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Abstract: The relevance of selecting an appropriate bed material in fluidized bed gasification is a
crucial aspect that is often underestimated. The ideal material should be economical, resistant to
high temperatures and have small chemical interaction with biomass. However, often only the first
of such three aspects is considered, neglecting the biomass–bed interaction effects that develop at
high temperatures. In this work, olivine and K-feldspar were upscale-tested in a prototype fluidized
bed gasifier (FBG) using arboreal biomass (almond shells). The produced syngas in the two different
tests was characterized and compared in terms of composition (H2, CH4, CO, CO2, O2) and fate of
contaminants such as volatile organic compounds (VOCs), tar and metals.. Moreover, the composition
of olivine and K-feldspar before and after the biomass gasification process has been characterized.
The aim of this work is to show which advantages and disadvantages there are in choosing the
most suitable material and to optimize the biomass gasification process by reducing the undesirable
effects, such as heavy metal production, bed agglomeration and tar production, which are harmful
when syngas is used in internal combustion engines (ICE). It has been observed that metals, such
as Ni, Cu, Zn, Cd, Sn, Ba and Pb, have higher concentrations in the syngas produced by using
olivine as bed material rather than K-feldspar. In particular, heavy metals, such as Pb, Cu, Cd, Ni
and Zn, show concentrations of 61.06 mg/Nm3, 15.29 mg/Nm3, 17.97 mg/Nm3, 37.29 mg/Nm3

and 116.39 mg/Nm3, respectively, compared to 23.26 mg/Nm3, 11.82 mg/Nm3, 2.76 mg/Nm3,
24.46 mg/Nm3 and 53.07 mg/Nm3 detected with K-feldspar. Moreover, a more hydrogen-rich
syngas when using K-feldspar was produced (46% compared to 39% with olivine).

Keywords: fluidized bed gasification; K-feldspar; olivine; syngas; bed material; biomass; almond
shells; metals; tar; VOCs

1. Introduction

The increase in global energy demand, along with climate change threats and geopo-
litical instability that affect fossil fuel availability, have shifted energy demand toward
renewable energy sources [1,2]. Compared to traditional fossil fuels, biomass is broadly
available and produces a lower impact on the environment [3]. The production of energy
from biomass solves some fundamental problems affecting other forms of renewable energy,
such as wind and solar energy, as complex storage and the ability to produce energy when
needed [4,5]. Easy to store, biomass guarantees continuity of supply and availability of en-
ergy, and its negligible sulfur content along with highly volatile components of most types
of lignocellulosic biomass increase the benefits of its use in gasification processes [6,7]. Gasi-
fication represents a promising technology for converting biomass into a fuel source [8–11].
Through a series of chemical reactions, gasification leads to the production of a synthetic
gas, the so-called syngas [12–14], which possesses a larger energy density than biomass and
can be used in many applications, including fuel cell power generation, internal combustion
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engines (ICE) or gas turbines [15,16] After properly cleaned of ashes and tar (a complex
mixture of condensable hydrocarbons), syngas is mostly composed of carbon monoxide
(CO), carbon dioxide (CO2), hydrogen (H2) and methane (CH4) besides nitrogen (N2) in
the case of air or enriched air as an oxidant carrier agent [3,17].

Fluidized bed gasification (FBG) is a widely commercialized technology for converting
biomass into a fuel source. One key advantage of FBG is the ability to maintain a constant
bed temperature using bubbling beds composed of a mixture of biomass and materials,
such as olivine, K-feldspar, quartz sand or sepiolite. [18], which act as thermal energy
carriers and mixers [19]. The selection of appropriate bed material gives benefit to the
process in terms of heat transfer, mass transfer and fuel mixing so as to allow the reactor to
maintain an isothermal behavior and high performance. Thus, by means of a thoughtful
selection of suitable minerals, bed properties can be evaluated in order to optimize the
gasification process and increase the syngas quality by facilitating biomass conversion and
guaranteeing limited contents of undesirable products such as tar and alkali compounds.
The optimal materials to employ are determined by chemical, mechanical and environ-
mental considerations. However, too frequently, the mechanical and economic factors are
prioritized above the chemical consequences that inevitably lead to affecting the quality
of the syngas. Several research works have focused on the importance of the study of
chemical reactions occurring in gasifiers with the aim of obtaining a syngas with the lowest
concentration of pollutants [15], while there is a lack of study about the interaction that
occurs between the different bed materials and the selected biomass. Some authors found
that tar decreased while H2 production increased due to improved steam reforming and
water–gas shift reactions in fluidized beds where olivine served as bed material [20,21].
Different materials were also tested, e.g., Soria-Verdugo et al. 2019 [22] conducted research
focused on studying the gasification process of a lignocellulosic biomass in a bubbling
fluidized gasifier. Sepiolite, a lower particle density material, was tested, and a larger
H2 production together with a lower tar concentration were found. With regard to the
reduction of metal emissions, many studies have proposed various strategies that involved
the assessment of the bed and the materials that constitute it [23–25].

In previous works [26,27], some of the most commonly used materials in the literature
(i.e., olivine, K-feldspar, calcite and kaolinite [28,29]) were lab-scale-tested in order to
establish which minerals were the most suitable for the bed constitution. Tests were
conducted in TGA-DSC (thermogravimetric and differential scanning calorimetry analysis)
that proved to be an excellent lab-scale approximation for the evaluation of syngas produced
from a fluidized bed gasificator [26], with a few milligrams of material combined with a few
milligrams of arboreal or herbaceous biomass obtained from plant-assisted bioremediation
(PABR) processes [30], with the aim to determine which material of the bed provided
better performance in terms of less heavy metal syngas contamination. It turned out that
K-feldspar was the most versatile material, with optimal results with both arboreal and
herbaceous PABR biomass, while olivine provided good results only with arboreal PABR
biomass. This research work represents a step forward in the assessment of such an analysis:
results previously obtained were used as a basis for operating on a real prototypal plant of
fluidized bed gasification, in which the best-performing materials in a lab-scale test, olivine
(O) and K-feldspar (K), have been compared using almond shells which, although not
obtained from PABR processes, are an arboreal biomass widely available in large quantities.
By means of a pilot scale FBG system, this research study aims to upgrade previous works
with the purpose of providing a solid foundation for the selection of the best bed material in
accordance with the type of biomass used to build an FBG plant, which yields a hydrogen-
rich syngas with the fewest contaminants released by the biomass-bed interaction.

2. Materials and Methods

The gasification tests, the preliminary analysis as well as the instrumental measure-
ments were all performed at LASER-B (Laboratory for Experimental Activities on Re-
newable Energy from Biomass) located at CREA-IT (Council for Agricultural Research



Sustainability 2023, 15, 2600 3 of 12

and Economic—department of Engineering and Agri-food transformations) in Montero-
tondo (Italy).

2.1. Biomass and Bed Materials Characterization

Almond shells (not obtained from PABR) were subjected to chemical–physical analysis
in order to determine moisture and ash content, lower heating value (LHV), higher heating
value (HHV) and elemental composition in terms of C, H, N and S. Preliminarily, the
biomass was ground with a RetschSM 100 knife mill and then dried with a Memmert
UFP800 oven at 105 ± 2 ◦C for 24 h. The moisture content was determined in accordance
with EN ISO 18134-1:(2015). The ash content was determined in accordance with EN ISO
18122:(2015): about one gram of biomass was placed in a muffle furnace (Lenton EF/11 8B)
and first heated up to 250 ◦C for two hours with a 6.5 ◦C/min ramp and then up to 550 ◦C
for one hour with a 10 ◦C/min ramp. HHV was determined in accordance with EN ISO
18125:(2009) using an Anton Paar 6400 isoperibolic calorimeter. Finally, LHV was obtained
using the HHV and the hydrogen percentage.

The elemental analysis, allowing the determination of carbon, hydrogen, nitrogen and
sulfur content, was measured in accordance with EN ISO 16848:(2015) using a Costech
ECS 4010 CHNS-O elemental analyzer. About 5 mg of the sample was weighted into tin
capsules and then placed into the reactor. The limit of quantification (LOQ) showed to
be 0.05% w/w for each sample. The oxygen content was then determined by comparing
dry samples (UNI EN ISO 16948:2015). All biomass characterization tests were conducted
in duplicate.

Metal content was investigated both in biomass and in bed materials. Samples
(≈ 500 mg) were mineralized in acid environment using a microwave digester (Start D,
Milestone, Italy) in order to make the sample suitable for introduction into an inductively
coupled plasma mass spectometer (ICP-MS) system (Agilent 7700). A solution for the acid
composed of 6 mL of HNO3 (65% v/v) and 3 mL of H2O2 (30% v/v) was used for the acid
attack and the sample solubilization. The instrument was calibrated using multi-element
standards (Standard mix, concentration 10 ppm in metal, Ultrascientific) in an acidified
aqueous solution (HNO3 2% v/v). The calibration line was developed with four standards
ranging in concentration from 50 to 1000 ppb. Yttrium was employed as the internal
standard via the instrument’s automated input mechanism.

2.2. FBG Plant and Syngas Sampling

The gasification experiments were performed at CREA-IT in the fluidized bed gasifier
(1 kWth) facility held by DIMA (Department of Mechanical and Aerospace Engineering—
Sapienza University of Rome), previously adopted and described in recent studies [31,32].
The gasification plant used is shown in Figure 1. Olivine and K-feldspar selected as bed
materials were sieved to ensure a granulometry between 100 and 200 µm. For each test,
1 kg of bed material was used. The density of bed materials was 3.49 g/cm3 for olivine
and 2.77 g/cm3 for K-feldspar. The system operated at constant (atmospheric) pressure,
with a small overpressure in the fluidized bed of about 200 mbar (20 kPa). After being
preheated in a wind box, air was sent into the FBG from the bottom side of the reactor with
a mass flow rate adequate to generate a bubbling bed as well as to feed the gasifier with a
sufficient quantity of oxygen required to support the gasification reactions (Table 1) [33]. In
agreement with [34], reactor temperature was set at 820 ◦C. A LabView® application was
used to control oxidant agent flow (air) by means of a mass-flow controller (Bronkhorst
MFC 50 L/min). A Bronkhorst MFC calibrated for syngas flow rates ranging from 8 to
400 Nml/min was used to compute the syngas slipstream sent to the metals, tar and VOC
sampling systems shown below.
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Table 1. Operating conditions in the FBG.

Air [Nl/min] 8

Wind box [◦C] 450
Reactor [◦C] 820

Biomass [g/h] 780
Equivalent ratio 0.3

Minimal fluidization velocity: olivine tests [m/s] 0.055
Minimal fluidization velocity: K-feldspar tests 0.044

The biomass was introduced into FBG through a screw fed by an electric motor and
supplied by a tank. It was chosen to condition the system before the start of the sampling
test to ensure a correct temperature distribution. In particular, tests were started about an
hour after the achievement of the operating temperatures. The reaction time was about
1 h. The reaction was conducted for the time strictly necessary for the conditioning of
the plant and the sampling phase. A pipe placed in the top region allows the produced
syngas to be delivered to the cleaning section. On the contrary, the majority of char and
ashes remain trapped in the reactor and mix with the bed material. The syngas purification
section consists of a cyclone that removes the biggest char and ash fractions carried by the
gas flow and a ceramic filter that heats the gas to 400 ◦C to promote thermal degradation
of heavy compounds while preventing tar deposits. Finally, syngas passes into the final
impingers system for fugitive ashes, tar and metals. A mass flow controller has been placed
downstream from the impingers system, which allows recording the flow of syngas that
has passed through the sampling system. The ashes present on the bottom of the reactor
(bottom ashes) and those separated by the cyclone (flying ashes) were also collected and
analyzed to determine the metal content. Syngas was collected using Tedlar® bags after the
ceramic filter and subsequently characterized with a 3000 Micro GC Inficon gas analyzer
in order to obtain the syngas composition on a dry basis. Bottom ashes are the heaviest
fraction and are collected and mixed with char in the lower part of the gasifier. Hence,
the presence and potential interaction of such components with the bed materials must be
considered during analysis. Flying ashes are easily transported by the generated syngas
and captured by the cyclone. Fugitive ashes, lastly, are caught by the trapping system
consisting of the three impingers placed downstream of the ceramic filter.

It is possible to analyze the bottom ash deposit by comparing the metal contents of the
reactor after the conclusion of the gasification with the material employed as a bed and,
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equally important, the possible release of volatile metals from the bed materials and the
successive transport in the syngas.

2.3. Metals and Tar Sampling and Analysis

The produced syngas was sampled in order to evaluate the metals and tar presence.
A system of three impingers (250 mL, DadoLab) was set up in line and immersed in a
thermostatic bath at sub-ambient temperature (5 ± 1 ◦C, DadoLab Chiller SC5). Syngas was
bubbled inside the impingers each filled with 100 mL of a suitable solution for sampling the
analytes. A solution of HNO3 and H2O2 in milli-Q water was used for the metals’ sampling.
This solution has a content of HNO3 ≈ 3.3% v/v and H2O2 ≈ 1.5% v/v, according to UNI
EN 14385. Tar was sampled by bubbling the syngas in the same way in a ≈ 50% isopropanol
solution. The third impinger, in both cases, is defined as backup and is used to check that
the sampling was quantitative. A correct sampling requires that the concentration of the
analytes in the third impinger does not exceed 5% compared to the sum of the same in the
first two impingers. The impingers were placed at sub-ambient temperature in a thermal
bath at 5 ◦C, to favor the trapping efficiency. The bubbled solutions were analyzed with
the ICP-MS described above to determine the concentrations of the metal species, while
the collected tar solutions were injected into a gas chromatograph coupled with a mass
spectrometer (GC-MS) system (Agilent 7000). All experiments were carried out in duplicate.

2.4. VOCs Sampling and Analysis

Volatile organic compounds were also collected downstream of the gasifier. A sam-
pling ATA (Air toxic analyzer, Markes Int.) was used in order to capture VOCs produced
during the gasification process. Samplings were carried out by placing the adsorbent tubes
in correspondence with the gasifier’s gas outlet. Active sampling of the syngas was carried
out at a flow of 50 mL/min using an appropriate sampling pump. All tests were conducted
in duplicate. A thermal desorber 100-XR (TD, Markes Int.) was used for the analysis,
carried out with an Agilent 7000 GC-MS system. Tubes were desorbed according to the
method described by Paris et al. [35]. The GC-MS analysis was conducted according to the
protocol outlined in Table 2, in splitless. The acquisition of volatile organic compounds
(VOCs) was executed utilizing the full-scan mode within the mass-to-charge ratio range of
35-450 utilizing an electron ionization (EI) source at a temperature of 250 ◦C [35].

Table 2. GC ramp.

Rate [◦C/min] T [◦C] Hold Time [min]

Initial - 35 3
Ramp 5 250 5

3. Results and Discussion
3.1. Biomass Characterization

Almond shells were subjected to a physical–chemical characterization in order to
evaluate their characteristics and their potential use as feedstock in biomass gasification
processes. The elementary analysis carried out on almond shells showed the opportunity to
use such biomass in thermochemical processes because of the C/N ratio higher than 30 and
the moisture content equal to 10.36% [26]. The sulfur content was not quantifiable, hence it
was not considered in the present analysis. Table 3 shows the results of such analysis.
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Table 3. Physico–chemical characterization of almond shells used as fuel.

Parameter Amount Units

moisture 10.36 %
C 45.09 %
H 9.88 %
N 0.79 %

ash 4.61 %
HHV 20.37 MJ/kg
LHV 18.34 MJ/kg

3.2. Metal Assessment in Biomass and in Bed Materials

Results of ICP-MS analyses on biomass are presented as follows (Table 4). Bold values
refer to relevant heavy metals. High concentrations of macroelements (Na, Mg, Ca, K) are
attributable to the ability of the plant itself to assimilate such cationic species from the soil
during the growing phase.

Table 4. Metals concentrations in almond shells.

Metal mg/kg

Li 0.42
B 7.40

Na 91.72
Mg 19.79
Al 21.90
K 79.09
Ca 49.51
Cr 0.69

Mn 0.78
Fe 73.98
Co 0.62
Ni 2.14
Cu 2.05
Zn 4.06
Ag 0.13
Cd 0.12
Sn 8.09
Ba 1.15
Pb 0.47

A preliminary characterization of both bed materials selected for this study was
conducted in a previous work [31]. Olivine showed a noticeable amount of Fe, Cr, Mn, Co
and Ni, while K-feldspar contained large amounts of Ca, K and Al. Due to their catalytic
effect, the presence of Ni and Fe can positively influence the gasification process and
prevent tar formation [19]. Results obtained in such previous works are shown in Table 5.

Table 5. Metal content in bed materials [31].

mg/kg Olivine K-Feldspar mg/kg Olivine K-Feldspar

Li 0.100 0.002 Fe 4508 15.82
B 0.01 0.01 Co 7.99 0.03

Na 12.72 2.97 Ni 149.9 0.37
Mg 17620. 2.80 Cu 1.55 0.05
Al 144.4 22.87 Zn 0.86 1.59
K 1.82 23.82 Ag 0.001 0.031
Ca 32.44 67.49 Cd 0.002 0.003
Cr 14.38 0.05 Ba 0.032 0.16

Mn 69.74 1.87 Pb 0.003 0.88
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3.3. Metals in Bottom and Fly Ashes

The distribution of pollutants generated by the gasification process is extremely im-
portant to assess a correct disposal and separation procedure. Metals are concentrated in
ash which may be distinguished into three fractions: bottom, flying and fugitive ashes,
based on the stream they depend on. In Tables 6 and 7, metal concentrations in the flying
and in the bottom ashes in both two different FBG systems (olivine + almond shells (OA)
and K-feldspar + almond shells (KA)) are reported. When olivine was used as a boiling bed
material, only four metals (Cr, Ni, Ag and Pb) remained confined within the bottom ashes
rather than being transported by syngas in fly ashes. Metals dragged by the volatile fraction
are Mg, Mn, Fe and Ca, whose concentrations in fly ashes are higher than 1 g/Kg. In the
KA case, several metals, such as Li, Mg, Al, Fe, Co, Cu, Zn and Ag, are observed in higher
concentrations in bottom ashes rather than in fly ashes. In KA tests, fly ashes are rich in K
and Ca with concentrations above 1 g/kg, but unlike OA, no high concentrations of Mn and
Fe in this ash fraction were detected. This comparison suggests that the high presence of Ca
is probably due to biomass rather than bed material, while the contamination of syngas and
ash with Mn and Fe is a consequence of the use of olivine as bed material. The comparison
also shows that, generally, the KA combination leads to lower metal concentrations in
the bottom and fly ashes than OA; this is due to the use of olivine which has a higher
concentration of metals. The most volatile metals in the last ash fraction (fugitive ashes)
were subsequently treated in a dedicated paragraph because their sampling method relates
their concentrations to the amount of syngas (mg/Nm3) and not to the concentration of
mg/kg ash. In fact, while for the bottom and fly ash, both separation and sampling are
physical. In fugitive, the sampling is chemical and is necessarily related to the volume of
syngas that has passed through the impingers.

Table 6. Metal content in olivine–almond shells system (bottom and fly ashes).

mg/kg OA Bottom Ashes OA Fly Ashes

Li 0.48 12.01
B 1.07 63.47

Na 210.4 532.6
Mg 98.91 52,960
Al 63.42 6561
K 122.9 6703
Ca 50.61 11,050
Cr 11,040 4423
Mn 1.79 16,900
Fe 29.21 48,720
Co 0.42 1591
Ni 32,490 7208
Cu 0.77 959.5
Zn 2.56 228.9
Ag 0.16 <LOQ
Cd 0.26 1.27
Sn 1.67 12.04
Ba 1.05 88.08
Pb 0.36 <LOQ
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Table 7. Metal content in K-feldspar–almond shells system (bottom and fly ashes).

Mg/kg KA Bottom Ashes KA Fly Ashes

Li 0.69 <LOQ
B 3.62 123.4

Na 228.6 1602
Mg 18,390 4025
Al 146 <LOQ
K 537.9 24,050
Ca 334.2 17,350
Cr 153.3 2099
Mn 162.4 499.0
Fe 4368 1637
Co 17.66 <LOQ
Ni 1924 4169
Cu 2.60 1.41
Zn 3.62 <LOQ
Ag 0.24 <LOQ
Cd 0.11 1.76
Sn <LOQ <LOQ
Ba 5.83 272.2
Pb <LOQ <LOQ

3.4. Metals in Fugitive Ashes

Metals in fugitive ashes are the fraction not stored in the bottom ash of the reactor
and not removed from the abatement systems, thus representing the fraction contained
in the final syngas. In Table 8, it is observed that, in the OA tests, metals in the fugitive
ashes are in greater concentrations compared to those obtained in the KA tests. This is in
line with what was observed for the bottom and fly ashes, where even in that case olivine
was found to be the most “contaminating” material during the gasification process and is
also consistent with what has been observed in Table 6, where it is shown that olivine has
higher metal concentrations.

Table 8. Metals in the fugitive ashes in the two different systems.

mg/Nm3 OA KA

Li <LOQ <LOQ
B <LOQ <LOQ

Na 138.0 491.9
Mg 758.8 92.57
Al <LOQ <LOQ
K 1457 178.0
Ca 163.5 117.5
Cr <LOQ 2.08
Mn 77.78 1.11
Fe 542.7 100.1
Co <LOQ <LOQ
Ni 37.29 24.46
Cu 15.29 11.82
Zn 116.4 53.07
Ag <LOQ <LOQ
Cd 17.97 2.76
Sn 84.44 19.42
Ba 119.2 86.99
Pb 61.06 23.26

The following data allow drawing important considerations in comparison with the
previous lab-scale work. In particular, heavy metals present in greater quantities were Fe,
Cu, Zn, Sn, Ni, Cd and Pb. Olivine showed worse performance in emission for Fe, Zn and
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Sn as is also confirmed in upscale tests. The presence of Ni was similar in emission with
both olivine and K-feldspar, while Pb, Cu and Cd had slightly higher concentrations in
K-feldspar tests. These data have been confirmed only partially in the upscale test: the
concentration of Ni is similar in both cases, but the concentrations of the other metals (Pb,
Cu and Cd) are in contrast with the observed ones. This suggests that the K-feldspar has
better performance on a prototype scale. The composition of Cr follows that observed in
the lab-scale, as it has a higher concentration in the syngas produced using K-feldspar as
bed material.

3.5. Syngas Characterization

Syngas compositions were analyzed to evaluate the best performance obtained be-
tween the use of the bed based on olivine or K-feldspar. As can be seen in Table 9, the use
of K-feldspar led to a greater production of molecular hydrogen and methane than the
system that used olivine. Data are normalized by excluding nitrogen percentage.

Table 9. Compounds expressed in % of the parameters analyzed in the syngas.

% OA KA

CO2 6 8
H2 39 46
O2 2 1

CH4 10 3
CO 42 43

3.6. Tar and VOCs Analysis

The results of the tar analysis are summarized in Table 10. The organic pollutant
formation is probably favored by the catalytic effect of metals present on the bed material
particle surface. The quantities of naphthalene, acenaphthylene and acenaphthene are
similar in both processes, while in the case of the use of K-feldspar a higher concentration
of Benzo[b]-fluoranthene was observed. It can be assumed that such material at FBG
operating temperatures favors the formation of this compound compared to the other
isomer observed (Benzo[k]-fluoranthene), which is in lower concentrations than in the case
of olivine.

Table 10. Tar identified in the syngas produced in the two different systems.

µg/Nm3 OA KA

Naphtalene 0.14 0.14
Acenaphthylene <LOQ <LOQ
Acenaphthene 0.47 0.48

Fluorene <LOQ <LOQ
Phenanthrene <LOQ <LOQ

Anthracene <LOQ <LOQ
Fluoranthene <LOQ <LOQ

Pyrene <LOQ <LOQ
Benzo[a]anthracene 0.17 0.06

Chrysene <LOQ <LOQ
Benzo[b]fluoranthene 16.79 314.04
Benzo[k]fluoranthene 3.51 <LOQ

Benzo[e]pyrene 37.11 27.01
Benzo[a]pyrene 19.18 12.06

Perylene 185.3 139.2
Benzo[ghi]perylene <LOQ <LOQ

VOC analysis in the syngas provided the results shown in Table 11, where the 10 quan-
tifiable compounds of the approximately 30 compounds identified using the analytical
standards are reported. Data are normalized to the volume, since each sampling was
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conducted with an aspiration flow of 60 mL/min for 5 min for a total sample volume
of 300 mL. There are no substantial differences between the OA and KA tests other than
hexane and thiophene, which are found to be under the LOQ only in the OA case and
only in the KA case, respectively. The similarity of the results could be partly justified by
the fact that VOC sampling was conducted after syngas passed through the ceramic filter,
which leads to a thermal cracking of larger organic molecules (tar) which are divided into
structurally simpler compounds (VOCs) [26].

Table 11. Organic volatile compounds detected in the produced syngas from the two different systems.

mg/m3 OA KA

Propane 0.43 1.51
Butane 0.46 0.81
Pentane 0.51 0.37
Hexane <LOQ 0.33

1,5-Hexadiyne 18.58 19.99
Thiophene 6.36 <LOQ

Benzene 17.19 17.0
Toluene 12.72 11.65

m,p-Xylene 0.40 0.31
o-xylene 0.11 0.13

4. Conclusions

The research study investigated the behavior of two of the most used bed materials in
the FBG process of almond shells, an agroforestry by-product. This work is the upgrading
in prototype scale of a previous lab-scale study in which four bed materials were compared
with arboreal and herbaceous biomass to determine if during gasification contaminants
are released into the syngas. From the previous study conducted in TGA-DSC emerged
that K-feldspar was optimal for both arboreal and herbaceous biomass, while the olivine
was optimal only for arboreal biomass. From the present analysis, it is clear that olivine
is the one that tends most easily to contribute to the contamination of syngas in terms of
heavy metals (such as Ni, Cu, Zn, Cd, Sn, Ba and Pb), while K-feldspar allows obtaining
a cleaner syngas. An exception is represented by Cr, whose presence is detected only in
tests carried out using K-feldspar. This data is in accordance with lab-scale tests. As for
the organic contaminants tar and VOCs, there is no substantial difference between the
two FBG bed materials used, except for Benzo[b]fluoranthene whose concentration in the
syngas produced using K-feldspar is approximately 20 times higher than that detected
using olivine. In conclusion, the behavior of such materials was again monitored in a pilot
gasification plant using the arboreal biomass of almond shells which can then be used as a
new energy source from a circular economy perspective. K-feldspar, besides being a minor
metal emitter, shows a higher capacity in combination with biomass to produce a syngas
richer in H2.
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