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Residual biomass gasification is a promising route for the production of Hy-rich syngas. However, the simulta-
neous formation of pollutants such as light hydrocarbons (HCs), benzene, toluene and xylenes (BTEX), polycyclic
aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) during gasifi-
cation must be controlled. As a result, this study evaluated the effect of temperature and catalytic reforming over
a Rh-Pt/Ce0,-SiO; catalyst during steam gasification of sugarcane residual biomass on syngas composition and
pollutant removal. The above was carried out in a horizontal moving reactor, an Amberlite XAD-2 polyaromatic
resin was used to collect the contaminants and characterization of the catalyst was performed. In this study, a
concentration of up to 37 mol% of Hy, a yield of 23.1 g Hy kggi},mass, and a Hy/CO ratio >2 were achieved when
gasification and reforming were integrated. In addition, the catalyst characterization showed that Rh-Pt/CeO2-
SiO, was not susceptible to sintering and favored the formation of hydroxyl groups that promoted CO oxidation,
thereby increasing the Hy/CO ratio, as confirmed by in-situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS). At 800 °C, where a high H, yield was obtained, 209 g Nm° of light HCs and BTEX, 10.9 g
Nm~3 of PAHs, and 32.5 ng WHO-TEQ Nm > of PCDD/Fs were formed after gasification. Interestingly, after
catalytic reforming, 62% of light HCs and BTEX, 60% of PAHs, and 94% of PCDD/Fs were removed, leading to
cleaner syngas with properties that allow it to be used in a wide range of energy applications.

1. Introduction

Biomass conversion to syngas is key to the development of sustain-
able energy models and the production of valuable chemicals, thus
effectively contributing toward the achievement of the Sustainable
Development Goals (SDGs) (AlQattan et al., 2018). Thermochemical
processes, especially gasification, are attractive routes for the produc-
tion of syngas from lignocellulosic biomass, which is one of the most
abundant renewable energy resources. Syngas obtained from gasifica-
tion is mainly composed of hydrogen (Hj), carbon monoxide (CO),
carbon dioxide (CO3), methane (CH4), and light hydrocarbons (HCs, Ca-
Cg) (Shayan et al., 2018). Hy-rich syngas is desirable because of the high
energy density of Hy (122 MJ/kg), which is 2.7 times more than that of
traditional fuels (Tan et al., 2020). Consequently, Hs-rich syngas
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obtained from gasification of lignocellulosic biomass could be a starting
point for the establishment of sustainable energy models (Irfan et al.,
2021; Shayan et al., 2018).

However, product distribution during gasification processes changes
significantly due to the occurrence of several chemical reactions
(Table 1) which depend on the operating conditions (e.g., gasifying
agent and temperature) and the biomass source (Anniwaer et al., 2021).
The use of steam as a gasifying agent (steam gasification) promotes Hj
production through reactions 1-5 in Table 1, while the use of air, oxy-
gen, or pyrolysis conditions (without gasifying agent) mainly favors the
formation of CH,4 (reaction 6 in Table 1) and CO (reactions 8-10 in
Table 1) (Quiroga et al., 2020). However, an excess of steam would
demand high energy consumption to heat water (Wu et al., 2014). Thus,
a steam-to-biomass weight ratio (S/B) between 0.5 and 2.5 is suggested
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Table 1
Reactions involved in biomass gasification and the catalytic reforming of syngas
(He et al., 2020; Siddik Aydin et al., 2019).

Gasification and reforming reactions Eq.

Biomass,e.—Biomassg,, + H20 Drying (€D)

Biomassgqy—~C + Tar + gas Gasification )

CH4 + H>0 < CO + 3H, +207 kJ Steam Reforming of (€))
mol ! methane (SRM)

C + H,0< CO + Hy +131 kJ Water-gas “
mol !

CO + H,0 < COy + Hy —41.1kJ Water-gas shift (WGS) (5)
mol !

CO + 3H, <> CH4 + H,0 +103 kJ Methanation (6)
mol !

C + 02—CO, —283 kJ Combustion )
mol !

C + COy < 2CO +172kJ Boudouard (€))
mol !

CH4 + 0.502 < CO + 2H, —36 kJ Partial oxidation of ©
mol ! methane

CH4 + CO5 < 2CO + 2H, +248 kJ Dry reforming of (10)
mol ! methane (DRM)

Light HC and tar decomposition reactions

CnHoni2—Cn-1Ha(n-1) + CHy Cracking aan

CnH,, + nH,0—-nCO + Steam reforming™ (12)

(n+ 0.5m)H,
CnH,, + nC0O>—2nCO + Dry reforming* 13)
(0.5m)H,

*CnHp, represents light HC and tar components.

to increase the syngas quality in terms of the Hy concentration and to
reduce the energy demand of the process (Hu et al., 2019; Lin and Weng,
2017).

On the other hand, temperature influences H, concentration and gas
yield. For instance, Yan et al. studied the effect of temperature on the
hydrothermal gasification of organic waste, results showed that Hy
selectivity and the lower heating value (LHV) increase (68.53% to
96.09% and 4.15 to 12.17 MJ Nm >, respectively) with an increase in
temperature from 420 to 500 °C (Yan et al., 2020). Hwang et al. reported
that the Hy concentration and gas yield obtained from steam gasification
of wood waste were four times higher when the temperature was raised
from 500 to 700 °C, yielding 20 vol% of H; in the syngas and a gas yield
of 1.24 Nm® kg’1 (Hwang et al., 2014). These authors attributed the
increase in gasification efficiency to the occurrence of steam reforming
of CH4 (SRM, Eq. 3 in Table 1) and the water-gas reaction (Eq. 4 in
Table 1), which is favored by temperature (Hwang et al., 2014). Simi-
larly, Anniwaer et al. indicated that increasing the temperature from
750 °C to 850 °C favors SRM, thereby increasing the H, content from 35
to 67 vol%. Thus, the temperature improves the Hy concentration in
syngas obtained from gasification (Anniwaer et al., 2021). Nonetheless,
temperature selection for gasification may involve other aspects,
including energy and environmental considerations.

Despite the effectiveness of steam gasification in the production of
syngas, the formation of solid (char) and liquid (condensables and tar)
phases are also expected due to cracking reactions (Eq. 11 in Table 1)
and coke formation (Eq. 2, and reverse 8 in Table 1) (Hiblot et al., 2016).
Char, condensables, and tar could affect Hy production and imply high
maintenance costs for equipment (Katsaros et al., 2019; Tan et al.,
2020). Tar is composed of organic compounds known as polycyclic ar-
omatic hydrocarbons (PAHs) (i.e., naphthalene, acenaphthylene, and
acenaphthene, among others), excluding light HCs and benzene, toluene
and xylenes (BTEX) (Hernandez et al., 2013; Nguyen et al., 2018). PAHs
can condense at low temperatures (~100 °C) and low concentrations
(~1 mg Nm_g) (Valderrama Rios et al., 2018), resulting in serious
environmental problems (Molto et al., 2020). In addition, other com-
pounds such as polychlorinated dibenzo-p-dioxins and dibenzofurans
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(PCDD/Fs) (Edo et al., 2018; Palmer et al., 2021), which are persistent
environmental pollutants can be released. PCDD/Fs can be formed
during thermal conversion processes due to the formation of in-
termediaries such as C—Cl containing HCs (Conesa et al., 2020; Zhang
et al., 2018b). Therefore, mitigating the formation of these undesirable
phases (solid, liquid and C—Cl containing HCs) is a critical to ensuring
the sustainability of steam gasification.

Several alternatives have been proposed to reduce the formation of
solid and liquid phases and C—Cl containing HCs during gasification.
Catalytic gasification, in which catalysts are mixed with biomass in a
single fluidized bed reactor, is an effective way to reduce tar formation
during thermochemical processes (Fremaux et al., 2015; Wu and Wil-
liams, 2010). Nevertheless, the formation of coke, even in small quan-
tities, leads to the rapid deactivation of the catalysts, thereby demanding
frequent replacement of the catalyst, and increasing operating costs (Liu
et al., 2019a). Thus, downstream treatments of the outlet syngas from
the gasification process have been receiving more attention in recent
years.

Recently, Hu et al. (Hu et al., 2019) studied the steam gasification of
corn straw followed by catalytic steam reforming of syngas with a Ni/
v-Al;O3 catalyst, and reported that the integration of both processes (i.e.,
gasification followed by catalytic reforming) results in an increase of Hy
concentration in the syngas up to 1.7 times of that obtained from the
steam gasification (28.4 mol% of Hy). Zhang et al. evaluated the
cleaning of syngas obtained from gasification of municipal solid waste
via catalytic reforming with Ni-based catalysts and reported that the tar
concentration in syngas decreased by approximately 50% after going
through the reformer unit (Zhang et al., 2018a). Also, catalytic processes
have been shown to be a promising option to inhibit the formation of
PCDD/Fs in syngas, for instance, Kawamoto et al. (Kawamoto et al.,
2009) and Weiland et al. (Weiland et al., 2021) reported the effect of
steam gasification and temperature on the inhibition of PCDD/F for-
mation and showed that at temperatures >700 °C decomposition of
PCDD/Fs during biomass gasification increases to almost 100%
(Kawamoto et al,, 2009). Consequently, carrying out a catalytic
reforming step after gasification could be a promising strategy for the
production of Ha-rich syngas, the protection of the catalyst, and the
reduction of pollutants present in tar.

Most of the catalysts that are used for the reforming of syngas are Ni-
based because of their high activity and low cost (Irfan et al., 2021; Vita
et al., 2014). However, Ni catalysts are susceptible to deactivation (by
the impurities present in the syngas) and sintering due to the high
temperatures (>600 °C) at which gasification is carried out (Zhang et al.,
2018a), thereby losing activity and selectivity. Consequently, new ap-
proaches such as the use of other transition metals, alkali catalysts, ze-
olites, active carbon, minerals, and low-load noble-metal-based catalysts
have been studied (Izquierdo et al., 2014, 2017; Liu et al., 2019a).
Asadullah et al. compared Rh/CeO5/SiO, and dolomite (a mineral
containing CaMg(COs3)s) as catalysts for the reforming of char and tar
obtained from cedar wood biomass gasification (Asadullah et al., 2002).
They reported that at 700 °C, the Rh/CeO4/SiO; catalyst favored the
production of syngas with a Hy/CO ratio four times higher than that of
dolomite due to the stability, selectivity, and resistance of noble metals
under gasification conditions (Asadullah et al., 2002). In addition, in a
recent study (Quiroga et al., 2020), we evaluated the thermal degra-
dation of sugarcane residual biomass over a Rh-Pt/Ce0,-SiO, catalyst
for syngas production, and found that the Rh-Pt/CeO2-SiO; catalyst
promotes reforming reactions (Egs. 5-7 and 11 in Table 1) at tempera-
tures above 550 °C, thereby increasing the Hy concentration in the
syngas. We also identified that the Rh-Pt/CeO2-SiO catalyst promotes
the degradation of C2 and C3 species (Quiroga et al., 2020), which could
be a positive feature for the removal of tar and other pollutants during
gasification. This catalyst (Rh-Pt/CeO»-SiO-) has also been evaluated in
other reforming processes, where it has shown resistance to impurities in
the inlet stream and led to the production of Hy-rich syngas for energy
applications without evidence of deactivation (Cifuentes et al., 2021).
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Despite the effectiveness of this catalyst in reforming reactions, it has not
been evaluated for the reforming of syngas obtained directly from a
gasifier.

In this study, the effectiveness of catalytic reforming over a Rh-Pt/
Ce0,-SiO catalyst as a downstream treatment method of syngas ob-
tained from the gasification of sugarcane residual biomass was evalu-
ated. This evaluation involved an assessment of the change in product
distribution between a simple gasification process and a gasification
system followed by a catalytic treatment. Furthermore, the emission of
pollutants, such as light HCs, PAHs, and PCCD/Fs, commonly formed
during biomass thermochemical processes, was considered a point of
comparison between the two processes (i.e., between gasification and
gasification followed by catalytic reforming). Characterization tests
were also performed to establish how the properties of Rh-Pt/Ce02-SiOy
influence its performance during syngas reforming.

2. Experimental
2.1. Collection and selection of residual biomass samples

Residual liquid sugarcane press-mud collected from Tolima,
Colombia, was used as a lignocellulosic biomass resource. Details of the
sample collection and characterization can be found in Supplementary
Material.

2.2. Catalyst preparation and characterization

The synthesis of the Rh-Pt/Ce0,-SiO catalyst was carried out ac-
cording to the methodology reported by Cifuentes et al. (Cifuentes et al.,
2016). An aqueous solution of Ce(NOs3)3-6H20 (Merck, Germany) was
slowly added to SiO5 (Merck, Germany) with constant stirring to achieve
a Ce/Si molar ratio of 2. Then, the mixture was dried in a furnace for 24
h at 80 °C and calcined in a muffle furnace at 500 °C (5 °C min’l) for4h
to obtain the Ce05-SiO5 support. Subsequently, Rh (0.4 wt%) and Pt
(0.4 wt%) were loaded onto the CeO»-SiO, support by the incipient
wetness co-impregnation method, using solutions of RhCls-Hy0 (Merck,
Germany) and HyPtClg-6H20 (Merck, Germany) in deionized water (DI)
as precursors. The mixture was dried in a furnace at 80 °C for 24 h,
calcined in a muffle at 700 °C (5 °C min " !) for 2 h, and reduced with 8%
Hy/He (200 mL min~ 1) at 700 °C. Finally, the powder obtained was
sieved through an 80-mesh sieve.

The obtained samples were characterized by different techniques.
Morphology of samples was evaluated by high-resolution transmission
electron microscopy (HR-TEM). For this, samples were ultrasonically
dispersed in ethanol and placed on a copper grid coated with a carbon
film. The micrographs obtained from HR-TEM were employed to mea-
sure the diameter of the active metal particles using ImageJ software. At
least 150 particles were counted per sample. The average surface-area-
weighted diameter of the active metal particles (Rh and Pt) was calcu-
lated according to Eq. (14) (Cifuentes et al., 2016).

7= ind;
t Y md:

where n; is the number of particles and d; is the particle diameter.

Structure of samples was studied by X-ray diffraction (XRD). For this,
XRD spectra were recorded at 20 with a step size of 0.05°, and a step time
of 35, and the deviation from the peak position was <0.002°. The crystal
size of CeOy was calculated using the Scherrer equation (Eq. (15))
(Cavusoglu et al., 2015).

(14)

10,0892
~ PBCos(6)

il (15)

where p is the width of half the height of the XRD peak in radians, and 0
is the angle between the incident and diffracted X-ray beam.
X-ray photoelectron spectroscopy (XPS) was performed on the aged
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samples in order to see the oxidation states of the metals present in the
catalysts. Spectra of aged catalysts were obtained using an electron
spectrometer (K-ALPHA, Thermo Scientific) with a twin anode radiation
source in the Al-Ka (1486.6 eV) constant energy analysis mode and an
energy flow of 50 eV. The C 1s line was set at 284.6 eV. The binding
energy (BE) values were obtained with a precision of 0.2 eV.

in-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) were performed using 40 mg of Rh-Pt/Ce0,-SiO, catalyst
placed in a quartz cell, reduced in situ using 8% Hy/N3 at 500 °C for 1 h,
and then flushed with Ar (120 mL min ') for 10 min. Tests were carried
out from 25 to 500 °C, in the range of 4000 to 1000 cm ™, with an
average of 32 scans min~! and a resolution of 4 cm™!. Once the test
temperature was reached, the catalyst sample was flushed with test
gases (10% CHy/Ar, 5% CO/Ar, 5% COg2/Ar, or a mixture of these gases)
at 120 mL min~! for 10 min (adsorption step). The catalyst was then
flushed with Ar (120 mL min~?) for 10 min (desorption step). Finally,
the system was cooled, and the procedure was repeated. Each spectrum
was obtained by subtracting the background of the reduced samples.

2.3. Steam gasification

Steam gasification of sugarcane residual biomass was tested between
600 and 800 °C in a moving horizontal reaction system, for a detailed
diagram of the experimental set-up, see Fig. 1. The system consisted of
an arrangement of two quartz containers in line with a quartz tube (7 cm
in length and an internal diameter of 0.5 cm), which was heated using an
electric furnace and moved horizontally at a constant speed (0.1 mm
s H using an SAS5H-500 actuator (IAL, USA). A sample mass of 1.0 g of
sugarcane residual biomass was distributed uniformly in the quartz
containers, achieving a constant feed rate of 0.049 g min~!. Steam was
supplied by bubbling water with a controlled flow of N3 (100 mL min 1)
as the carrier gas to ensure an S/B ratio of 2.2 and a steam flow rate of
0.139 mL min~'. A uniform temperature of 90 °C was maintained in the
bubbler using a silicone resistor with temperature sensors and a power
controller.

Condensable compounds in the outlet stream of the reactor were
collected in an Amberlite XAD-2 polyaromatic resin (Supelco, Belle-
fonte, USA), which was operated at 130 °C. Finally, the syngas produced
was cooled and collected in 5 L Tedlar bags (Restek, Bellefonte, PA,
USA). The collected steam gasification samples were labeled as “G-X”,
where G refers to steam gasification and X represents the temperature at
which the test was carried out.

2.4. Catalytic reforming

Catalytic reforming of the syngas obtained from steam gasification of
sugarcane residual biomass was evaluated at 600, 700, and 800 °C in the
reaction system described above (Fig. 1). The catalytic bed consisted of
0.2 g of Rh-Pt/Ce0,-SiO; catalyst distributed in two quartz wool plugs,
which were placed in the reactor, 40 mm from the last container,
ensuring a gas hourly space velocity of 44 829 h™!. The sampling of the
products obtained in the integrated system was the same as described in
section 2.4 for the steam gasification tests. For all the experiments, the
plug flow reactor condition was achieved by eliminating back mixing
and channeling ensuring a ratio between the catalyst bed height and
catalyst particle size (L/Dp) and a ratio between the reactor internal
diameter and catalyst particle size (D/Dp) higher than 60 (Sahoo et al.,
2007). Samples of spent catalysts and product samples obtained were
labeled as “GR-X”, where GR refers to the coupling of steam gasification
and catalytic reforming processes, and X represents the temperature at
which each test was carried out.

The syngas samples collected in Tedlar bags were analyzed using gas
chromatography (GC). The production of Hy, CH4, CO, and CO5 was
measured in a 7820A unit (Agilent, CA, USA) equipped with a Haye Sep
Q 80/100 column and a Molecular Sieve 5A 80/100 column (Teknok-
roma, BCN, Spain) connected to a thermal conductivity detector. Prior to
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Fig. 1. Diagram of the laboratory-scale moving horizontal tubular reactor used in the steam gasification experiments.

the identification and quantification of the analytes in the experimental
samples, an external calibration was carried out using high-purity
standards for each gas.

Then, the S/B ratio, biomass conversion, gas yield, and LHV were
calculated according to Egs. (16)—(19).

S/B = mHzlJ/mbiomassdb (16)
Biomass conversion|%] = (1 — Mnar/ Mpiomass ) * 100 17
. M carbon gy .
Carbon conversion[%] = | 1 ————" *100 18)
M carbonyiomass

Dry gas yieldNm’kgy} 1= V,/Mpiomass 19
LHYV yield [MJIkgy,..,] = Gasyield(12.6Cco + 10.80Cy,

+ 35.8CCH4)/Mbinmass (20)

where my, 0 is the mass flow (g min~ 1) of HO0 in the inlet stream of the
System, Mpjomass,, i the mass flow (g min~1) of biomass on a dry basis in
the inlet stream of the system,M g, is the mass (kg) of char, Mp;yess is the
initial mass (kg) of biomass on a dry basis, Mcqrbon,,,, is the mass of carbon
contained in the char, Mcarbon,,,,., is the mass of carbon contained in the
initial biomass on a dry basis, V;is the total volume (m®) of the produced
syngas under normal conditions, and C is the gas concentration in vol%.

2.5. Pollutant quantification

Light HCs and BTEX compounds were analyzed in a GC-17A unit
(Shimadzu, Kyoto, Japan) equipped with an alumina KCl plot capillary
column (Sigma-Aldrich, MO, USA) connected to a flame ionization de-
tector. The identification and quantification of these compounds was
carried out by external standard calibration by comparing the retention
times of the analytes with those obtained from the calibration curve. The
values reported are the average of triplicate injections of the samples.

The quantification of PAHs was carried out following the US EPA
8270D method (US EPA, 2018). Before each experiment, internal stan-
dards were added to the XAD-2 resin. The 16 priority PAH deuterated
standards were provided by Dr. Ehrenstorfer-Schafers (Augsburg, Ger-
many). Before the analysis, the resin obtained at the end of each run was
extracted using an ASE-100 (Dionex, Thermo Fisher Scientific, Califor-
nia, USA). PCDD/F formation was analyzed only for the experiments at
700 and 800 °C by collecting them in the XAD-2 resin following a
standard methodology developed in our lab (Conesa et al., 2020;
Gandon-Ros et al., 2021), detailed quantification methods and proced-
ures can be found in Supplementary Material. For all experiments, lab-
oratory blanks (without sample) were performed before each test under
the same conditions as the test runs. The reaction conditions, processed
Excel data of activity, and characterization tests can be observed in
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detail and downloaded from [dataset] (Quiroga et al., 2021).
3. Results and discussion
3.1. Biomass steam gasification

Table 2 shows the product distribution and gas yields obtained from
the steam gasification of sugarcane residual biomass with a S/B ratio of
2.2 for all the experiments. High temperatures favor biomass carbon
conversion (Huang et al., 2013), thereby improving steam gasification
performance; thus, at 800 °C, high conversions of sugarcane residual
biomass (up to 82%) and carbon (up to 82%) were achieved (Table 2).
The gas yields of the main species (Hy, CO, CHy4, and CO5) also increased
with temperature due to the promotion of gasification (Eq. 2 in Table 1)
and reforming reactions (Egs. 3-4 and 12 in Table 1), thereby reducing
the formation of condensable compounds (Fremaux et al., 2015).
Therefore, the increase in both biomass conversion and H, yield with
temperature contributed to the production of syngas with a Hy con-
centration of 19.5 mol% at 800 °C.

Syngas applications depend on both H; concentration and gas
composition in terms of Hy/CO, Hy/CH4, and CO5/CO molar ratios
(Lalsare et al., 2019; Terrell and Theegala, 2019). Table 2 shows that the
Hy/CO ratio increases with temperature to 0.9 at 800 °C, owing to the
occurrence of steam reforming reactions (Egs. 3, 4, and 12 in Table 1).
However, this Hy/CO ratio is still low for use in energy applications,
even for CO-tolerant Hy fuel cells, because a high (>1) Hy/CO molar
ratio is required (Cifuentes et al., 2021). Similarly, the Hy/CH4 molar
ratio is used to establish the syngas energy potential because Hy has a
higher energy density than CHy4 (Hiblot et al., 2016; Terrell and Thee-
gala, 2019). The endothermic SRM reaction (Eq. 3 in Table 1) could
contribute to an increase in the Hy/CHy ratio with temperature (Fre-
maux et al., 2015), as shown in Table 2. Thus, comparable amounts of Hy
and CHy4 (Ha/CHj4 ratio of 1) were obtained at 800 °C (Table 2) during
the steam gasification process, resulting in a high LHV (4.4 MJ Kgpiomass,
Table 2) and dry gas value (0.4 Nm® kgu?ﬁ,mass, Table 2).

Furthermore, the CO5/CO molar ratio was used to deduce the main
chemical reactions involved in the thermochemical processes. CO is
mainly formed by SRM, water-gas, Boudouard, and tar steam reforming
reactions (Egs. 3, 4, 8, and 12 in Table 1), while most of the CO, comes
from the WGS and combustion reactions (Egs. 5 and 7, respectively, in
Table 1). CO2/CO ratio in the syngas (Table 2) slightly decreases with
temperature from 1.9 at 600 °C to 1.3 at 800 °C. This behavior can be
ascribed to the endothermic reverse WGS reaction (Eq. 5 in Table 1),
which is favored at high temperatures (Yu et al., 2020).

Therefore, steam gasification at high temperatures is preferred, to
increase biomass conversion and H; concentration in the syngas.
Nonetheless, the Hy/CO ratio of the syngas produced is still low for its
practical use in energy applications. To overcome this issue, catalytic
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Table 2

Product distribution in syngas during steam gasification and after catalytic
reforming at S/B of 2.2. Mean values =+ standard deviation of the measurements

are shown.
Aspect Outlet stream
Gasification Catalytic reforming
G-600 G-700 G-800 GR-600 GR- GR-800
700
Biomass 79.4 + 80.8 82.7 + 79.4 + 80.8 82.1 +
conversion 0.8 + 0.6 1.5 0.3 +0.1 0.3
(%)
Gas yield (g compound kg~ of biomass)
H, 0.8 + 1.5+ 7.1 + 54+ 10.4 18.8 +
0.013 0.2 0.12 0.3 + 0.8 0.07
Cco 34+2 54+4 117.6 30.1 + 54.5 129.0
+3 0.6 +4 +0.6
CH4 12.3 + 30.4 58.9 + 12.4 + 30.5 44.4 +
0.09 +0.2 9 0.04 + 0.4 0.3
CO, 103 + 112 + 234.6 203.6 297 + 369+ 3
6 6 +8 +1.3 5.4
Light HCs and 249 + 61.5 76.7 £ 23.7 + 51.5 28.2 +
BTEX 0.4 +0.4 3 0.7 + 0.7 0.2
Hy/CO 0.3+ 0.4 + 0.9 £ 25+ 2.7 £ 21+
0.02 0.03 0.02 0.09 0.11 0.0
H,/CH4 0.5+ 0.4 + 1.0 £ 3.5+ 2.7 + 4.1+
0.02 0.03 0.1 0.2 0.2 0.02
CO,/CO 19+ 1.3+ 1.3+ 4.3+ 35+ 1.8+
0.03 0.1 0.01 0.1 0.2 0.01
LHV of gas 1.3+ 21+ 4.4 £+ 19+ 34+ 7.0 £
[MJ kg ! of 0.03 0.1 0.3 0.05 0.1 0.02
biomass]

LHV of gas 9.0 + 12.2 12.2 + 7.3+ 8.8 + 9.6 +
[MJ Nm 3] 0.1 +0.1 0.7 0.1 0.1 0.03
Dry Gas yield 0.2 + 0.2 + 0.4 + 0.3 + 0.4 + 0.7 +
[Nm® kg~ of  0.003 0.0 0.01 0.0 0.01 0.0

biomass]
Gas composition (mol%)
Hy 7.4+ 8.8 + 19.5 + 28.0 + 30.6 373+
0.4 0.6 0.6 1.1 +1.1 0.07
Cco 233+ 22.9 229 + 11.1 + 11.5 18.2 +
0.3 +1.4 0.9 0.09 + 0.5 0.006
CHy4 14.7 + 23.4 20+ 2 8.0 £ 11.3 9.0 £
0.05 +0.4 0.11 +0.3 0.05
CO, 45.0 + 30.3 29.1 £ 47.8 + 40.0 332+
0.4 +1.1 1.0 1.0 + 1.0 0.13
Light HCs and 9.5+ 14.5 8.3+ 51+ 6.6 + 2.3+
BTEX 0.07 +0.2 0.4 0.07 0.2 0.002

reforming as a downstream treatment of the syngas derived from gasi-
fication was studied, and the findings were compared with those of
steam gasification (vide infra).

3.2. Steam gasification followed by catalytic reforming

The product distribution and gas yields for the integrated system

(gasification followed by catalytic reforming) are presented in Table 2.
The results show that after catalytic reforming, Hy and CO4 yields clearly
increase, while CHy, CO, light HC, and BTEX yields either decreased or
were maintained at similar levels, compared to those for steam gasifi-
cation. Thus, the use of catalytic reforming as a downstream treatment
method for syngas increases Hy concentration 1.9 times, ensuring the
production of a syngas with 37.3 mol% Hj at 800 °C. Nevertheless, the
obtained Hy concentrations (- 30 vol%) were below the levels of the
literature reports (40 vol% Hjy) (Hu et al., 2015; Irfan et al., 2021;
Kawamoto et al., 2009). Lower Hy concentrations can be related to the
low moisture content (<3 wt%) of the residual biomass used in this
study. Moisture contents of about 10 wt% increases the total steam
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during gasification (Hu et al., 2015), favoring SRM, WGS and SR re-
actions (Egs 3, 5 and 12 in Table 1) by Le Chatelier’s principle.

Table 2 also shows that the Hy/CH,4 ratio increases after catalytic
reforming, reaching a value of 4.1 at 800 °C. Studies have proven that
the SRM and DRM reactions (Egs. 5 and 8 in Table 1) are promoted
during the catalytic reforming of syngas derived from thermochemical
processes (Vita et al., 2018). In addition, Rh-Pt/Ce05-SiO- is an effective
catalyst for the conversion of CHy at high temperatures, owing to the
presence of Rh and the high oxygen storage capacity of the CeO,-SiO;
support (105 pmol O, g{alt) (Cifuentes et al., 2019). Thus, increasing the
Hy/CH4 ratio could have a positive effect on the Hy/CO mole ratio after
catalytic reforming (Table 2), thereby improving both the LHV and dry
gas yields (Table 2). However, in the integrated system, the Hy/CO ratio
decreases by approximately 22% when going from 700 °C to 800 °C.
This decrease could be associated with the thermodynamic equilibrium
of WGS (Ge et al., 2016).

The CO,/CO ratio increased compared to that in the steam gasifi-
cation tests but tended to decrease with temperature (Table 2). Noble
metals such as Rh and Pt promote C-C and C-H bond cleavage, leading
to both Hy and CO» formation (Liu et al., 2019b), which would explain
the increase in CO,/CO and H,/CO ratios after catalytic treatment.
However, the distribution of the main carbon species (CO and CO5)
during the catalytic reforming processes depends on the WGS thermo-
dynamic equilibrium (Lopez et al., 2013). At high temperatures
(>600 °C), the reverse WGS reaction (Eq. 5 in Table 1) converts both
CO9 and Hy formed from the reforming reaction into CO. The occurrence
of reverse WGS could favor a rapid reduction in the CO5/CO ratio with
temperature. Considering the results on the Hy/CH4 ratio, we speculate
that despite the occurrence of reverse WGS at high temperatures, the
conversion of CHy4 promoted by the Rh-Pt/CeO5-SiO2 cata-
lystcompensates for Hy consumption in the reverse WGS, thereby fa-
voring the production of an Hy-rich gas with an Hy/CO ratio greater than
2.

The results suggest that Rh-Pt/Ce0,-SiO- is an effective catalyst for
the reforming of syngas derived from steam gasification of sugarcane
residual biomass. Thus, the increase in the Hy/CO, CO5/CO, and Hy/CHy
ratios obtained from the integrated system were ascribed to the catalyst
activity during the cracking, steam reforming, and WGS reactions.
Therefore, the following section discusses some characteristics of the
Rh-Pt/Ce0,-SiOy catalyst that could influence the results presented
above.

3.3. Catalyst characterization

3.3.1. Catalyst properties during syngas steam reforming
Rh-Pt/Ce0,-SiO, catalysts have been previously characterized in
steam reforming processes (Cifuentes et al., 2016; Quiroga et al., 2020;
Sanchez et al., 2016). Moreover, we present complementary character-
ization tests on fresh and spent samples of the Rh-Pt/Ce0O»-SiO5 catalyst
to identify possible changes arising from the downstream syngas treat-
ment. HR-TEM micrographs (Figure S1 in Supplementary Material)
show that the active particles (Rh and Pt) are well dispersed on the
Ce0,-SiO5 support, forming small particles without significant changes
after catalytic reforming, with an average surface-area-weighted diam-
eter of 3.7 + 0.8 nm. Despite the elevated temperatures involved in this
study, Rh and Pt active metals did not show signs of sintering, which is
an advantage over Ni-based catalysts that are susceptible to sintering in
reforming processes (Sehested et al., 2001). In addition, XRD patterns
(Figure S2 in Supplementary Material) and calculations of the average
crystal size of CeO5 (Table S2 in Supplementary Material) show that the
support structure is not compromised after the catalytic test. Similarly,
the XPS results (Figure S3 and Table S2 in Supplementary Material)
show minor differences in the surface element composition and oxygen
vacancies (measured in terms of Ce*3/Ce™ ratio) among the Rh-Pt/
Ce0,-SiO, samples. Therefore, the Rh-Pt/Ce0,-SiO, catalyst stands out
as a resistant material, making it a promising option for the catalytic
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reforming of syngas obtained after gasification.

3.3.2. in-situ DRIFTS

in-situ DRIFTS tests were performed to assess the interaction between
the catalyst and the main carbon species present in the syngas (CHy,
CO9, and CO). Fig. 2a shows the DRIFTS spectra for the interaction be-
tween CH, and the catalyst surface. The peak at 3010 cm™! is associated
with the adsorption of CHy species, and the band at 2060 cm ™" is related
to CO adsorbed on the active metals (Rh and Pt) (Marinho et al., 2021).
In the absence of an oxidizing agent in the reacting gas (a 5% CH4/Ar
mixture was used), carbonyls can be formed because of the availability
of surface oxygen supplied by the catalyst support (Cobo et al., 2013).
Similarly, the formation of carbonate and formate species (1200-1800
em!in Fig. 2a), which are intermediates in CHy and CO conversion
(Cifuentes et al., 2021), is favored by the oxygen vacancies of CeOo
(Cifuentes et al., 2020). In addition, the adsorption of CHy, and therefore
the formation of carbonyls appears to be independent of temperature,
indicating that Rh-Pt/Ce0,-SiO; favors the conversion of CH4 over a
wide temperature range, which is in line with the increase in the Hy/CH4
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ratio observed after the catalytic treatment (Table 2).

Fig. 2b shows that O-C-O carbonates (peaks at 2345 cm™! (Cifuentes
et al., 2020)) appear as the main species during CO5 adsorption. How-
ever, an increase in temperature reduces the intensity of O-C-O car-
bonates, showing that CO4 has less interaction with Rh-Pt/Ce0,-SiO; at
high temperatures and could be easily desorbed. In addition, Fig. 2c
shows that initially, CO is adsorbed onto the active metals, but pro-
gressive formation of O-C-O groups is promoted by temperature, indi-
cating that Rh-Pt/Ce03-SiOy is most effective in oxidizing carbon
intermediates at high temperatures. Oxygen mobility in CeO, is favored
by temperature and the presence of a second metal oxide such as SiOa,
thereby promoting the formation of CO, (Cifuentes et al., 2019) that
could be easily desorbed. This feature of Rh-Pt/Ce05-SiO5 could account
for the increase in the CO,/CO ratio (Table 2).

Fig. 2d shows the DRIFTS spectra for the interaction of a simulated
syngas (CHy4, CO, CO3, Ar, and water) with the catalyst surface. The
intensity and variety of carbonate and formate species (C-O* zone)
increased significantly when the gas mixture interacted with the catalyst
compared to the independent interactions between CHy4, CO5, and CO.
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Note that the hydroxyl groups (band centered at 3600 cm™!) that were
formed during the catalyst reduction pretreatment, are desorbed rapidly
with temperature (Fig. 2a, b, and c). These hydroxyls are important
intermediates in the oxidation of CO (Cifuentes et al., 2021). Subse-
quently, a deficiency in hydroxyl groups could negatively impact the
activity of the catalyst. In Fig. 2d, the hydroxyl band was not included
because of the significant increase observed, which made the analysis of
other zones more difficult. The formation of hydroxyl groups is associ-
ated with the presence of water in the simulated syngas, which could
compensate for the desorption of these species (i.e. hydroxyls) with
temperature. Consequently, the change in carbon intermediates in the
simulated syngas could be associated with an increase in the number of
surface hydroxyls formed from water. In addition, the adsorption of
water over SiOp-based materials favors water splitting, thereby pro-
ducing additional Hy (Cifuentes et al., 2019).

Therefore, the presence of stable active metals, such as Rh and Pt, to
reform hydrocarbons together with a CeO5-SiO5 support, which supplies
surface oxygen and favors the formation of hydroxyl groups, contributes
to the production of a Hy-rich syngas after catalytic reforming. Never-
theless, the sustainability of the gasification technology depends not
only on the production of Ha-rich syngas, but also on its effectiveness in
mitigating pollutant emissions. In the upcoming sections, several pol-
lutants involved in the thermic processes involved are screened during
gasification and gasification/reforming tests.

3.4. Formation of pollutants during gasification and gasification/
reforming of residual biomass

3.4.1. Light HC and BTEX formation

Light HCs and BTEX are important by-products formed during steam
gasification. The formation of excessive amounts of these compounds
could be evidence of low selectivity during gasification. Table 2 shows
that light HCs and BTEX constitute up to 14% of the syngas produced by
steam gasification at 700 °C. Table 3 details the yields for the most
common light HCs formed during thermochemical processes, including
dangerous compounds such as BTEX. No clear trends in the formation of
each light HC or BTEX were identified, because of the complex network
of chemical reactions occurring during gasification. However, the total
concentration of light HCs and BTEX increased by a factor of three
(approximately) between 600 and 800 °C (Table 3), indicating that at
high temperatures, steam gasification would be most likely to favor the
formation of dangerous compounds.

After catalytic reforming, the total amount of light HCs and BTEX
(Table 3) decreased by up to 62% at 800 °C. The favoring of cracking and
reforming reactions by the catalyst could contribute to the conversion of
light HCs (Farooq et al., 2021; Vita et al., 2018), thereby increasing Hy
yield (Table 2), and reducing pollutants. Also, the decrease of the light
HCs at 800 °C could be related to the longer residence time due to the
catalytic bed that favors decomposition of some HCs and tars (Nguyen
et al., 2018). These results coincide with a study by Hernandez et al. in
which they evaluated the effect of residence time on Hy production from
biomass and reported that a residence time increase of 1.4 times leads to
a Hj increase of 2.5 times when approaching equilibrium (Hernandez
et al., 2010). At higher temperatures, where steam gasification favored
light HC and BTEX formation the most (Table 2), catalytic reforming of
syngas over Rh-Pt/CeO,-SiO, catalyst is effective in removing mainly
propylene, butanes, butenes, propyne, butynes, n-hexane, benzene, and
xylenes (Table 3). This coincides with the results of a study by Nguyen
et al., who reported the total elimination of acetylene (CoHj) and pro-
pylene (C3Hg) and approximately 46% of ethylene (CoHy4) conversion in
syngas after a catalytic treatment at 800 °C with ilmenite as the catalyst
(Nguyen et al., 2018). Similarly, Savuto et al. reported the conversion of
benzene (>60%) over Ni/Mayenite at 800 °C during the steam catalytic
reforming of syngas from biomass gasification (Savuto et al., 2017).
However, the structure and stability of contaminants influence the
effectiveness of their removal during downstream treatments. Table 3
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Table 3

Light HCs and BTEX compounds formed during steam gasification and after
catalytic reforming of syngas. Mean values + standard deviation of the mea-
surements are shown.

Aspect Outlet stream
Gasification Catalytic reforming
G-600 G-700 G-800 GR-600  GR-700 GR-800
Light HCs [mg compound kggi},mass (ppm)]
Ethane 3,730 5,890 6,700 3,912 5,630 4,500
+ 30 + 40 + 500 + 10 +70 + 30
Ethylene 181.6 688 +4 1,090 161.6 5307 627 +4
+1.3 + 180 +0.4
Propane 1,093 1,299 680 + 1,289 1,106 378 £2
+8 +8 110 +4 + 15
Propylene 96.3 + 318+2 240 £ 93.9 + 231+ 3 101.3
0.7 40 0.2 + 0.7
Isobutane nd nd 13,300 nd 47.8 + nd
+ 900 0.2
Acetylene 91.3 + 4,328 nd 101.9 2,400 5,610
0.6 +17 +1.4 + 60 + 50
n-butane 412 + 968 +9 1,700 186.4 661 £9 502+7
2 + 300 + 0.6
1-butene nd nd nd nd nd nd
trans-2- 7,940 19,880 1,600 7,650 8,190 325+5
butene + 50 +120 + 200 + 30 + 100
Isobutene 491 + 936 + 6 500 + 516 + 705 + 7 209 + 3
3 80 2
cis-2-butene 219.3 495+3 180+ 252 + 385+4 645+
+ 0.8 30 2 0.8
Isopentane nd 21.16 nd nd 18.5 + nd
+0.12 0.5
n-pentane 271+ 14,820 83+9 343 + 185+ 2 nd
1.0 + 120 0.3
Propyne 480 + nd 28,700 645 + 18,900 55.80
4 + 400 2 + 300 +0.05
1,3- 7,030 nd nd 7,270 nd 11,800
butadiene + 50 + 40 + 100
1-pentene 15.8 + 6.70 + 0.147 16.77 227 + nd
0.13 0.03 +0.014  +0.09 0.03
2-butyne 305.1 2,270 3,700 564 + 1,000 912 +£7
+0.6 + 30 + 600 4 +7
1-butyne 96.5 + 222.5 90 + 19 16.37 83+3 22+2
0.4 + 1.4 +0.10
n-hexane 904 + 3,790 3,800 900 + 2,790 1,828
6 + 50 + 600 400 +30 +15
1-hexene 9.82 + 2.72 + 2.3+ 12.77 0.64 + 0.64 +
0.014 0.04 0.3 +0.12 0.03 0.02
cis-2-hexene  31.7 + 34.8 + 23+4 39.4 + 129 + 5.747
0.5 0.9 0.7 0.9 + 0.003
n-heptane 11+2 120 + 29+6 22.76 78 +5 nd
10 + 0.04
1-heptene nd nd nd nd nd nd
Isooctane 31+ 85+ 4.85 + 5+4 5+3 nd
1.0 0.5 0.02
Benzene 64.9 + 240 + 31+4 58 + 4 160 + 10.3 +
0.4 100 120 0.3
Toluene nd 4,830 980 + 250 + 2,020 1,161
+ 50 80 150 +18 +14
Xylene (p-, 1,600 316 + 13,400 nd 6,480 109 + 5
m-,0-) + 200 16 + 900 + 180
Total Light 24900 61500 76700 23700 51600 28200
HCs and + 400 + 400 + 900 =+ 700 + 700 + 200
BTEX

nd: not detected or lower than the detection limit (1 mg kggi})mass).

shows that some light HCs and toluene increased in concentration after
catalytic reforming, possibly due to the decomposition of naphthalene
and acenaphthene (Nguyen et al., 2018). Thus, some hazardous con-
taminants may require additional treatment, to effectively remove them.

3.4.2. PAHs

Tars are also undesirable compounds formed during gasification,
especially PAHs, owing to their negative impact on the environment.
Similar to light HCs, PAHs tend to increase with temperature, reaching
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uptollg Nm 2 of tar yield and 3930 mg kggi})mass of total PAHs (see the
yields of the 16 priority PAHs in Table 4). Zhang et al. evaluated PAH
production during steam gasification of different biomass materials and
reported that above 700 °C, PAH formation exponentially increases due
to the change from light tar compounds and BTEX into PAHS with an
increase in temperature from 700 to 800 °C (Zhang and Pang, 2019). In
addition, Aljbour et al. (Aljbour and Kawamoto, 2013) evaluated the
gasification of cedar biomass gasification, mentioning that between 700
and 900 °C, the concentrations of naphthalene, fluorine, phenanthrene,
and anthracene increased because temperature favored the formation of
radicals, which are intermediates for light PAH production. Therefore,
despite favoring biomass conversion and increasing Hy concentration in
the syngas (Table 2), temperature also promoted PAHs emissions during
steam gasification.

After catalytic reforming, most of the tars decreased by approxi-
mately 60% compared to steam gasification (Table 4). Tomishige et al.
(Tomishige et al., 2003) found that the order of catalytic activity of
metals supported on CeO2-SiO for the reforming of tar derived from
cedar biomass was Rh > Pt > Pd > Ni, achieving 77% tar conversion at
700 °C with Rh/Ce0,-SiO,. In addition, Kobayashi et al. studied the
influence of silica (SiO2) as a catalyst to remove tars from syngas,
reporting that heavy PAHs are easily decomposed over SiO5 owing to its
high surface area (100-300 m?> g’l) (Kobayashi et al., 2019). Therefore,
the Rh-Pt/Ce0,-SiO; catalyst could favor tar conversion during steam
reforming of syngas owing to the presence of highly active metals (Rh
and Pt) and the high surface area of the support (the catalyst used in this
work has a surface area of 104 m? gc’alt).

Fig. 3a shows the efficiency of PAH removal during catalytic treat-
ment. Most PAHs, including naphthalene (the main PAH produced
during gasification, according to Table 4) were reduced after steam
reforming over the Rh-Pt/Ce0,-SiO; catalyst, mainly at 800 °C. How-
ever, for the removal of other compounds such as acenaphthylene,
acenaphthene, fluoranthene, and pyrene, temperatures below 800 °C
would be more suitable. Liu et al. suggested that the reforming of PAHs
depends on their chemical structure: smaller hydrocarbon aromatics are
more difficult to remove by steam reforming compared to aromatics
with larger rings or O-containing groups (Liu et al., 2021). In addition,
as discussed in the DRIFTS tests, the water present in the syngas could be
adsorbed into the catalyst surface and form active radicals (e.g., H*,
OH™, and O*), which are needed to reform small tar molecules (Liu

Table 4
PAH yields for single gasification and after catalytic reforming of syngas.

Compound Tar compound yields mg kgpibmass
G- G- G- GR- GR- GR-
600 700 800 600 700 800
Naphthalene 193 804 2070 129 642 1230
Acenaphthylene 20 200 575 12 124 450
Acenaphthene 13 54 49 15 28 39
Fluorene 29 79 185 24 61 201
Phenanthrene 40 144 376 22 137 275
Anthracene 9 36 130 5 26 82
Fluoranthene 7 19 76 4 15 50
Pyrene 12 30 183 6 29 161
Benzo(a)anthracene 6 16 85 10 38
Chrysene 18 44 105 10 38 66
Benzo(b)fluoranthene 5 3 17 nd 2 7
Benzo(k)fluoranthene nd 2 23 2 2 11
Benzo(a)pyrene 4 7 39 1 4 16
Indene(1,2,3-cd) nd nd 10 nd nd 4
pyrene
Dibenzo(a,h) nd nd nd nd nd nd
anthracene
Benzo(g,h,i)perylene nd nd 9 nd 2 4
Total PAHs [mg 354 1440 3930 234 1120 2640
Kgbibmass]
Tar yield [g Nm %] 2.4 8.4 10.9 0.9 2.9 3.6

nd: not detected or lower than the detection limit (1 mg kg mass)-
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et al., 2021). However, an increase in gasification temperature is ex-
pected to favor the conversion of water in endothermic steam reforming
reactions (Cifuentes et al., 2020), which leads to a reduction in the
availability of water for catalytic reforming. Thus, the amount of water
in the syngas may decrease when gasification is carried out at high
temperatures, which can reduce the effectiveness in removing some
PAHs during catalytic reforming. Despite the differences observed with
the process temperature, catalytic reforming after gasification is a
promising strategy to reduce both light HCs and tars in the syngas ob-
tained from biomass.

3.4.3. PCDD/Fs

The previous sections showed that high temperatures (700-800 °C)
are necessary to obtain a Hy-rich syngas (Vide ante); therefore, dioxin
analysis was performed only for gasification with and without catalyst at
700 and 800 °C. Dioxins and furans can be formed during thermo-
chemical processes (Conesa et al., 2020) from pyrosynthesis reactions,
promoted by the presence of chlorinated aromatic hydrocarbons under
oxidation conditions and high temperatures (400-800 °C) (Rathna et al.,
2018). Conesa et al. reviewed pollutant emissions during pyrolysis and
incineration/gasification of industrial waste, and reported that under
poor oxygenation conditions, incomplete oxidation of carbon species is
favored, leading to the formation of an excessive amount of PCDD/F
(Conesa et al., 2020). However, the authors also mention that biomass
resources such as cotton waste produced significantly less pollutants
compared to electronic waste and polyvinyl chloride (PVC)-based ma-
terials. This coincides with our results (Table S3 in Supplementary
Material), where a PCDD/F concentration lower than 32.5 ng WHO-TEQ
Nm 3 was recorded during gasification of sugarcane residual biomass at
800 °C. Although, the presence of PCDD/F, even in low concentrations
in the outlet streams of could cause health and environmental risks.
Fig. 3b shows the efficiency of the Rh-Pt/Ce03-SiO5 catalyst in the
removal of PCDD/Fs from the syngas derived from gasification. At
800 °C, the PCDD/F concentration is reduced due to decomposition of
most of the congeners, while at 700 °C, the emissions of 2,3,7,8-TCDF,
1,2,3,7,8-PeCDF, 2,3,4,7,8-PeCDF, and 1,2,3,7,8-PeCDD increased dur-
ing catalytic reforming. Thus, at 700 °C, the Rh-Pt/Ce05-SiO5 catalyst
favored the decomposition of higher dioxins, but it also favored the
formation of more toxic compounds. The above could be related to the
correlation of dioxin formation with temperature, since it has been
shown that with an increase in temperature the decomposition of PCDD/
Fs is higher (Kawamoto et al., 2009; Maric et al., 2020). However, at
800 °C, catalytic reforming promotes decomposition of all of PCDD/Fs,
reducing the total toxicity of the stream to 1.8 ng WHO-TEQ Nm >
(Table S3 in Supplementary Material). Steam gasification is a process
with poor oxygen presence (as the only oxygen present comes from the
biomass), which makes it difficult to compare with the standard 11% O,
used to determine the legal limits in combustion processes (Conesa et al.,
2020).

Table 5 compares the removal efficiencies of several pollutants using
different catalytic reforming systems. Most studies have focused on
evaluating the elimination of tars/PAHs, using mainly tar model streams
(a synthetic mix of some PAHs), which report conversions higher than
87% (Qian and Kumar, 2017). However, PAHs derived from an actual
gasification stream could be more difficult to reform depending on the
biomass source and the presence of additional contaminants, which may
decrease the PAH-removal efficiency (to as little as 20% in some cases)
(Nguyen et al., 2018).

However, information about the formation and elimination of
PCDD/Fs during steam reforming is limited. Bangala et al. (1997) used
o-dichlorobenzene (a compound with a chemical structure similar to
2,3,7,8-TCDD) as a molecular model to assess the effectiveness of a UCI-
GB 98 commercial catalyst in the elimination of dioxins by steam
reforming, and reported the total conversion of dichlorobenzene at
850 °C. There have been no other reports on the elimination or forma-
tion of PCDD/Fs. Although we found that under certain conditions, some
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Fig. 3. Removal efficiency of (a) PAH ad (b) PCDD/F, during catalytic reforming of syngas derived from gasification.

dioxins could be formed during steam reforming, 94% of PCDD/Fs in the
syngas were removed at 800 °C after catalytic reforming over the Rh-Pt/
Ce0-SiO; catalyst.

Therefore, catalytic reforming of syngas obtained from biomass
gasification presents promising features for the improvement of the Hy
concentration in syngas, leading to an increase in the Hy/CO molar ratio
and a decrease in most of the pollutants formed. Thus, the catalytic

treatment after the gasifier could be an essential step to expand the
possibilities of using the syngas obtained from lignocellulosic biomass,
especially for its use in energy applications, and to reduce the adverse
environmental impact associated with the emission of pollutants.
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Table 5
Comparison of pollutant removal efficiency by catalytic reforming.
Inlet stream T(°C) Catalyst Removal efficiency (%) Reference
Light HCs/ Tars/ PCDD/
BTEX PAHs Fs
Tar model that includes benzene, toluene and naphthalene 850 Activated biochar NR 90 NR (Buentello-Montoya et al.,
2020)
Tar model that includes toluene and naphthalene 800 Ni/Activated char NR ~87 NR (Qian and Kumar, 2017)
Tar model based on naphthalene 700 Activated bauxite NR ~98 NR (Cheng et al., 2020)
residue
Tars obtained from woody biomass gasification 800 Ilmenite NR 20 NR (Nguyen et al., 2018)
Tars obtained from cedar wood gasification 550 Ni/Ce0,-SiO, NR 89 NR (Tomishige et al., 2003)
Tars obtained from cedar wood gasification 550 Rh/Ce02-SiO, NR 100 NR (Tomishige et al., 2003)
Tars obtained from woody waste gasification 850 Porous silica NR ~38 NR (Kobayashi et al., 2019)
Syngas obtained from gasification of pine pellets 800 Ni/MgAl,04 ~25 ~80 NR (Hernandez et al., 2020)
Syngas obtained from gasification of sewage sludge - coal 900 Ni/CaO/La-Al,03 NR 100 NR (Garcia et al., 2013)
blends
Gas model that includes naphthalene and dichlorobenzene 850 UCI-GB 98 commercial NR 100 100* (Bangala et al., 1997)
Syngas obtained from gasification of sugarcane residual 800 Rh-Pt/Ce0,-Si0, 60 60 94 This work

biomass

NR: Not reported.
*Dichlorobenzene was used as a model compound to evaluate dioxin reforming.

4. Conclusions

Catalytic reforming over a Rh-Pt/Ce0»-SiO catalyst was evaluated
as a downstream treatment process for syngas obtained from gasification
of biomass. Syngas obtained from steam gasification has a low Hy/CO
(<0.8) ratio. However, the inclusion of a catalytic reforming step after
gasification promoted the conversion of hydrocarbons present in the
syngas, thereby increasing the energy density of the outlet gas stream
(LHV yield increased up to 2.3 times) and enabling the production of
syngas with a Hy concentration of up to 37% and Hy/CO ratios > 2. In
addition, notwithstanding the high temperatures at which catalytic
reforming was carried out (>600 °C), characterization tests revealed
that the Rh-Pt/CeO,-SiO, catalyst was neither susceptible to the sin-
tering of its active metals, nor to significant changes in the crystal size of
CeO», or variations in the surface element composition, thereby making
it a stable material for reforming processes. Likewise, in-situ DRIFTS tests
showed that the presence of steam and surface oxygen over the Rh-Pt/
Ce0,-SiO; catalyst promotes the formation and oxidation of carbon in-
termediates, favoring the conversion of CH4 and other hydrocarbons,
including pollutants. These characteristics of Rh-Pt/Ce05-SiO5 make it a
promising catalyst for the reforming of syngas from thermochemical
processes.

On the other hand, the syngas obtained after steam gasification
contained important amounts of pollutants, reaching up to 14.5 mol%
concentration of light HCs and BTEX, 10.9 g Nm > of tars, and 25 pg
WHO-TEQ ggi})mass of PCDD/Fs. Likewise, catalytic reforming promotes
the elimination of most pollutants, removing up to 62% of light HCs and
BTEX, 60% of PAHs, and 94% of PCDD/Fs. The improvement in syngas
Hpa-yield and overall quality during the integrated process (gasification
followed by catalytic reforming) contributes to expanding the possibil-
ities of using syngas obtained from residual biomass in energy
applications.
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