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Gasification char is a residual material produced during the biomass gasification process. Considered as indus-
trial waste, it is typically disposed of through incineration or landfilling, thereby incurring significant economic
costs. Nonetheless, gasification char is characterized by its high carbon content and surface area making it an
economical alternative to common catalysts and catalyst support materials. In this study, char from a pilot-scale
downdraft gasifier was used to reform the tar generated from the same gasifier. Reforming was performed both in
the presence and absence of steam. The aim is to convert condensable hydrocarbon derivatives (tars) into non-
condensable lower molecular weight products such as Hy and CO. Reforming test conducted with 0.18 kg/h
steam for 2 h at 750 °C and char bed weighing 600 g resulted in a reduction of tar concentration from 2407 mg/
Nm® to 20 mg/| Nm®. The same test conditions were also responsible for an increase in H, production from 15 to
26 vol%. The combined effect of steam and char bed suggests that both upgrading the producer gas as well as

cleaning it can be made possible in a single process.

1. Introduction

In 2017, Europe’s consumption of woody biomass for bioenergy
production was estimated at 424 million m® [1]. Sustainably sourced
biomass is a very attractive renewable energy source facilitating the
transition towards climate neutrality. Multiple processes such as gasi-
fication can harness the chemical energy stored in biomass by the con-
version into a gas rich in carbon monoxide (CO) and hydrogen (Hy), as
well as biofuels and other valuable by-products. The generated gas is
called synthesis gas or syngas that can be implemented directly in diesel
engines, or used for electricity and heat generation. It is also possible to
separate the Hy from the syngas to be burned or used in fuel cells.
Additionally, the syngas can be converted into liquid fuels through
Fischer-Tropsch process [2-4]. This pathway where biomass is trans-
formed into syngas and then into biofuels offers a means towards
renewable energy storage making the gasification process even more
attractive [5,6]. Currently, over 1500 small-scale gasification plants
operating worldwide that generate syngas mainly for heat or combined
heat and power (CHP) production [7]. At large-scale, gaseous or liquid
biofuels production or co-firing is more common. Various types of

biomass gasifiers exist but the most widespread are downdraft gasifiers.
Newer technologies such as updraft, double-fired, floating bed, and
gasifiers with hot gas filtering are gaining momentum. The scale of
operation has also grown significantly, from around 180 kWel up to 1
MWel, leading to an increased volume of by-products, such as tar and
char [8].

Gasification char is a solid carbonaceous material accounting for
nearly 10 % of the original gasifier feedstock [9]. It is an industrial waste
that requires proper disposal and handling at a nonnegligible cost which
can impact the economic viability of a plant. Chars can exhibit unique
features in terms of chemical composition (high carbon and mineral
content), or physical properties (high porosity and surface area) leading
to various potential applications. For instance, gasification char pro-
duced from woody biomass tends to have a larger surface area and
higher carbon content [10]. The high process temperature typical of
gasification results in the loss of some inorganics (e.g., Zn, Cd, As, Se, K,
and Na) [11]. It also results in the loss of functional groups and a smaller
fraction of aromatic C-H groups [12,13]. This is a major variation be-
tween gasification and pyrolysis char. Nevertheless, gasification char
has a high degree of aromaticity and environmental stability. The major
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Fig. 1. Pilot-scale tar reforming setup.

char qualities found in catalysis and tar reforming applications are high
surface area and the presence of inorganics with catalytic effects
[14,15]. Additionally, the weak base nature of gasification char makes it
highly resistant to deactivation caused by coke and heavy metals
deposition [16]. Recently, char attracted more attention in the field of
tar reforming due to its sustainable sourcing and low preparation cost
[16-19]. It was the second most common application of gasification char
after adsorption according to a recent review [20].

Tar is characterized by its black or brown color, and liquid or viscous
semi-solid nature. It consists of complex mixtures of polycyclic aromatic
hydrocarbons (PAH), phenolic compounds, and heterocyclic compounds
[21]. It is another by-product of the gasification process. Tar reduction
can be achieved through cracking and reforming reactions. This can be
further classified based on the tar reduction environment (with or
without steam). Thermal and steam cracking break down the tar into
smaller hydrocarbons. Thermal cracking usually requires elevated
temperatures (>1100 °C) with the addition of oxygen. It is considered an
energy-intensive process. In the case of steam cracking, tar is mixed with
steam in the absence of oxygen to form lighter tar compounds. On the
other hand, the reforming reactions converts tar into simpler molecules
such as Hy and CO [22]. The simplified dry and steam reforming re-
actions (1) and (2) are listed below.

C,H, + nH,0 - (n + x/2)H, + nCO (€8]

C,H, + nCO,—(x/2)H, + 2nCO (2)

Both cracking and reforming can be enhanced using a catalyst.
Common catalysts used in tar reduction are dolomite, alkali metal, and
nickel [23]. Another possibility of tar reduction is through the coke
deposition on the char surface as shown in reactions (3) and (4) [24].

C,H, - C,H, + coke/soot + gas 3)

C,H, + H, & CO + H, + CHy+ ... + coke/soot (€))

Therefore, char presents a versatile material that could promote the
transition towards a circular economy, according to which, the’end-of-
life’ notion is replaced by reducing, reusing, recycling, and recovering

materials in the production, distribution, and consumption phases [25].
In addition to the environmental benefits, char valorization could also
increase the economic viability of large-scale gasification processes
[26]. In 2020, the gasification char market have seen a 70 % growth rate
[27] and recently, its utilization has been largely regarded as a model for
closing the loop in the sustainable energy field [28].

Despite its numerous advantages, previous tar reforming studies
utilizing gasification char were performed at a laboratory scale with
model tar compounds [19,29-34]. Most recently, there has been a call to
understand the interactions of realistic tar mixtures [35]. To the best of
the authors’ knowledge, the only study conducted at pilot-scale
extracted real producer gas immediately after the gasifier outlet and
was successful in reducing the tar content from 25 g/Nm? to 3.6 g/Nm°>
through ex-situ tar reformer unit without steam injection [36]. The
novelty of this work lies in investigating the performance of gasification
char in dry and steam reforming at a pilot-scale gasifier. Moreover, the
tar reformer is connected downstream of the gasifier’s cleaning stages
(cyclone, water scrubbers, moisture trap) to achieve extremely low tar
concentrations for sensitive applications like the Fischer-Tropsch pro-
cess or fuel cells with minimal modifications of existing systems. Finally,
this study is driven by the principle of circular economy which ensures
process circularity. In the present work, process by-product or waste is
turned into a useful material that enhances the process itself.

2. Materials and methods
2.1. Char production

The char used in this study is generated from a pilot-scale open-top
downdraft gasification plant at the Bioenergy and Biofuel Lab of the Free
University of Bolzano, Italy. The reactor is 1000 mm in length and 130
mm in diameter with a double-stage air feeding. The producer gas passes
through a series of cleaning stages consisting of a cyclone, three scrub-
bers, a moisture trap, and a fabric filter before it moves to the blower and
then the flare. The maximum temperature observed at the partial
oxidation zone is 1100 °C. The char used in this study is collected at the
bottom of the reactor. More details about the gasifier are described
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Table 1
Overview of the experimental conditions.
Temperature  Steam  Gas type Bed Bed Test
weight height duration
°C kg/h g mm h
DR 750 0 Producer 600 145 2
SR1 0.02 gas
SR2 0.18

elsewhere [15]. The plant operates on standard wood pellets (softwood)
fed at a rate of 4 kg/h, using air as a gasifying agent. The moisture
content, and ash content of the wood pellets were 7.56 %, and 0.23 %,
respectively. While the CHNSO composition of the wood pellets were
50.02 %, 6.03 %, 0.08 %, 0.27 %, and 43.37 %, respectively [15].

2.2. Char characterization

Different characterization techniques were implemented to investi-
gate the chemical composition and surface properties of the char before
and after the tar reforming experiment. The proximate analysis (VM:
volatile matter, FC: fixed carbon, and ash) was performed in triplicates
by thermogravimetric analysis (TGA). The samples were first dried at
105 °C, then heated in a nitrogen atmosphere up to 950 °C, followed by
combustion in air at 550 °C. The elemental composition (CHNS) was
performed in triplicates using an elemental analyzer (Vario MACRO
cube, Elementar). Other elements such as Na, K, and Ca were detected
using X-ray fluorescence (XRF, SHIMADZU EDX-800HS). Moisture was
determined by oven-drying at 105 °C. Ash content was performed by
combustion in a muffle furnace at 550 °C. Both moisture and ash ana-
lyses were done in triplicates. The surface properties were measured via
nitrogen adsorption-desorption at 77 K. The Brunauer-Emmet-Teller
(BET) theory was used to measure the surface area with an error of
0.1-0.3 m? g~1. The mesopore and micropore volumes were determined
using Barrett-Joyner-Halenda (BJH), and Horvath-Kawazoe (HK) the-
ories, respectively. Before analysis, samples were vacuum degassed at
350 °C for 24 h. Surface area (including pore volume) analyses were
done at least in duplicates. To measure the char deactivation after the
reforming tests, the thermal degradation of raw (before reforming) and
spent (after reforming) char samples were tested in both Ny and syn-
thetic air atmospheres using a thermogravimetric analyzer. Approxi-
mately 8 mg per sample were heated from 20 to 900 °C and the rate of
thermal degradation was assessed. Surface morphology of the raw and
spent chars was studied by scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDX) using ZEISS Merlin® FE-
SEM instrument. Finally, the PAH content of the raw and spent char
was evaluated by gas chromatography (GC) following the NF EN 17503
standard. The analysis was performed by SOCOR Laboratories, Dechy,
France, and identified the 16 PAH compounds as per the United States
Environmental Protection Agency (EPA).

2.3. Tar reforming

The tar reforming setup consisted of a cylindrical stainless-steel
reactor (height: 1500 mm, internal diameter: 150 mm) that is electri-
cally heated as shown in Fig. 1. The grate that supports the char bed is
placed 500 mm from the bottom of the tube. The height of the fixed char
bed was 145 mm in all experiments. The temperature profile inside the
reformer is monitored using three K-type thermocouples placed at 50,
150, and 250 mm from the bottom of the bed. The producer gas is
extracted at the gasifier outlet, after passing through a series of cleaning
stages (cyclone, water scrubbers, moisture trap). Then it is injected at
the bottom of the reactor, either separately or with steam depending on
the experimental conditions. A downstream gas pump was operated at a
flow range of 0.5-0.6 Nm®/h to maintain the flow of producer gas
through the reactor. A gas meter, placed before the reformer outlet, was
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used to measure the total amount of gas flowing through the system.

The first stage of this experimental campaign investigates the impact
of thermal cracking (TC) on tar removal by feeding the syngas to the tar
reformer without a char bed at 750 °C. Once the baseline is determined,
any additional tar removal will be attributed to the introduced char and
reforming environment. All experiments performed with char bed were
at 750 °C and either in the absence (DR: dry reforming) or presence (SR:
steam reforming) of two steam levels. Steam is mixed with producer gas
by introducing steam at the following flows: 0.02 and 0.18 kg/h, for SR1
and SR2 cases, respectively. Typically, syngas produced from biomass
has a steam content in the range of 10-60 vol% [33]. In addition, water
is commonly used in the gasification stage to aid in gas conversion and
regulate process temperature. However, in the present study, no water
was added during the gasification process and the chosen steam levels
simulate the upper and lower ranges of typical syngas stream content. A
summary of test conditions is shown in Table 1.

Production of gases inside the reactor as a result of reforming re-
actions also affected the flow through it. Mass balance calculations were
solved to obtain the actual flow of producer gas at the inlet of the reactor
and the molar flows of single gas species. The residence time was
calculated based on the gas hourly space velocity (GHSV) inside the
reactor. It varied between 4.2 and 4.7 s for the runs with a char bed. At
the end of each run, the flow of producer gas to the reactor was termi-
nated and the electric furnace was turned off. Ny was continuously flown
through the char bed as it was left to cool down. The reactor was then
opened, and the char bed was stored for further analysis.

2.4. Gas sampling and analysis

The producer gas was analyzed online using two pGCs (Agilent 490)
equipped with two columns: a CP-Molesieve 5 A and a PoraPLOT-U. The
nGCs were pre-calibrated with calibration cylinders (Air Liquide) filled
with Hp, CO, CO,, Ny, and CHy4. Supelclean™ LC-NH2 solid-phase
extraction (SPE) tubes weighing 500 mg (3 mL bed volume) were used
for tar sampling. Sampling locations are indicated as points A and B in
Fig. 1. SPE sampling was made at minute 0, 20, 50, and 110 over the 2 h
test. The tube was connected to a 100 mL syringe on one end and a
needle (by BRAUN Sterican® 20 G x 2 %) on the other end. The needle
was inserted at a sampling port upstream and downstream of the tar
reformer to sample the tar in the producer gas. Previous studies showed
that drawing 300 mL of producer gas through the adsorbents was suf-
ficient [37], and it was selected for this current study. Before sampling,
the tubes were conditioned by passing 5-bed volumes or 1500 pL of
dichloromethane through the sorbent material to remove any organic
compounds that would bleed into the tar samples [38]. Then it was dried
for 5 min at 125 °C [39].

Tar extraction was carried out by passing 1500 upL of dichloro-
methane through the SPE tube. This was followed by the addition of two
internal standards, 100 pL of an aromatic internal standard (tert-butyl-
cyclohexane) and 100 pL of a phenolic internal standard (4-ethox-
yphenol). The chromatographic detectors were calibrated using
benzene, toluene, and naphthalene [38-40]. The three compounds
corresponded to the largest peaks on the chromatogram. Moreover,
previous work on the open-top gasifier showed that the generated tar
was composed mainly of light aromatic compounds, where benzene and
toluene accounted for almost 70 % of the total detected tar [41]. Finally,
the collected SPE samples were stored in ice before analyzing on the
same day. In addition to SPE samples, total tar from the entire run was
collected using isopropyl alcohol bubblers (cold trap).

2.5. Gravimetric tar

Gravimetric tars were measured using cold solvent trapping method
through CEN/TS 15439: 2006 standard [42]. In brief, a known amount
of gas is drawn through six impinger bottles, five of which are filled with
isopropanol (IPA) while the last bottle is left empty. Half of the bottles
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Fig. 2. N, adsorption-desorption isotherm of raw char.
Table 2
Overview of raw char XRF results.
P K Ca Mn Fe Traces
mg/kg
732 4880 14,640 2196 732 830

without seam)

Test Type

Fig. 3. The combined removal efficiency of selected tar compounds and
different time instances.

100
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Fig. 4. The removal efficiency of selected tar compounds at different steam
volumetric percentages.
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are placed in a heated bath and the other half is in an ice bath. Bottle 6 is
left empty acting as a droplet collector. When the gas collection is over,
all bottles are emptied, while tubing and glass parts are washed with IPA
solution. The resulting IPA and tars solution is then placed in a rotavapor
to evaporate the IPA solution and the evaporation residue is weighed
resulting in the amount of gravimetric tar in mg/Nm?.

3. Results & discussion
3.1. Char characterization

Before the tar reforming experiment, the open-top resulting char —
referred to as “raw char” in the following — was characterized for its
moisture, VM, FC, ash, carbon, as well as CHNSO content. The surface
properties of the char were also analyzed. The proximate analysis shows
that the open-top gasifier produces char with high fixed carbon (93.1 +
0.5 wt%) and low ash (2.26 + 0.06 wt%) content. The BET surface area
of char, 398 m? g2, is close to the lower end of activated carbon surface
area which ranges from 500 to 1500 m? g~! [43]. This is a promising
indicator given that the raw char did not go through any type of acti-
vation and was not purposely designed for adsorption applications. A
closer look at the adsorption isotherms presented in Fig. 2 shows rapid
nitrogen adsorption that increases with pressure at the low-pressure
region p/p° < 0.1, indicating the filling of micropores. According to
the International Pure and Applied Chemistry (IUPAC) classification, the
features of the raw char adsorption-desorption curve show a type H4
hysteresis loop where the adsorption branch resembles a combined type
I and II. The increase of adsorbed volume at high relative pressure
suggests the presence of macropores that are not completely filled with
pore condensate [44].

The mesopore volume (0.110 cm® g™!) and micropore volume
(0.164 cm® g71) obtained through BJH, and HK analysis, respectively,
show a large percentage (60 %) of micropores. In comparison, 40 % of
mesopores were present. Unlike micropores, mesopores do not
contribute very much to initial tar conversion. However, they are more
resilient and could decrease the char deactivation rate [45]. Surface
functional groups such as carboxylic acid or carbonylic groups are
known to have an impact on the char catalytic properties [46]. Never-
theless, the high temperature experienced at the open-top gasifier
reaching almost 1100 °C reduces the oxygen content in the char
severely. Thus, the influence of oxygen functional groups, if present, is
not significant. Table 2 shows the most abundant inorganic elements in
the raw char. The char is rich in Ca, K, and Mn with lower quantities of P,
Fe as well as other trace elements. Alkali and alkaline-earth metals
(AAEM, mainly Na, Mg, K, and Ca) act as active sites for the conversion
of adsorbed tar compounds into lighter components [47].

3.2. Effect of reforming on tar and gaseous species concentrations

Tar reforming experiments were conducted at 750 °C which should
be sufficient to reach tar conversion rates above 90 % in the presence of
a gasifying agent (i.e., H0) [48]. The producer gas used in this exper-
iment has a relatively low tar content due to the different cleaning stages
at the open-top gasifier before feeding into the tar reformer. The ex-
pected tars are light aromatics and polyaromatics of class III and IV,
respectively, according to ECN tar classes [49]. At the reformer inlet, the
benzene, toluene, and naphthalene concentration measured using SPE
were 1634 + 42 mg/Nm°®, 614 + 32 mg/Nm°, and 157 + 5 mg/Nm?,
respectively. Moreover, the inlet gas temperature was around 30 °C. In
the case of TC (without steam), the total tar removal efficiency was the
lowest at 68 %, without showing significative variations with time due
to a steady-state effect of thermal cracking alone. When thermal
cracking was performed at the highest steam level (TC2), the cumulative
tar removal efficiency was 94 %. As shown in Fig. 3, introducing the char
bed without steam (DR) results in an initial total removal efficiency of
95 %, which reaches a maximum of 100 % after 20 min. Then, the



A. Abdelaal et al.

(a) 20
17 22 22 m
80

®
S
g 60 39
{g 49 56 49 47
£
S 40
@ 26
(U]
20 15 12 15 17
14 13 12 11 18
0
InletGas TC DR SR1 SR2

CO2 mH2 " N2 "CH4 mCO

Fuel 351 (2023) 128898

—_
O
—
w

2.0

z
=
S
oo
pv4
~
5
£ 15
2
o
5 1.0
2
o
w
205
(1]
s

0.0

TC DR SR1 SR2
CO2 mH2 ©=CH4 mCO

Fig. 5. A) Gas composition at the reformer inlet and outlet, and b) mass flow ratio of gaseous species. (colored).

Table 3
Proximate and ultimate analysis of raw and spent chars.
VM FC Ash C H N o*
Wtdry%
Raw 4.9 + 93.1 + 2.0 + 94.85 + 0.72 + 0.50 = 1.49
Char 1.4 0.5 1.9 0.34 0.04 0.01
DR 3.2+ 94.3 £ 25+ 94.73 + 0.61 + 0.54 + 1.82
0.3 0.3 0.1 1.57 0.01 0.01
SR1 4.4 + 92.6 + 3.0+ 94.84 + 0.56 + 0.61 + 1.51
0.1 0.5 0.4 0.49 0.01 0.03
SR2 33+ 94.3 + 23+ 94.63 + 0.63 + 0.45 + 1.80
0.4 0.4 0.1 0.51 0.02 0.04
*By difference.

The sulfur amount is less than 0.2 % for all samples.

Table 4
Raw and spent chars’ surface properties obtained with N5 adsorption at 77 K.

BET Surface Total Pore Mesopore Micropore Volume
Area Volume Volume
Barrett- Horvath-Kawazoe
Joyner- (HK)
Halenda
(BJH)
m? g~! em® g7! cm® % emPgl %
g
Raw 398 0.274 0.110 40 0.164 60
Char
DR 366 0.270 0.118 44  0.152 56
SR1 465 0.361 0.168 47 0.193 53
SR2 376 0.238 0.084 35 0.154 65
Table 5

Mass loss of the char bed at the end of the 2 h reforming tests.

Initial bed weight (g) Final bed weight (g) Mass loss (%)
g g %

DR 600 578.5 3.6

SR1 600 575.1 4.2

SR2 600 537.2 10.5
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Fig. 6. N, adsorption isotherms comparing raw and spent chars.

removal efficiency decreases at 50 min followed by an increase at the
end of the test (96 % at 110 min). A similar cyclic effect it observed at the
first steam level (SR1) with a major difference: at min 0, the total
removal efficiency was already 100 %, then it decreases to 89 % fol-
lowed by an upward trend. Although only attributed to the presence of
steam and the related opening up of the pores, cyclic behavior was
observed in the DR case suggesting a higher inherent moisture content in
the producer gas. At SR2, tar removal efficiency is instead almost con-
stant and the cyclic effect is no longer observed. The lowest removal
efficiency experienced at the start of the SR2 case corresponds to a tar
concentration of 20 mg/Nm®. The higher steam percentage is respon-
sible for char regeneration and this allows for maintaining its catalytic
activity throughout the test [50]. It also results in a larger fraction of
steam reforming as shown in Fig. 3. The impact of the char bed on tar
reforming is clear when comparing the TC (without steam) to DR cases.
Moreover, TC2 (0.18 kg/h steam) showed a comparable performance to
the case of DR (without steam) and SR1 (0.02 kg/h steam). From this we
can conclude that using char, either without steam or with very low
steam concentration, can reduce the energy demand for steam genera-
tion while achieving the same tar removal efficiency.

Between the three studied compounds, catalytic cracking of toluene
at 750 °C seemed unaffected by steam level as shown in Fig. 4. Other
studied tar compounds showed an improved removal efficiency with
increasing steam level. In addition to the tar reforming effect, intro-
ducing the char bed at the second steam level, resulted in an increase of
Hj production from 15 vol% to 26 vol% as shown in Fig. 5. This is an
indicator of an increased steam reforming of tars (reaction (1) as well as
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Fig. 7. Mass loss curves of raw and spent chars in (a) N, and (b) synthetic air environments.

Fig. 8. SEM images showing the microstructure of the raw char and spent chars (DR, SR1, and SR2).

water-gas shift reaction (reaction (5). The mass flow ratio of gaseous
species at the reformer was also calculated from the ratio of inlet and
outlet mass flows (kg/h) of Hy, CO, CO2, and CHy4. The impact of steam is
noticeably higher for Hy at SR2 which indicates an increased rate of char
gasification (reaction (6) correlated with the higher char bed mass loss
(10.5 %).

CO + H,0 < CO, + H, 5)

C (char) + H,0 - H, + CO (6)

The measured gravimetric tar before the reformer was 2407 mg/
Nm®. This value falls within the expected tar range of downdraft gasifier
which spans from 0.01 to 6 g/Nm3 [22]. Downdraft gasifiers are marked
by their low tar concentration as the producer gas passes through the
highest temperature zone before exiting the gasifier. As a result, only
lighter tar compounds (ECN class II-IV) are expected. A more detailed
gravimetric tar analysis of the open-top gasifier conducted previously

showed that benzene and toluene constituted 70 % of the quantified tars,
followed by styrene, phenol, and naphthalene [41]. The gravimetric
analysis makes it possible to capture all tar components except the very
volatile ones. A detailed comparison of the SPE and gravimetric tar
methods for a fluidized bed gasifier showed a big discrepancy between
the sum of GC-detectable tars measured with SPE and gravimagnetic tars
[51]. Nevertheless, the specific tar distribution strongly depends on the
type of gasifier. In the present study, due to the absence of heavy tars,
SPE and gravimetric tar values were in agreement. It was also shown in
previous work that SPE and gravimetric tars are in agreement when
considering benzene, toluene, and m/p-xylene regardless of the gasifier
type [51].

3.3. Effect of tar reforming on char properties

The comparison of raw and spent char in terms of VM, FC, and ash
content as well as the elemental analysis reveals no significant
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Spectrum 1

Spectrum 1

Spectrum 1

Spectrum 1

Fig. 9. SEM images with EDX spectra of the raw char and spent chars (DR, SR1, and SR2).

differences between the char properties before and after the reforming
experiments as shown in Table 3. Physical and thermal analysis is
therefore recommended.

In terms of surface properties, shown in Table 4, the surface area of
char has decreased as a result of the tar reforming process for the cases
DR and SR2. It is expected to observe such a trend due to pore clogging
with coke during the reforming process [52,53]. However, at the lower
steam level (SR1) an increase in surface area was observed. This is likely
due to the presence of appropriate steam concentration for char acti-
vation in combination with the large bed size, short test duration, and
low initial tar concentration. The observed phenomena are related to the
physical activation of carbonaceous materials with steam. To achieve
good pore development, steam should react inside the pores at an
appropriate rate relative to the release of reaction products [54]. In
other words, the increased production of CO3 and Hy due to char gasi-
fication reactions at the interior of the char particles will inhibit further
pore development, and favor the reaction of steam at the char surface
[55]. This was evident in the increased mass loss, 10.5 % compared to

4.2 %, for SR1 and SR2 cases, respectively (Table 5), as well as the
increased Hy production (Fig. 5). The isotherms in Fig. 6 show a larger
hysteresis loop and steeper adsorption curve for SR1 spent char, indi-
cating a larger percentage of mesopores compared to raw char, DR and
SR2 spent chars.

Thermal degradation of raw and spent char samples in Ny and syn-
thetic air atmospheres is shown in Fig. 7. In Ny, the thermal degradation
of raw char was the fastest followed by SR1 and SR2 spent chars. The
slowest degradation was observed in DR spent char. In air, a similar
trend was observed where spent char had a slower degradation
compared to raw char. A slower thermal degradation is typically
correlated with a higher degree of deactivation [36]. Unlike raw char,
spent char possibly has more condensed tar compounds on its surface
that accumulate during the reforming process.

The rsults of the SEM-EDX analysis are given in Fig. 8 and Fig. 9. It
can be seen that both raw and spent chars had well developed porosity
with no severe clogging of the pores. This was likely possible due to the
large bed size and short reforming test. The EDX spectra in Fig. 9 show a
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Fig. 10. Summary of the main inorganic elements in raw and spent chars
samples. (colored).

Table 6
Summary of PAH analysis results.
Raw Char DR SR1 SR2
mg/kg

Fluoranthene <0.1 <0.1 <0.1 <0.1
Benzo(b)fluoranthene <0.1 <0.1 <0.1 <0.1
Benzo(k)fluoranthene < 0.1 < 0.1 < 0.1 < 0.1
Benzo(a)pyrene <0.1 <0.1 <0.1 <0.1
Benzo(g h,i)perylene <0.1 <0.1 <0.1 <0.1
Indeno(1,2,3cd)pyrene <0.1 <0.1 < 0.1 < 0.1
Anthracene <0.1 <0.1 < 0.1 <0.1
Acenaphthene <0.1 <0.1 < 0.1 <0.1
Chrysene <0.1 <0.1 <0.1 <0.1
Dibenzo(a,h)anthracene < 0.1 < 0.1 < 0.1 < 0.1
Fluorene <0.1 <0.1 < 0.1 <0.1
Naphthalene 1.05 <0.1 0.11 0.15
Pyrene < 0.1 < 0.1 < 0.1 < 0.1
Phenanthrene <0.1 <0.1 < 0.1 <0.1
Acenaphthylene <0.1 <0.1 <0.1 <0.1
Benzo(a)anthracene <0.1 <0.1 < 0.1 < 0.1
Sum of 16 EPA PAH < 2.550 < 1.600 < 1.610 < 1.615

Detection limit = 0.1 mg/kg

good mineral dispersion with homogeneous particle sizes. The most
abundant minrals on the char surface were Mg, K, and Ca. Fig. 9 also
shows nicely the soot on the spent char SR1 as well as the increased O
and Ca counts on spent char SR2 surface which is probably due to the
higher steam concentration.

Fig. 10 presents the results of XRF analysis for raw and spent char
samples. An observed increase in the concentration of certain elements
such as Fe can be a result of a faster char gasification rate in comparison
to the loss of inorganic elements. A decrease in some AAEM (mainly K
and Ca) elements concentration is expected although not observed in
XRF analysis results due to its semiquantitative nature. The AAEMs in
gasification char are typically in the form of inorganic salts, and they
may be decomposed to a gaseous phase at high temperatures [56,57].
Also at elevated temperatures, the silicon existing in the char could form
alkali silicates which inhibit the catalytic effect of AAEM species in tar
reforming reactions [58,59]. Silicon content is typically low in woody
biomass [47]. As a result, its inhibitory effect can be neglected in this
study. It is also possible that the mineral content increase after the
reforming tests due to the gasification of char and the consequent con-
centration effect. This could impact the future use of char in certain
applications (e.g., water treatment) were a limit on the mineral content
exists. However, in this study no change in mineral content was observe.
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Concerning PAH contamination, Table 6 summarizes the 16 EPA
PAH content in raw and spent chars. Those PAH are regulated for soil
application. All chars had relatively low PAH content that is below the
lower limit indicated by the European Biochar Certificate for soil
application (6 mg/kg) [60]. Compared to raw char, spent chars had
lower PAH content, which is consistent with previous work [36].

4. Conclusions

Tar reforming at a pilot scale was conducted using a char bed and
steam generator for the purpose of cleaning the producer gas as well as
upgrading it. An open-top downdraft gasifier operated with wood pellets
as feedstock supplied both producer gas as well as raw char. Tar quan-
tification through gravimetric analysis and SPE at the open-top gasifier
outlet (reformer inlet) showed that tar concentration falls within the
expected range for downdraft gasifier, 0.01-6 g/Nm® [22]. However,
further cleaning is needed for syngas production [61]. The impact of the
char bed was studied in relation to the thermal cracking case. In addition
to dry reforming, steam reforming was performed at 0.02 and 0.18 kg/h
steam. Raw and spent char properties were finally compared to evaluate
possible post-reforming utilization routes.

The results showed a significant reduction in tar concentration for all
reforming cases in comparison to the thermal cracking condition. Tar
removal efficiency increased from 68 % to nearly 100 % for the TC, and
SR2 cases, respectively. The cyclic behavior of char activation and
deactivation was observed in both DR and SR1 cases. At the different
sampling intervals and when a char bed was used, tar concentration was
around or above 90 %. Physical and chemical characterization of raw
and spent char showed no significant impact of the reforming tests on
char qualities and the bed can be still used for extended periods before
replacement. The only difference observed was the improved surface
properties of SR1 spent char which showed an increase in both surface
area and pore volume. The lower PAH content in spent char in com-
parison to the raw char makes it a promising material for urban (carbon
storage) and agricultural applications. From a wider perspective, gasi-
fication char utilization in tar reforming creates value from waste and
achieves circularity. It also upgrades the producer gas using a catalyst
readily available. It is worth noting that char was used as-received
without modification. Nevertheless, it showed an excellent tar reform-
ing performance.

Future work should focus on the implementation of gasification char
generated at a commercial scale which is often in powder form due to
the higher conversion rates. Powders impose a challenge when used in
fixed bed due to the significant pressure drop created. Efforts should be
made to put this char in a suitable form for tar reforming. Finally,
gasification char was found in many other applications, notably,
wastewater treatment which could also benefit from a pelletized char.
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