
observed trends: values higher than one indicate a catalytic gasification
behavior of samples, contrary to values below one. However, consid-
ering that among AAEM, K has been identified as the most active
element promoting the steam gasification reactions in carbon materials
[28,29], the simplified inorganic ratio K/(Si + P) can be considered as a
straightforward method to depict the gasification behavior of samples.
The validity of the latter fraction, proposed by Hognon et al. [45], was
kinetically confirmed in a previous study [26,34], and validated here as
a way to predict the occurrence of a catalytic mechanism during the
biomass steam gasification. It is worth noting that despite the fact that a
certain amount of minerals may volatilize during the pyrolysis stage,
high mineral retentions levels were observed in pyrolysis biochars for K,
Si, and P (>80%) [46-48]. In accordance, the proposed inorganic ratio
based on the raw biomass composition is a good indicator of the samples
gasification behavior.

Regarding the analyzed raw samples, the inorganic ratio K/(Si + P)
of coconut shells is 3.9, while bamboo guadua and oil palm shells values
are 0.2 and 0.17 respectively. The clear differences observed between
the samples, explain the outstanding behavior of coconut shells in
relation to gas production and efficiency (see methods). Specifically, the
process gas efficiency calculated for gasification at 850 °C, during 1 h, is
around 20 percentage points higher for coconut shells, in comparison to



1 CO, desorption 1
0.10 —o—CS  0.84 mmol/g 0.25
1 —0—BG  0.38 mmol/g 1

—0—O0PS 0.15 mmol/g

CO, (mol. %)
o
o
[9)]

CO (mol. %)
o
o

(02 0: 0 (000000000000000000000

CO desorption
—o0—CS 0.57 mmol/g
—0—BG  0.56 mmol/g
—0—O0PS 0.32 mmol/g

Total CO, and CO
desorption

cs 1.41 mmol/g

BG  0.95 mmol/g

OPS 0.48 mmol/g

00 200 300 400 500 600 700 800 900 1000

Temperature (°C) ’

N

0.04 - 0.10

0.02 - 0.05

0.00 - 0.00 -
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)
q 0.12 d) 0.80

E CO, desorption 0.70 1

0.10 —o—CS  0.76 mmol/g o
1 —o0—BG  0.35 mmol/g 0.60

0.08 —0—OPS 0.17 mmol/g 1

CO, (mol. %)
o
o
[9)]

CO (mol. %)
o
>
o

0.04 0307

1 0.201
0024 010
0.00 - 0.00

0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

01(0:70:(9000000000000000000

0 100 200 300 400 500 600 700 800 900 1000

CO desorption
—o—CS 1.56 mmol/g
—0—BG  0.54 mmol/g
—o—OPS  0.33 mmol/g Total CO, and CO
desorption
cs 2.32 mmol/g
™ BG  0.90 mmol/g

OPS 0.50 mmol/g

7
Temperature (°C)
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gasification of the three analyzed samples at 850 °C for 2 h.

the values obtained for bamboo guadua and oil palm shells (55% in
comparison to 33% and 35% respectively). In this regard, to further
illustrate the influence of the inherent inorganic elements in the raw
biomass, the gasification behavior, product yield, and process efficiency
of selected biomass blends was also analyzed and compared. Under the
same process conditions, two different trends were clearly distinguished
(Fig. 7). In the first place, it can be noted that the gas efficiency of the
process increases with K/(Si + P) for ratios below 1. In contrast, the
highest gas efficiencies were observed for biomasses and blends with K/
(Si + P) close to or higher than 1. It is worth noting that for samples with
an inorganic ratio higher than 1, the calculated gas efficiency remained
almost constant.

It should be mentioned that from the analysis of the gas yield and gas
efficiency obtained for each sample, it is not possible to evidence syn-
ergistic or inhibitory effects as a function of the biomass blend ratio.
However, the experimental results highlight the evolution of the gasi-
fication behavior of samples as a function of their inorganic ratio. These
findings confirm the validity of the inorganic ratio K/(Si + P) adopted in
this work to classify and predict the behavior of lignocellulosic agro-
waste. From a practical point of view, this observation is particularly
relevant for real applications, as the process parameters and conditions
should be adapted according to the feedstock characteristics. In partic-
ular, longer gasification times or higher temperatures are required for
biomasses with low gasification reactivity, identified by an inorganic
ratio K/(Si + P) lower than 1. Moreover, the behavior of biomass blends
may be estimated from the knowledge of the inorganic composition of
the individual feedstocks.

3.4. Steam gasification fuel-gas composition

Despite the two different trends observed in the steam gasification
behavior of the analyzed samples as a function of their inorganic

composition, it is worth noting that no significant differences were
identified in terms of the produced gas composition, as observed in
Fig. 8. In fact, under the same gasification conditions, the catalytic
development of the water—gas reaction (C + H,0 — CO + Hy), associ-
ated to the presence of AAEM in the biomass, enhances the gas pro-
duction, but does not show a significant effect in the produced gas
composition, as detailed in Fig. 4. In all cases, Hy was identified as the
main gaseous species, with an average fraction near 60%, followed by
CO and COy with 19% and 18% respectively. Concentrations below
0.6% of CH4 were also observed in all cases, and below 0.02% of CoHy4
for OPS.

For the three samples, a slight decrease between 2 and 5 percentage
points in the Hy fraction was observed with the temperature rise from
750 °C to 850 °C. This behavior is probably related to the water—gas shift
reaction (CO + H,O — CO;, + Hy), that could be disfavored with the
temperature increase. In fact, this reaction is slightly exothermic (-41
kJ/kmol), and has a higher equilibrium constant at lower temperatures,
implying lower H, yields when the temperature increases [49-51]. The
CH4 content in the produced gas is very low, considering that metha-
nation reactions (C + 2Hy < CHy4 —74.8 kJ/kmol, 2CO + 2H; — CH4 +
CO5 —247 kJ/kmol, or CO + 3Hy < CH4 + Hy0 —206 kJ/kmol) are not
favored in the analyzed temperature range (exothermic reactions). In
this regard, the slight decrease in the CH4 content with the gasification
temperature may be related to the equilibrium constant decrease of
these reactions with temperature.

Under all the tested conditions, the calculated gas high heating value
(HHV) was between 10 and 12 MJ/m3, as expected for a steam gasifi-
cation process of lignocellulosic materials (Supplementary Table S1)
[15,16,52-54]. Moreover, the average Hy/CO ratio of the produced gas,
with values between 2.5 and 4.5 suggests its suitability in energy ap-
plications, as fuel in gas turbines or internal combustion engines
[55-57]. The similarities between the gas compositions obtained from
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the selected biomasses and blends may be mainly related to their close
organic content, with H/C and O/C ratios near 1.5 and 0.8 respectively
(Table 1). In this respect, Cao et al. [58] found a correlation between the
H,/CO ratio of the gasification gas and the H/C ratio of different range
coals. Particularly, in the case of the analyzed raw biomasses, the H/C
ratio is very close, as well as the H/C ratio of the pyrolysis biochars at the
beginning of the gasification stage (0.15 for CS biochar, 0.16 for BG
biochar, and 0.18 for OPS biochar at 850 °C), supporting the similar gas
composition observed.

4. Conclusion

AAEM, and particularly K, have a catalytic effect on the steam
gasification reactions of bioresources. It may be nevertheless inhibited
by elements like Al, Si, and P. The gasification catalytic mechanism
associated with the presence of AAEM in the raw biomass was described
as the enhancement of the oxygen transfer mechanism between the
carbon and the reacting atmosphere. Its inhibition by Si, Al, and P was
confirmed by the characterization of the gasification solid by-product.
Accordingly, this work confirms the validity of the inorganic ratio K/
(Si + P) to predict the steam gasification reactivity and kinetics of



Coconut shells (CS) Bamboo guadua (BG) Oil palm shells (OPS)
80 80 80
g H,/CO: 3.4 g H,/C0: 3.5 s H,/CO:3.1
= 60 H,/CO: 3.3 < 604 H,/CO:2.7 2‘.:, 604 H,/CO:2.7
2 o S
s E B
8 40+ 8 40- 8 40-
£ £ £
8 20- S 204 S 20
2 8 2
© (U] U]
0 - 0 0 -
co CO2 CH4 H2 co CH4 H2 co C0o2 CH4 H2
Gasification temperature (°C) Gasification temperature (°C) Gasification temperature (°C)
m750°C W 850°C m750°C m850°C m750°C m850°C
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bioresources, and demonstrates its strength to also predict their steam
gasification performance, regarding energy applications. Specifically,
the process product distribution and energy fractions. Under the same
conditions, samples with K/(Si + P) above 1 exhibited a higher gas yield
and efficiency in comparison to samples with K/(Si + P) below 1. This
work depicts the mechanisms leading bioresources conversion, and
constitutes and important reference to properly adapt the process pa-
rameters of gasification facilities to the feedstock characteristics and
application requirements. The universality of the proposed inorganic
ratio K/(Si + P) needs to be further analyzed in the future with other
kinds of bioresources.
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