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A B S T R A C T   

Gasification experiments were carried out in a pilot scale fluid bed reactor operated under allothermal mode and 
low fluidisation regime with iron-doped olivine and char as catalyst for in-situ tar abatement. 

The catalyst combination resulted in a reduction of 50% in the overall tar yield with respect to the reference 
values. Furthermore, the integration of an oxidative Hot Gas Filtration unit downstream the gasification reactor 
led to a further reduction in overall tar yield and relatively clean gas was obtained (approx. 1 g/Nm3, benzene- 
free). The tar dew point of the resulting producer gas was estimated to 80 ◦C, only 40 ◦C above the threshold 
value recommended for its valorisation in standard internal combustion engines. Moreover, catalyst elutriation 
and char hold-up took place to a large extent inside the reactor. The analysis of catalyst samples at different 
Time-On-Stream (TOS) revealed: (i) a considerable loss of iron oxides during the first hour of test because of the 
interparticle mechanical attrition (mostly surface abrasion) and partial reduction of hematite to magnetite and 
wustite but, stable composition at higher TOS, (ii) the loss of the iron oxide coverage of Fe/olivine particles and 
the formation of agglomerates with increasing TOS and, (iii) the amount of carbon deposited in the surface of the 
Fe/olivine particles increased with TOS, but in any case, these carbon deposits can be completely oxidized above 
650 ◦C.   

1. Introduction 

Gasification is a commercially available and flexible technology for 
the conversion of biomass residues and waste to a gas vector (syngas) 
with a high potential to substitute fossil-fuels in the production of heat, 
power, and chemicals. When air is employed as gasification agent, 
gasification reaction yields a N2-diluted syngas referred as producer gas. 
This latter typically contains pollutants, such as solids and tars, that 
restraint its end-user applications. For instance, tar concertation 
threshold value for internal combustion applications is typically re-
ported within the range 10–100 mg/Nm3 [1,2]. To address this issue, a 
lot of research has been conducted during the last decades on primary 
and secondary clean-up methods based on mechanical-physical, thermal 
and catalytic strategies [3,4]. For example, Kurkela et al. [5] reported 
tar content lower than 100 mg/Nm3 during long term steam-oxygen 
gasification followed by downstream Hot Gas Filtration (HGF) and 
catalytic reforming with ZrO2, noble metal and nickel catalysts. Never-
theless, increasing complexity of the clean-up strategy negatively affects 

the overall economy of the process. Ergo developing simple and inex-
pensive producer gas clean-up methods is necessary to foster the 
development of the gasification route. 

Chars derived from pyrolysis and gasification units and some min-
erals, such as olivine and dolomite, are abundant and relative low-cost 
materials with a proven catalytic activity for the abatement of gasifi-
cation tars at high temperature [6–9]. Substantial differences on me-
chanical properties (crushing and impact strength) between chars and 
minerals impose different reactor configuration for the use of these 
materials as catalysts at industrial scale. 

On the one hand, chars are generally placed in fixed bed downstream 
the pyrolysis reaction stage. Some examples are the NoTar® gasifier 
[10], based on the downdraft configuration and, the decoupled two- 
stage configuration [11,12]. Another option is the integration of a Hot 
Gas Filter downstream the reactor stage. Thus, the fine char particles 
elutriated from the reactor are retained in the filter surface and forms 
the filter cake, promoting the contact between char particles and tars 
transported in the producer gas. Tuomi and co-workers [13] reported a 
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tar removal efficiency about 50 % during steam gasification tests with 
dolomite as bed material and a HGF kept at 800 ◦C. Moreover, other 
authors have reported steady operation of the HGF unit for over 200 h 
[14] and significative tar removal efficiencies by injecting a small 
amount of secondary air into the HGF unit kept under mild hot tem-
perature conditions (400–600 ◦C) [15]. 

On the other hand, minerals, such as olivine and dolomite, are 
typically used in simple and circulating fluidized bed configurations. 
Compared to dolomite, olivine offers the advantage of attrition resis-
tance resulting in lower content of solid particles in the producer gas 
[6,16]. Several methods have been studied to improve the attrition 
resistance and catalytic activity of olivine grains, such as thermal 
treatment and metal-doping. 

Thermal treatment (calcination) at high temperatures (greater than 
900 ◦C) is known to produce phase transformation and migration of iron 
from the inner part of olivine grains towards the surface [18–21], 
impacting positively the attrition resistance, as well as improving the tar 
abatement activity of olivine grains [17,22]. 

Metal-doping of olivine grains with costly metals, i.e. nickel, has 
shown to increase the catalytic activity for tar abatement [23–25], but 
its relatively high cost and toxicity hinder to some extent its utilisation at 
industrial scale. By contrast, iron and iron oxides are naturally abun-
dant, inexpensive and non-toxic materials with a proven catalytic ac-
tivity in the conversion of tar [26–31] and tar surrogates [20,32,33]. 
Fredriksson et al. [34] pointed out the influence of simulated oxidizing/ 
reducing gas environments on the chemical state of Fe-phases and iron 
oxides and its amount on the surface of olivine. Authors reported that 
after exposure to reducing gases (H2, CO), the iron oxides are converted 
to Fe0 and Fe3C and formation of graphitic carbon is observed whereas, 
after the exposure to oxidizing gases (O2, H2O, CO2), the free phases are 
(Fe2O3, Fe3O4 or MgFe2O3). Moreover, the redox properties of iron and 
iron oxides inherently present or added to olivine grains has attracted 
much attention for its application in circulating bed systems where 
olivine grains act as oxygen carrier between the combustion and 
reformer reactor. For example, Virginie et al. [35] reported a 65 % drop 
on the tar concentration when iron-doped olivine was used instead of 
olivine during steam gasification in a dual fluidized bed reactor system. 
Extensive characterisation of used catalyst confirmed: (i) stable struc-
ture after many oxidizing-reducing cycles and, (ii) coke deposed in 
catalyst surface was easily oxidized. Pan et al. [36] reported a 80 % drop 

in the tar concentration during the co-gasification of biomass and coal in 
a decoupled triple bed with Fe2O3/olivine catalyst compared to quartz. 
Nevertheless, the tendance of iron oxides to attrit when exposed to high 
mechanical and thermal stresses created inside circulating bed systems 
[37], make necessary a continuous back-up of the catalytic material 
compromising the economic performance of the process face to 
currently available methods for tar elimination, i.e. wet scrubbing. 

In-bed elimination of tars by in-situ produced char has been recently 
pointed out by Tsuboi and co-workers [38] as a simple strategy to pro-
mote tar decomposition while keeping the system configuration as 
simple as possible. Indeed, it is well known that the degree of char 
conversion in fluidized beds is strongly influenced by the degree of fuel 
mixing (in lateral and axial directions), which in turns is determined, 
inter alia, by the superficial velocity of the gas, the fuel properties and 
the topology of the reactor [39–41]. Therefore, by operating the reactor 
at slow fluidisation regime (in [38] the ratio of the gas velocity (U0) to 
the minimum fluidisation velocity (Umf) was kept about 1.5), the 
segregation of char particles at the upper part of the reactor was pro-
moted providing a char-rich bed for tar decomposition. However, the 
effect of the char-rich bed on tar content and composition was not 
addressed. 

The purpose of this study is to explore the synergies of char hold-up 
and iron-doped olivine for the in-bed elimination of gasification tars in a 
fluidized bed reactor operated under low fluidisation regime and 
coupled with an oxidative HGF unit. Additionally, the effects of time-on- 
stream (TOS) on catalyst properties were assessed by comprehensive 
catalyst characterisation (structure, iron oxide reducibility, 
morphology, and carbon deposition) before and after gasification. 

2. Materials and methods 

2.1. Feedstock, gasification rig and analytical methods 

Gasification tests were conducted in a pilot scale 1–10 kg/h fluidized 
bed reactor fully detailed elsewhere [15]. Briefly, pellets of N-rich 
Medium-Density Fibreboard (MDF) were continuously injected at the 
bottom of the reactor by a double screw system and gasified using air. 
Results of elemental and proximate analyses of MDF were included in 
table B.4 (Annex B). The reactor was externally heated and operated 
under allothermal mode at constant temperature. A cyclone separator, 

Fig. 1. Schematic view of the gasification rig under the HGF configuration.  
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placed downstream of the gasification reactor, was employed to remove 
the coarse particles elutriated from the fluidized bed. Next, the producer 
gas was cooled down in three heat exchangers before it enters the wet 
scrubber operated with water. Finally, the gas was flared to avoid safety 
issues. To carry out the HGF tests, a HGF unit was installed downstream 
the cyclone separator and kept at temperature of 450 ◦C by external 
heating to avoid tar condensation. Multilayer metallic filtration car-
tridges, provided by GKD [42], were used as filtration media. Filtration 
cartridges consisted of an outer thin metal fabric with a mean pore size 
of 10 µm followed by a 2–3 mm layer of non-woven metal fibres sup-
ported on a metallic frame. A schematic view of the gasification rig 
under the HGF configuration is detailed in Fig. 1. Filter cake oxidation 
was accomplished by the injection of a flow of secondary air into the 
HGF and no back-pulse system was employed in any of the filtration 
tests. The main operational parameters of the HGF unit were detailed in 
Table 2. 

Permanent gases and tars contained in the producer gas were 
sampled at the exit of the first heat exchanger following a modified 
version of the tar protocol and analysed by complementary analytical 
techniques, such as: µ-GC, HPLC-UV, GC–MS/FID and Synchronous 
Fluorescence Spectroscopy (SFS). Moreover, since MDF typically pre-
sents a high content in Fuel Bounded Nitrogen (FBN), inorganic gases 
(NH3 and HCN) were quenched separately in two impinger trains and 
quantified by ion chromatography. Surface observation and analysis of 
the filter mesh was conducted with a Scanning Electron Microscope 
(SEM) coupled with Energy Dispersive X-ray (EDX) (JEOL JSM6490 LV). 
A full description of all analytical methods can be found elsewhere [15]. 

2.2. Catalyst preparation and characterization 

Non-doped olivine (further referred as olivine) was provided by 
Magnolithe GmbH Austria [43] with a particle size distribution between 
0.3 and 0.4 mm and a mean diameter of 387 µm (see Fig. A1, appendix 
A). To increase its mechanical resistance, providers applied a calcination 
at 1600 ◦C for 4 h. Results of the characterisation of this commercial 
material have been already reported by Virgine et al. [35] indicating a 
chemical composition (wt%) of 30.5 Mg-19.6Si-7.1Fe. Moreover, au-
thors indicated that half of the 7.1 wt% Fe is present as Fe(III) oxides 
(α-Fe2O3, MgFe2O4) and the other part is present as Fe(II) inside the 
olivine structure. 

Fe-doped olivine (further referred as Fe/Olivine) was synthetized 

from Magnolithe® (original particle size of 0.2–0.3 mm) by wet 
impregnation followed by drying and calcination at 1000 ◦C for 4 h. The 
preparation protocol is fully described elsewhere [35]. Results of ICP- 
MS measurement reported previously [35] indicated a total iron con-
tent in the Fe/olivine of approximatively 16 wt% after the impregnation 
protocol. Particle size distribution of synthetized particles of Fe/olivine 
was adjusted to 0.3–0.8 mm by sieving. Mean particle size after sieving 
was equal to 382 µm (see Fig. A1, appendix A). 

As a result of the synthesis method used in this study, the calcination 
temperature after Fe impregnation was reduced to 1000 ◦C. Latter value 
is significantly lower compared to the temperature required with me-
chanical mixture (at least 1400 ◦C) to create interaction between olivine 
and added iron [44]. These interactions appeared as spinel phase 
(MgFe2O4) and Liebenbergite phase (Ni2SiO4) but no nickel nor iron 
oxide was observed. 

X-ray diffraction was conducted to obtain structural information 
about the crystallinity of the catalyst. XRD spectra were taken using a 
Bruckner AXS D8 Advanced powder spectrometer using CuKα radiation. 
The Bragg angle was 2θ = 20◦–70◦ with a scanning step = 0.0158◦ and a 
sampling time = 1 s per step. Crystalline phases were then identified by 
Powder Diffraction Files (PDF) of International Centre of Diffraction 
Data (ICDD). 

The reduction temperature and the reducibility of the catalyst was 
assessed using a Temperature Programmed Reduction (TPR) analysis. 
Powdery samples (100 mg), placed in a quartz packed bed reactor, un-
derwent TPR managed by a Micromeritics Autochem II. TPR included a 
15 ◦C.min− 1 heating up to 1000 ◦C under a reducing flowrate of 50 Nml. 
min− 1 (10 vol% of H2 in Ar). Afterwards, the sample was cooled to room 
temperature under Ar flow. The hydrogen consumption was measured 
by a thermal conductivity detector (TCD) until the signal returns to the 
baseline. 

The surface morphology of the catalyst samples was analysed using 
Scanning Electron Microscopy (SEM). Few grains of sample are sticking 
on a cylindric dural sample carrier using double-sided adhesive tape. 
Pictures was taken by a Zeiss Gemini SEM 500 equipped with an In-lens 
SE detector, an electron high tension usually at EHT = 2 kV, a sample- 
objective distance of WD = 11–12 mm and different field width values 
indicating superficial composition and olivine covering by iron oxide. 

Temperature Programmed Oxidation (TPO) was used to evaluate the 
carbon deposited on the sample by the incomplete oxidation of biomass 
compounds. Powdery samples (400 mg), placed in a quartz packed bed 
reactor, underwent TPO managed by a Micromeritics Autochem II. Each 
sample was firstly degassed and cleaned from physisorbed hydrocar-
bons, by a 30 ◦C.min− 1 heating ramp up to 700 ◦C and a cooling down to 
room temperature, all under a 50 Nml.min− 1 He stream. Actual TPO 
followed, including a 30 ◦C.min− 1 heating up to 900 ◦C under an air 
flowrate of 30 Nml.min− 1. Afterwards, the sample was cooled to room 
temperature under He flow. The gas flow was analysed by thermal 
conductivity detector (TCD) to quantify the moles of CO and CO2 formed 
during oxidation that correspond to the moles of C on the sample. 

2.3. Experimental plan 

Table 1 summarises the system configuration, test nomenclature and 
target conditions for all experiments conducted in this study. Six 
experimental runs were carried out under two system configurations 
corresponding to: (i) the standard cyclone configuration and, (ii) the 
cyclone + HGF configuration. Based on the system configuration and the 
experimental purpose of each experiment, the six runs were classified in 
three series explained below. 

The first series correspond with two reference tests conducted under 
the cyclone configuration and with non-doped Olivine as fluidized bed 
material. The purpose of these tests was to establish a reference value for 
gasification indicators and tars with non-doped Olivine. Operational 
parameters inside the gasification reactor, namely: the primary air flow 
rate, the reactor wall temperature, the primary air-to-feedstock 

Table 1 
System configuration, nomenclature, and target conditions for all experiments.  

System 
configuration 

Test 
code 

Bed 
material 

ERHGF ERtotal Test 
duration 
(h) 

Catalyst 
TOS (h) 

Cyclone REF 
(x2) 

Olivine 0  0.25 2 2 

Fe/ 
Oliv- 
1 h 

Fe/ 
olivine 

0  0.25 1 1 

Fe/ 
Oliv- 
2 h 

Fe/ 
olivine 

0  0.25 2 2 

Fe/ 
Oliv- 
4 h 

Fe/ 
olivine 

0  0.25 4 4 

Cyclone þ
HGF 

Fe/ 
Oliv 
HGF- 
1 

Fe/ 
olivine 

0.05  0.3 4 4 

Fe/ 
Oliv 
HGF- 
2 

Fe/ 
olivine* 

0.05  0.3 4 8 

*Fe/olivine material recovered after the test Fe/oliv HGF-1 was reused for the 
test Fe/oliv HGF-2. 
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equivalence ratio (ER) and the feedstock throughput, were kept constant 
at a value of 2330 NL/h, 800 ◦C, 0.25 and 2.4 kg/h (as received), 
respectively. For each test, a batch of 4 kg of fresh Olivine was loaded 
into the reactor and then, heated under air at 800 ◦C for 1 h before the 
injection of the feedstock. Fluidisation velocity (U0), calculated on the 
empty-bed basis, was 2–3 times greater than the minimal fluidisation 
velocity (Umf) equals to 0.11 m/s at 800 ◦C (as measured in this set-up). 
Under these conditions, gas residence time inside the reactor was 8 s. 
Results reported corresponds with the average and standard deviation 
values calculated from the two repeated tests (hereafter named as REF). 

The second series gather three tests, namely Fe/Oliv-1 h, Fe/Oliv-2 h 
and Fe/oliv-4 h, conducted under the cyclone configuration and iden-
tical operational conditions as for the reference tests, but with Fe/ 
Olivine instead of Olivine and a duration of 1, 2 and 4 h, respectively. 
The objective of this series was twofold: (i) to assess the combined effect 
of char hold-up and Fe-doped Olivine on the output indicators and 
products yields and, (ii) to study the impact of catalyst time-on-stream 
(TOS) on the properties of iron-doped Olivine. For each test, a batch 
of 4 kg of fresh Fe/Olivine was loaded into the reactor and then, heated 
under air at 800 ◦C for 1 h before the injection of the feedstock. The Umf 
of the Fe/olivine was identical as for the non-doped olivine even though 
the former presented a slightly different hydrodynamic behaviour. 
Indeed, the wider size distribution of the raw Fe/olivine particles (see 
Fig. A.1 and A.2, Appendix A) led to the formation of a semi-fluidised 
region in the process of fluidization. However, the expected increase 
in the value of Umf was offset as a result of lubricating effects induced by 
the presence of particles of different size [45]. 

For the third series, the HGF unit was installed downstream the 
cyclone separator and two consecutive tests, namely Fe/Oliv HGF-1 and 
Fe/Oliv HGF-2, were conducted using a unique batch of 4 kg of Fe/ 
Olivine. During the test Fe/Oliv HGF-2, de-fluidisation issues inside the 
reactor may happen if excessive char hold-up exists. Therefore, the bed 
inventory (composed of used Fe/Olivine and char) was recovered after 
the test Fe/Oliv HGF-1 and the Fe/Olivine was separated from the char 
by manual sieving. Then, the separated Fe/Olivine was reloaded into the 
reactor for the test Fe/Oliv HGF-2. Therefore, in terms of TOS, the batch 
of Fe/Olivine recovered after the test Fe/Oliv HGF-2 accumulated 8 h of 
exposition under real gasification environment. Moreover, a small flow 
of air (420 NL/h) was continuously injected in the HGF unit during both 
tests to oxidize the carbon-rich dust particles deposed on the filter sur-
face. Finally, the filter cake accumulated on the surface of the HGF 
cartridges was not removed between the two consecutive tests. 

For all the experimental runs conducted in this study, tar and acid gas 
sampling were systematically performed during the last 40 min of each 
test. Moreover, to avoid the combustion of the remaining carbon-rich 
particles inside the reactor and HGF unit at the end of the tests, as 
well as to stop further evolution of the catalyst properties, an inertiza-
tion procedure was set-up. Briefly, shortly after shutdown the biomass 
feeding, the fluidising agent (air) was switched to N2 (0.5 Nm3/h) until 
the system temperature inside the reactor was below 70 ◦C. Once the 
reactor was cooled, the bed inventory (composed of Olivine and char) 
was recovered by vacuum aspiration. Then, the char was separated from 
Olivine by manual sieving. The “char hold-up” and the “recovered 
Olivine” correspond with the mass of char and Olivine weighted after 
separation. 

The performance of the gasification process was assessed using four 
output indicators, namely Low Heating Value (LHV), Gas yield (ηgas), 
Cold Gas Efficiency (CGE) and Carbon Conversion (%C), fully described 
elsewhere [15], and calculated excluding the benzene of the composi-
tion of the producer gas. Moreover, to avoid misinterpretation the 
gasification output indicators were calculated excluding the flow of N2 
injected into the feeding system for purge and pressure stabilisation 

Table 2 
Main operation conditions, gasification indicators and product yields for all tests 
(individual yields of quantified tar molecules were detailed in Table B.1, Ap-
pendix B).  

REF Fe/ 
oliv-1 
h 

Fe/ 
oliv-2 
h 

Fe/ 
oliv-4 
h 

Fe/oliv 
+ HGF- 
1 

Fe/oliv 
+ HGF- 
2  

Gasifier       
Bed temperature, 

◦C 
793 ±
1 

791 790 799 796 797 

Freeboard 
temperature, ◦C 

763 ±
1 

763 760 764 763 764 

Char hold-up, g 293 ±
15 

260 640 806 793 910 

Recovered olivine, 
kg 

3.89 
± 0.15 

2.60 2.76 3.13 3.06 2.72 

Purge-N2 in feeding 
system, NL/h 

1099 1099 1099 550 550 550 

U/Umf 2.7 2.7 2.6 2.7 2.6 2.6 
ERreactor 0.24 

± 0.01 
0.24 0.25 0.24 0.25 0.25 

Hot Gas Filtration 
Unit       

Gas mixing zone 
temperature, ◦C 

– – – – 382 392 

Filter temperature, 
◦C (dirty side) 

– – – – 386 390 

Filter temperature, 
◦C (clean side) 

– – – – 467 484 

Face filtration 
velocity, cm/s 

– – – – 1.24 1.21 

Gas residence time 
inside HGF unit, s 

– – – – 27.6 28.1 

ERHGF – – – – 0.05 0.05 
ERtotal 0.24 

± 0.01 
0.24 0.25 0.24 0.30 0.30 

Gasification output 
indicatorsd       

Gas Yield, Nm3/ 
kgfeed (daf) 

1.58 
± 0.04 

1.56 1.56 1.58 1.84 1.92 

LHV, MJ/Nm3 5.3 ±
0.2 

4.7 4.6 4.9 4.3 4.9 

%CGE 45.5 
± 0.03 

39.6 39.7 42.3 43.6 51.0 

%C 55.3 
± 0.02 

47.5 48.1 49.5 54.4 61.4 

%H 50.0 
± 0.03 

47.0 46.8 51.9 52.0 59.5 

Tar yielda, g/kgfeed 

(daf)       

benzene 6.4 ±
0.1 

6.1 4.6 4.6 5.0 5.1 

Class II - 
(heterocyclic) 

0.44 
± 0.02 

0 0.07 0.08 0.05 0.06 

Class III - (Light 
aromatics) 

4.56 
± 0.02 

2.34 2.13 2.32 1.43 1.48 

Class IV - (Light 
PAH) 

3.55 
± 0.07 

1.95 1.66 1.69 0.77 0.85 

Class V - (heavy 
PAH) 

0.20 
± 0.03 

0.10 0.08 0.08 0.03 0.03 

Totalb 8.7 ±
0.1 

4.4 3.9 4.2 2.3 2.4 

Gas dew pointc, ◦C 139 ±
2 

130 124 112 80 83 

Volume gas 
sampled tar 
protocol, NL 

60 33.5 56.4 53.4 58.2 57.5 

Water and gas yield, 
g/kgfeed (daf)       

NH3 21.6 
± 1.7 

– 17.9 – – 20.2 

HCN 1.3 ±
0.1 

– 0.8 – – 0.8 

H2O 350 ±
11 

370 331 315 315 290  

a Tar groups according to the ECN tar classification. bTotal tar yield is 
expressed on benzene-free basis. cCalculated using the complete model 

developed by ECN (https://www.thersites.nl). dGasification output indicators 
were calculated excluding the flow of purge-N2 injected into the feeding system. 
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purposes. Finally, the conversion percentage was calculated according 
to Equation (1), using the average value determined for the three 
reference tests as reference value. 

Conversion,% =
(γi − γREF)

γREF
*100% (1)  

where γ represents the yield value of each group or molecule in g/kgfeed 

daf. 

3. Results and discussion 

3.1. System operation 

The temperatures in the dense-bed and freeboard zones of the gasi-
fication reactor were roughly identical in all tests and equals to 800 ◦C 
and 760 ◦C, respectively (see Table 2). For the two HGF experiments 
(Fe/Oliv HGF-1 and Fe/Oliv HGF-2), the gap of 80–90 ◦C between the 
temperature of the dirty and clean side of the filter resulted from the 
partial oxidation of carbon-rich particles deposed on the filter surface 
[15]. 

The masses of the bed inventory recovered after each test (see 
Table 2) indicated the occurrence of two opposite phenomena: (i) the 
elutriation of olivine particles from the reactor, particularly for the tests 
conducted with iron-doped olivine and, (ii) the accumulation of char 

Fig. 2. Diffractograms of fresh and used iron-doped olivine samples  

Fig. 3. Profiles of H2 consumption of fresh and used catalyst samples.  

Fig. 4. SEM images of fresh Olivine.  
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inside the reactor. Because of their relevance, these two phenomena are 
discussed in the paragraphs below. 

On the one hand, the mass values of recovered olivine catalyst 
confirmed a more severe elutriation for the tests conducted with iron- 
doped olivine than for the tests conducted with non-doped olivine. In 
the latter case only 5 % of the olivine was elutriated. Indeed, the narrow 

size distribution of olivine grains (0.2–0.3 mm) used to prepare the Fe/ 
Olivine catalyst was widen and shifted to higher values during the 
synthesis procedure because of the surface deposition of iron oxide and 
the interparticle aggregation (see Fig. A.1, Appendix A). Then, the high 
interparticle mechanical attrition occurring within the dense bed, 
mostly controlled by surface abrasion [37], caused the wearing of 

Fig. 5. SEM images of fresh Fe/Olivine.  

Fig. 6. SEM images of Fe/Oliv-1 h (left) and Fe/Oliv-2 h (right).  

Fig. 7. SEM images of Fe/Oliv-4 h.  
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surface iron oxides and the separation of the agglomerates, increasing 
the small particle size fraction of the Fe/Olivine inventory (see Fig. A.2, 
Appendix A). Consequently, the mass of Fe/Olivine catalyst elutriated 
from the reactor during the tests Fe/Oliv-1 h and Fe/Oliv-2 h was very 
high (30–35 % of the initial mass of catalyst). It was then decided to 
reduce the flowrate of purge-N2 by a half after the installation of a small 
heat exchanger on the second feeding screw. By doing that, the per-
centage of Fe/Olivine elutriated was reduced to 20–25 % at the end of 
the tests Fe/Oliv-4 h and Fe/Oliv HGF-1. By contrast, the mass of Fe/ 
Olivine elutriated for test Fe/Oliv HGF-2 represented only 11 % of the 
initial load, which seems logical if we consider that the catalyst was 
already used for the test Fe/Oliv HGF-1. Latter value was only 5 % 
higher than the percentage of Olivine elutriated during the REF tests. 

On the other hand, char hold-up values showed a clear correlation 
with the duration of the test. For all tests, char particles recovered from 
the reactor presented a wide size distribution between 1.5 and 4.2 mm 
and a mean diameter equals to 2054 µm. As expected, the low fluid-
ization regime in the gasification reactor (U0/Umf≈2-3) reduced the 
degree of char conversion increasing the char hold-up inside the reactor. 
According to [39], the low degree of char conversion was likely linked 
to: (i) the poor lateral and axial mixing of char and olivine and, (ii) the 
lower attrition and elutriation of char particles. Furthermore, 

Fig. 8. SEM images of Fe/Oliv HGF-2.  

Fig. 9. TPO (Temperature Programmed Oxidation) of used olivine cata-
lyst samples. 

Fig. 10. Amount of carbon deposited on each sample and carbon formation 
rate during gasification tests at different TOS. 

Fig. 11. Synchronous Fluorescence spectra recorded at offset = 20 nm of tar 
protocol samples. 
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stabilization of the pressure drop across the reactor after 3 h (observed 
for the tests with a duration of 4 h), indicated a reduction in the char 
accumulation inside the reactor (see Fig. A.3, Appendix A). 

Finally, to illustrate the impact of olivine elutriation and char hold- 
up on the structure of the dense bed inside the reactor, the bed material 
inventories recovered after each test were poured in a transparent cyl-
inder at ambient temperature (Fig. A.4, Appendix A). These results 
showed that for the tests with a duration of 4 h, approximatively the half 
of the reactor was occupied by the bed material (olivine and char). 
Indeed, the configuration chosen for the representation of the bed in-
ventory (olivine particles at the bottom and the char particles at the 
upper part of the reactor) is only indicative because no measure of the 
particle mixing degree within the dense bed was carried out during the 
tests. According to the general fluidisation rules proposed by Chiba et al. 
[46] for binary mixtures of solids, when the size ratio between the bigger 
and smaller component is below 10, the heavier component sinks 
(jetsam) and the bigger component floats (flotsam). In this study, the 
size ratio (based on mean particle size) between the char and the Olivine 
particles of the bed inventory was equal to 5. Therefore, it is likely that 
most of the olivine remained at the bottom of the reactor. Latter 
consideration is supported by the axial composition of the bed inventory 
determined by Lardier et al. [47] using the same gasification reactor but, 
feeding the biomass pellets at the top of the reactor. Additional measures 
would be necessary to determine the hydrodynamic behaviour of the 
dense bed and the axial gas composition profile inside a gasification 
reactor operated under a low fluidization regime at high temperatures. 

3.2. Catalyst characterisation 

X-ray diffractograms, depicted in Fig. 2, indicated that Olivine 
structure was maintained in all samples after test. Iron oxide (Fe2O3), 
added by impregnation of iron nitrate on Olivine and calcination, was 
detected in the fresh catalyst (raw Fe/Olivine). The intensity of the rays 
corresponding to Fe2O3 (hematite) dropped during the first hour of 
gasification and then remained at a constant level for all the other used 
samples of iron-doped catalyst (Fe/Oliv-1 h, Fe/Oliv-2 h, Fe/Oliv-4 h 
and Fe/Oliv HGF-2). The drop in the content of hematite can be 
explained by: (i) the attrition (surface abrasion) of Fe/Olivine grains 
which seems largely limited after 1 h of TOS and/or, (ii) by a partial 
reduction of hematite into magnetite (Fe3O4) and wustite (FeO) phases. 
In fact, these reduced phase of iron oxide were difficult to observe since 
their main rays are hidden by the multiple rays of the very well crys-
tallized olivine structure. A very slight shift in the olivine rays was also 
observed for Fe/Oliv HGF-2, which may be associated with a greater 
amount of iron in the olivine structure due to iron mobility under 
reductive atmosphere as previously reported [29] and, with the lower 
intensity of iron oxide rays. Furthermore, no carbon was detected by 
XRD on the used catalyst samples whatever the TOS. 

It appears from the TPR results, showed in Fig. 3, that the fresh 
catalyst (Raw Fe/Olivine) contains a large amount of reducible iron 
oxide. This phase will be reduced into Fe3O4, FeO and metallic iron 
because its reduction temperature is compatible with the gasification 
one. Then the Fe/olivine will be activated in situ. As expected, after 1 h 

Fig. 12. SEM images of the surface (dirty side) of the metallic filter cartridge after the test Fe/oliv-HGF-2.  
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of gasification, this amount is greatly reduced (divided by more than 2) 
by partial reduction of iron oxides and/or attrition. Moreover, the 
amount of reducible iron oxide continues to decrease with an increase in 
TOS to stabilize between 4 h and 8 h at a value twice as high as the fresh 
non-doped olivine used for the synthesis of the iron-doped catalyst. 
Furthermore, the decrease in the intensity of the TPR profile observed 
between the non-doped fresh (raw olivine) and used (REF) olivine was 
probably linked to the attrition of the grains and/or to the reinsertion of 
iron in the olivine structure under reductive conditions of gasification as 
observed by XRD and previously reported [21]. 

The loss of reducible iron should lead to a deactivation of the catalyst 
versus TOS. It was then important to check the covering of olivine grains 
by iron oxide after tests with various TOS and to study its morphology 
evolution by SEM and EDX analysis. 

Fresh olivine: The morphology of fresh non-doped olivine particles, 
showed in Fig. 4, consists in the sum of angular small fragments due to 
the preliminary calcination at 1600◦ C and the grinding / sieving to 
obtain the desired particle size. On the surface of the olivine, very well 
crystallized iron oxides crystals (white because analyzed by a back-
scattered electron detector) appear to be aligned on parallel axes. The 
EDX analysis (Fig. A.5, Appendix A) indicated that some areas do not 
contain iron while others are very rich. The Mg/Si atomic ratio was 
generally close to 2 as in the Olivine structure of (Mg2SiO4). In iron-rich 
areas, the Mg/Si ratio increased markedly, indicating that Fe is generally 
associated with Mg. 

Fresh Fe/olivine: The SEM analysis of the fresh Fe/Olivine samples 
showed almost complete coverage of Olivine grains by added iron oxide. 
In fact, the angular morphology of the support was not visible any more 
on this sample (Fig. 5). The EDX analysis indicated that the iron oxide 
was not distributed evenly throughout the Olivine grain. Higher con-
centrations than those observed for the Olivine sample were observed on 
the Fe/Olivine sample (Fig. A.6, Appendix A). 

Fe/Oliv-1 h and Fe/Oliv-2 h: The SEM analysis of the Fe/Oliv-1 h 
sample showed that Olivine grains were still covered by iron oxide after 
1 h of TOS (Fig. 6 left). However, the iron particles appeared to be more 
agglomerated than on the raw Fe/Olivine sample. The EDX analysis 
(Fig. A.7, Appendix A) showed a more irregular distribution of iron 
oxide over the entire Olivine grain compared to the raw Fe/Olivine 
sample, the analysed areas being even richer in iron. These zones were 
again associated with the highest Mg/Si ratios. Similar observations can 
be reported for the Fe/Oliv-2 h sample for both, morphology (Fig. 6 
right) and EDX analysis (Fig. A.8, Appendix A). The values of the Mg/Si 
ratio were very variable in this sample and elemental carbon was 
sometimes observed. 

Fe/Oliv-4 h: SEM analysis of the Fe/Oliv-4 h samples indicated a 
very discontinuous coverage of the Olivine grains by iron oxide after 4 h 
of TOS (Fig. 7). Indeed, the analysis revealed the formation of iron oxide 
agglomerates (white because analysed by back-scattered electron de-
tector) on the surface of the olivine grains as iron oxides crystals or very 
well crystallized agglomerates (rather spherical) aligned on parallel 
axes. In this case, iron oxide was distributed over the entire Olivine grain 
in a very variable manner; the analysed areas were very rich in iron 
(Fig. A.9, Appendix A) and the Mg/Si ratio was very variable. Elemental 
carbon (up to 5.8 atomic% or 2.5 wt%), as well as elements from 
biomass (Al, Ca) were occasionally observed. 

Fe/Oliv HGF-2: The SEM analysis of the Fe/oliv HGF-2 sample 
(Fig. 8) revealed that after 8 h of TOS (2 successive tests of 4 h), the 
surface of the Olivine grains was covered with agglomerates of very 
variable size (200 nm < dp < 6 µm). The EDX analysis indicated some 
iron rich areas (Fig. A.10, appendix A), confirming that the iron oxide 
was distributed over the Olivine grain in an even more variable manner. 
Elemental carbon, as well as elements from biomass (Al, Ca) were 

reported and occasionally, in very high concentrations. 
Results of the TPO analysis were depicted in Fig. 9. Overall, the 

comparison of the TPO curves showed that the amount of carbon in-
creases with the TOS. Moreover, the TPO profile of the sample Fe/Oliv-1 
h (shorter TOS) indicated that the oxidation begins at low temperature 
(around 350 ◦C) and takes place in two separated peaks with maximum 
around 500 and 600 ◦C, respectively. This behaviour was associated 
with two carbon forms on the sample (iron carbide and carbon fila-
ments, respectively [35]), the stability depending on their structure. For 
the rest of iron-doped samples, the stability of the carbon formed 
appeared to increase with the increasing value of TOS. Indeed, the first 
of the two peaks originally observed for the sample Fe/Oliv-1 h (low 
TOS), was progressively shifted to higher temperature until it dis-
appeared for the sample Fe/Oliv HGF-2 (high TOS). In the latter case, 
the TPO profile showed a maximum between 570 and 590 ◦C. For all 
samples, the carbon oxidation ended approximatively at the same tem-
perature (650 ◦C). In the case of the used non-doped olivine sample 
(REF), the oxidation started around 480 ◦C and showed a single 
maximum peak at 600 ◦C. 

Moreover, the amount of carbon deposited on each sample was re-
ported in Fig. 10 in terms of percentage of the masse sample. The higher 
the TOS, the more elevated carbon amount is deposited on the sample. 
Furthermore, the carbon formation rate (in gram of carbon per gram of 
the catalyst and per hour of TOS) indicated a maximum for the lowest 
TOS studied with Fe/Olivine catalyst. The values decreased linearly 
when TOS increased. In fact, it is well known that carbon formation rate 
is no constant due to an equilibrium between hydrocarbons decompo-
sition (from biomass) and carbon gasification (by oxygen, steam, and 
carbon dioxide). These values were in the range previously described for 
this type of catalyst [30]. In line with [21], the lower carbon formation 
rate observed for REF (non-doped Olivine) compared to Fe/Olivine 
samples can be explained by the lower activity of the support. 

3.3. In-bed elimination of tars: Combined effect of char and Fe/Olivine 

Table 2 summarizes the results of gasification output indicators and 
product yields for all tests. In addition, the individual yields of all 
quantified molecules were reported in Table B.1, Appendix B. Compared 
to REF, the values of the LHV, CGE and carbon yield obtained for the test 
Fe/Oliv-2 h dropped by ca. 10 %, probably linked to the decrease in the 
concentration of CH4 and C2-C3 hydrocarbons, as well as, to the effect of 
char accumulation. The latter drop is reduced to only 5 % if the mass of 
the char accumulated inside the reactor is subtracted from the mass of 
feed.Table B.2. 

Within the tests of the second series (Fe/Oliv-1 h, Fe/Oliv-2 h, Fe/ 
Oliv-4 h), slight differences were observed in the gas yields with 
increasing TOS but the simultaneous variation of other parameters, such 
as: mass of olivine inside the reactor, char hold-up and gas residence 
time, makes difficult the identification of the precise reactional mech-
anisms at the origin of these trends. Indeed, the variations in gas 
composition were probably linked to the simultaneous effect of several 
reactions in homogeneous and heterogeneous phases, such as char 
gasification by CO2 (C + CO2→2CO) and H2O (C + H2O→CO + H2), as 
well as light hydrocarbons steam reforming. 

Regarding the tar content, the results of quantitative analysis showed 
a drop of ca. 50 % in the overall tar yield for the tests of the second series 
with respect to REF (see Table 2). The reduction in the content of light 
and heavy PAH was confirmed by the drop in the overall intensity of 
Synchronous Fluorescence Spectra as shown in Fig. 11. However, tar 
content was relatively unchanged within the series. A possible expla-
nation for the unchanged tar content with TOS is the occurrence of two 
simultaneous phenomena with a opposite effect on tar abatement: On 
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the one hand, the loss of the catalytic activity of the Fe/olivine particles 
because of surface attrition and, on the other hand, the gain in tar 
abatement activity with increasing char hold-up inside the reactor. 
Finally, the yield of NH3 and HCN was only determined for the test Fe/ 
Oliv-2 h. The results indicated a slight reduction in the yield of both 
molecules compared to REF. 

3.4. Effect of In-bed elimination of tars coupled with oxidative Hot gas 
filtration 

The values of the gasification output indicators and products yields 
for the two consecutive HGF tests of the third series were included in 
Table 2. In general, and compared to REF, the integration of the 
oxidative HGF unit led to a rise and a drop in the gas yield and LHV, 
respectively. In the case of the second test (Fe/Oliv HGF-2), the values of 
CGE, %C and %H rose notably indicating the partial oxidation of carbon 
rich particles accumulated on the surface of the filter. Similarly to pre-
vious study [15], the 80–90 ◦C gap measured between the dirty and the 
clean side of the filter support this mechanism. 

Regarding the tar content, the results indicated a 70 % drop in the 
overall tar yield for both HGF tests compared to REF. The results of 
quantitative analysis were corroborated by the substantial drop in the 
intensity of Synchronous Fluorescence Spectra as shown in the Fig. 11. 
In terms of composition, all tars groups (II, III, IV and V) showed a 
decrease of more than 50 %. Temperatures inside the HGF unit were 
relatively low to promote catalytic cracking reactions of tars [15]. 
Therefore, condensation and polymerisation of tar molecules were likely 
the main mechanisms behind the drop observed in the tar yield. More-
over, the reduction in the content of light and heavy PAH (tars of class IV 
and V), resulted in a considerable diminution of the tar dew point of the 
producer gas leading to temperatures of about 80 ◦C for the two filtra-
tion tests (see Table 2). These low tar dew point values were below the 
maximum intake temperature for a spark ignition engine to ensure 
knock-free operation (about 100 ◦C) [48], but still higher than the intake 
temperature for a standard engine, typically about 40 ◦C [49]. The 
utilisation of an homogeneous charge compression ignition engine 
allowing intake temperatures as high as 250 ◦C [2] could be an alter-
native to avoid an intermediary tar clean-up stage downstream de HGF 
unit. 

On the other hand, the visual inspection of the filter unit after the test 
Fe/Oliv HGF-2 revealed the formation of a filter cake of approx. 5–10 
mm thickness, loosely adhered that felt spontaneously during offline 
cleaning operations. To get a further insight on the state of the filter 
surface, a sample of 1–2 cm2 of the filter mesh was carefully extracted 
from the middle part of the filtration cartridge and then, analysed by 
SEM-EDX. The SEM images of the dirty side, depicted in Fig. 12, 
revealed an outer surface fairly clear with disperse deposits composed 
mostly of particles with a particle size ranging from 1 to 10 µm. Particle 
deposits appeared to be loosely adhered to the surface of the metallic 
wires. Moreover, EDX spot analyses conducted on several points of the 
filter surface (see Table B.3, appendix B), confirmed that these deposits 
were mainly composed of Fe-rich particles elutriated from the reactor. 

4. Conclusions 

Gasification experiments were carried out in a pilot scale fluidized 
bed reactor operated under allothermal mode at constant temperature 
and low fluidisation regime (U0/Umf≈2-3) with a twofold objective: (i) 
assess the combined effect of iron-doped olivine, char hold-up and 
oxidative hot gas filtration on tar abatement and, (ii) determine the 
effect of TOS on the properties of iron-doped olivine. 

The determination of the weight and particle size distribution of the 
components of the bed inventory after each test revealed that catalyst 
elutriation and char hold-up took place to a large extent. Interparticle 
mechanical attrition, mostly surface abrasion, was the main mechanism 
dominating the reduction of the particle size. On the other hand, char 

hold-up was linked to the low char conversion inside the reactor prob-
ably originated from the poor lateral and axial mixing, lower attrition, 
and elutriation of char particles. 

The characterization of fresh and used catalyst revealed:  

- Loss in iron oxides during the first hour of test due to attrition and 
partial reduction of hematite to magnetite and wustite but stable 
composition for higher TOS.  

- Amount of reducible iron oxides present in the surface of the Fe/ 
olivine decreased initially but then stabilised (TOS greater than 4 h) 
at a value twice as high as the fresh non-doped olivine.  

- SEM observation confirmed the loss of the iron oxide coverage of Fe/ 
olivine particles with increasing TOS and the formation of agglom-
erates mainly composed of iron oxides crystals.  

- The amount of carbon deposited in the surface of the Fe/olivine 
particles increased with TOS, but in any case, these carbon deposits 
were completely oxidized at temperatures above 650 ◦C. 

The in-bed tar abatement strategy combining the Fe/olivine catalyst 
and char hold-up tested in this study resulted in a reduction of 50 % in 
the overall tar yield with respect to the reference values. Nevertheless, 
the simultaneous variation of several reactor parameters (mass of 
catalyst inside the reactor, char hold-up and gas residence time) with 
TOS made difficult the precise identification of the reactional mecha-
nisms at the origin of the drop in the tar yield. 

Furthermore, the combination of the in-bed materials (Fe/Olivine +
char) and the oxidative HGF unit, lead to a drop in overall tar yield of 70 
% with respect to the reference tests. The tar dew point of the resulting 
producer gas was estimated to 80 ◦C. Latter value is only 40 ◦C above the 
threshold value recommended for its valorisation in standard internal 
combustion engines. Finally, the SEM-EDX observation of the surface of 
the HGF cartridges revealed loosely adhered deposits mainly composed 
of very fine iron-rich particles. 

To conclude, the explored combination of primary and secondary 
methods to reduce tar concentration in syngas is performant, but it 
should be assessed for longer operation time (days and even weeks). 
These type of tests would allow to determine if it is necessary to improve 
the resistance of Fe doped olivine to attrition. 
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Fig. A1. Particle size distribution of the raw olivine catalyst before and after iron addition. Particle size distribution was determined by sieving. Analyses were 
conducted after slight agitation for 10 min 

Fig. A2. Particle size distribution of raw and used olivine catalysts. Particle size distribution was determined by sieving. Analyses were conducted after slight 
agitation for 10 min. 

Fig. A3. Pressure drop profiles across the fluidized bed reactor. Pressure drop was determined as the difference between the pressure under the grid and the pressure 
at the top of the reactor. The relatively low value of the initial pressure drop of the test Fe/Oliv-1h was due to a back-up pressure caused by a plug formed 
downstream the heat exchangers. The gap in the initial pressure drop between the tests Fe/Oliv HGF-1 and Fe/Oliv HGF-2 was due to the difference in the mass of 
Fe/Olivine loaded in the reactor at the beginning of each test, equals to 4 kg and 3 kg, respectively. 
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Fig. A4. Comparison of the estimated height of the bed material inventories with the dimensions of the gasification reactor. To carry out these measures, the bed 
material inventories recovered after each test were poured in a transparent cylinder at ambient temperature. 

Fig. A5. SEM-EDX analysis of a sample of fresh non-doped olivine.  

M. Ruiz et al.                                                                                                                                                                                                                                    



Carbon Resources Conversion 5 (2022) 271–288

283

Fig. A6. SEM-EDX analysis of a sample of fresh raw Fe/olivine.  

Fig. A7. SEM-EDX analysis of a sample of Fe/oliv-1h.  

Fig. A8. SEM-EDX analysis of a sample of Fe/oliv-2h.  
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Fig. A9. SEM-EDX analysis of a sample of Fe/oliv-4h.  

Fig. A10. SEM-EDX analysis of a sample of Fe/oliv-HGF-2  
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Appendix B 

Table B4 

Table B1 
Yields results of all quantified molecules (expressed in g/kg feed (daf)). To express the results in concentration units, individual values must be divided by the gas yield 
detailed in.  

Tar Class  REF Fe/oliv 1 h Fe/oliv 2 h Fe/oliv 4 h Fe/oliv 
þ HGF-1 

Fe/oliv 
þ HGF-2 

– H2 12 ± 1 13 13 16 16 18 
– CO 235 ± 17 178 195 241 237 275 
– CO2 508 ± 8 520 507 456 566 618 
– CH4 43 ± 1 38 36 38 39 46 
– C2H4 22.2 ± 0.4 15.9 16.6 14.9 15.3 17.5 
– C2H6 3.2 ± 0.2 1.9 2.1 2.0 2.0 2.3 
– C2H2 1.8 ± 0.2 0.8 0.8 0.6 0.3 0.6 
– C3H6 2.2 ± 0.7 0.8 1.8 1.5 1.2 1.3 
– C3H4 0.17 ± 0.04 0.08 0.17 0.20 0.16 0.11 
– N2 1732 ± 4 1706 1756 1440 1649 1630 
– O2 11 ± 2 21 25 58 37 1 
– benzene 6.45 ± 0.08 6.15 4.62 4.59 4.98 5.07 
III toluene 2.12 ± 0.03 1.40 1.21 1.34 1.04 1.03 
III o-xylene 0 ± 0 0 0 0 0 0 
III p-xylene 0.24 ± 0.01 0.14 0.12 0.14 0.08 0.10 
III phenylethyne 0.09 ± 0.01 0 0 0 0 0 
III styrene 0.88 ± 0.01 0.45 0.40 0.41 0.23 0.25 
II phenol 0.24 ± 0.02 0 0 0 0 0 
II benzofuran 0.20 ± 0.01 0 0.07 0.08 0.05 0.06 
III indene 0.92 ± 0.01 0.32 0.30 0.33 0.04 0.05 
II 4-methyl-phenol 0 ± 0 0 0 0 0 0 
III 2-methyl-indene 0.038 ± 0.002 0 0 0 0 0 
III 3-methyl-1H-indene 0.06 ± 0.01 0 0 0 0 0 
III 1-ethylidene-1H-Indene 0.215 ± 0.001 0.030 0.100 0.107 0.039 0.044 
IV 2-methyl-napthalene 0.18 ± 0.01 0.10 0.09 0.10 0.04 0.04 
IV biphenyl 0.069 ± 0.003 0 0 0 0 0 
IV 2-ethenyl-napthalene 0.065 ± 0.002 0 0 0 0 0 
IV Naphthalene 1.49 ± 0.08 1.01 0.77 0.80 0.55 0.58 
IV Acenaphtylene 0.93 ± 0.06 0.43 0.44 0.52 0.10 0.13 
IV Acenaphtene 0 ± 0 0 0 0 0 0 
IV Fluorene 0.39 ± 0.01 0.16 0.15 0.12 0.02 0.02 
IV Phenanthrene 0.20 ± 0.01 0.15 0.12 0.09 0.04 0.05 
IV Anthracene 0.087 ± 0.003 0.043 0.036 0.027 0.006 0.008 
IV Fluoranthene 0.13 ± 0.02 0.06 0.06 0.03 0.01 0.02 
V Pyrene 0.13 ± 0.01 0.07 0.06 0.07 0.03 0.03 
V Benzo[a]anthracene 0.019 ± 0.004 0.008 0.006 0 0 0 
V Chrysene 0.019 ± 0.006 0.009 0.007 0.003 0 0 
V Benzo[b]fluoranthene 0.0058 ± 0.0008 0.004 0.003 0 0 0 
V Benzo[k]fluoranthene 0.0025 ± 0.0003 0 0 0 0 0 
V Benzo[a]pyrene 0.012 ± 0.001 0.0031 0.0025 0 0 0 
V Dibenzo[a,h]anthracene 0 ± 0 0 0 0 0 0 
V Benzo[ghi]perylene 0 ± 0 0 0 0 0 0 
V Indeno[1,2,3-cd]pyrene 0.0033 ± 0.0021 0 0 0 0 0  

Table B2 
Gasification yield calculated including the total flow of N2 injected into the system.   

REF Fe/oliv 1 h Fe/oliv 2 h Fe/oliv 4 h Fe/oliv þ HGF-1 Fe/oliv þ HGF-2 

Gas Yield, Nm3/kgfeed (daf) 2.05 ± 0.03  2.01  2.03  1.84  2.06  2.10  
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Table B3 
SEM-EDX spot analysis of the dirty side of the filter cartridge after the test Fe/oliv-HGF-2. Image (A) and (B) were taken with an accelerating voltage of 20 kV and 5 kV, 
respectively, for a better visualisation of the morphology of the deposit. Yellow crosses show the points (spots) where the EDX analysis was carried out. Elemental 
composition is expressed in mass basis.  
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[35] M. Virginie, J. Adánez, C. Courson, L.F. de Diego, F. García-Labiano, D. Niznansky, 
et al., Effect of Fe–olivine on the tar content during biomass gasification in a dual 
fluidized bed, Appl. Catal. B 121–122 (2012) 214–222, https://doi.org/10.1016/j. 
apcatb.2012.04.005. 

[36] Y. Pan, A. Abulizi, D. Talifu, Y. Tursun, S. Xu, Catalytic gasification of biomass and 
coal blend with Fe2O3/olivine in a decoupled triple bed, Fuel Process. Technol. 
194 (2019), 106121, https://doi.org/10.1016/j.fuproc.2019.106121. 

[37] T.A. Brown, F. Scala, S.A. Scott, J.S. Dennis, P. Salatino, The attrition behaviour of 
oxygen-carriers under inert and reacting conditions, Chem. Eng. Sci. 71 (2012) 
449–467, https://doi.org/10.1016/j.ces.2011.11.008. 

[38] Y. Tsuboi, S. Ito, M. Takafuji, H. Ohara, T. Fujimori, Development of a regenerative 
reformer for tar-free syngas production in a steam gasification process, Appl. 
Energy 185 (2017) 1217–1224, https://doi.org/10.1016/j.apenergy.2015.12.110. 

[39] L. Lundberg, A. Soria-Verdugo, D. Pallarès, R. Johansson, H. Thunman, The role of 
fuel mixing on char conversion in a fluidized bed, Powder Technol. 316 (2017) 
677–686, https://doi.org/10.1016/j.powtec.2016.10.060. 
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