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A B S T R A C T   

Raw biomass, biochar, and activated carbon (AC) were used to produce carbon supported iron catalysts for 
catalytic biomass gasification. K2CO3 was used to activate the biochar and provide the K promoter of the cat
alysts. The results showed that the catalyst prepared by co-impregnating and calcining Fe and K on the raw 
biomass (B-Fe-K) could remove 80.23 % tar, which was much higher than 73.73 % for the catalyst of B-Fe 
without the K promoter, and 76.25 % for the catalyst by co-impregnating and calcining Fe and K on the biochar 
(C-Fe-K). The supports of AC and biochar themselves could also remove 63.16 % and 37.23 % tar, respectively. 
The use of B-Fe-K almost doubled the syngas yield to 473.79 ml/g (including 243.56 ml/g CO, 198.25 ml/g H2, 
and 31.98 ml/g CO2), compared to 241.37 ml/g syngas (including 108.98 ml/g CO, 66.41 ml/g H2, and 65.987 
ml/g CO2) produced by the pyrolysis of biomass without a catalyst. The addition of biochar during the pyrolysis 
slightly increased the syngas yield to 248.96 ml/g (117.36 ml/g CO, 74.22 ml/g H2, and 57.38 ml/g CO2) while 
the use of AC could significantly increase the syngas yield to 347.60 ml/g (179.39 ml/g CO, 124.22 ml/g H2, and 
43.99 ml/g CO2). It was found that the porosity, dispersion of active sites and the oxidation state of iron oxide are 
substantial factors determining the performance of catalysts in tar removal efficiency. The addition of potassium 
and enhancing the porosity of the catalysts enhanced the reducibility of iron resulted in increasing the tar 
removal efficiency and gas yield.   

1. Introduction 

There are increasing studies to develop sustainable energy sources 
such as biomass as an alternative to fossil energy sources [1,2]. Biomass 
is the only carbon containing renewable energy source which is also 
inexpensive and highly available. Gasification has been considered as a 
promising thermochemical technology to convert biomass to a high 
value gaseous product of syngas (mainly CO, H2, CO2, and CH4) [3,4]. 
However, biomass gasification produces an undesirable by-product of 
tar, which has many side-effects on the downstream uses of syngas such 
as pipeline blockage, corrosion, catalyst deactivation, and lowering 
gasification efficiency [5,6]. 

Catalysts play a vital role to enhance syngas production and tar 
removal during biomass gasification. Various catalysts have been stud
ied to decompose heavy tar compounds such as aromatics into syngas. 
Al2O3 is usually used as a catalyst support due to its favorable 

physicochemical properties and excellent stability, but Al2O3 supported 
catalysts experience the ease deactivation caused by coke deposition [6, 
7]. 

Carbon-based metal catalysts have attracted much attention for 
catalytic tar cracking recently. Biochar, a by-product of biomass gasifi
cation, has attracted a great attention for the catalytic destruction of tar 
because of its low cost and high availability [8–10]. Biochar has been 
studied as an active catalyst for tar reforming to convert tar into gaseous 
products [11]. Moreover, biochar-supported oxygen carriers were found 
to significantly increase syngas yield while reduce tar and char yields 
during the gasification of wood chips. At a high temperature, the biochar 
can serve as a catalyst to crack tar molecules and as a solid fuel to react 
with CO2 to produce CO via the Boudouard reaction, which improve the 
quality and energy content of the syngas [12]. It was reported that a rice 
husk-derived biochar catalyst could reduce tar formation and transform 
large polycyclic aromatic hydrocarbons (PAHs) to lighter tar molecules 
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such as phenol and 4-methyl-phenol [13]. Although biochar is an 
inexpensive catalyst for catalytic cracking of tar in the syngas, its tar 
cracking reaction rate was much lower than traditional olivine and 
Ni-based catalysts. Therefore, the catalytic activity of biochar in tar 
cracking should be increased [14]. 

It is widely acknowledged that K-based catalysts are highly effective 
in promoting gasification reactions, as well as exhibiting catalytic effects 
on water-gas-shift and methanation reactions. It was reported that the K 
promoter in a catalyst could decrease the activation energy of biomass 
gasification and increase the active base sites to facilitate the reactions 
involved CO2. The activated energy during gasifying biochar pellets 
with CO2 decreased from 389 kJ/mol to 273 kJ/mol when the K content 
in the pellets increased from 0 to 20 wt% [15]. 

As a result, K salts are commonly incorporated into composite cat
alysts. Additionally, transition metal compounds, such as Fe, Co, Ni, and 
Ce, have been shown to possess good catalytic properties for gasification 
reactions, water-gas-shift reactions, and methanation reactions. The 
effects of temperature, pressure, steam-biomass ratio, and K-based 
composite catalysts were investigated for the pressurized steam gasifi
cation of sawdust char. The addition of composite catalysts was found to 
lower the reaction temperature and increase carbon conversion. The K- 
Ce composite catalyst demonstrated the most superior catalytic perfor
mance, primarily due to its ability to activate carbon during pressurized 
steam gasification of char. K-Fe and K-Co were observed to be more 
conducive to water-gas-shift reactions, whereas K-Ni exhibited better 
performance for gasification reactions [16]. Therefore, biochar loaded 
with relatively cheap metals such as Ni or Fe, could significantly 
enhance the catalytic removal of tar [17–20]. Shen et al. [21–23] 
studied the tar removal efficiency over a bimetallic Ni-Fe biochar sup
ported catalyst. Their studies showed that biochar impregnated with 
iron as an active metal and Ni as a promoter increased the tar cracking as 
promotor could facilitate the reduction of iron oxide. 

Biochar obtained from biomass pyrolysis or gasification had a low 
porosity and poor catalytic performance. Various processing factors 
affect the performance of biochar in its applications as a support for 
oxygen carriers in CLG and adsorbent [24,25]. Heating rate and pre
treatment such as torrefaction and densification are the most important 
factors that affect the pyrolysis product distribution and biochar char
acteristics. It was reported that fast pyrolysis could increase the pore 
volume and surface area of biochar as well as the bio-oil yield due to the 
minimization of secondary reactions [26]. Studies showed that the 
activation energy for pyrolyzing torrefied biomass was higher than that 
for pyrolyzing raw biomass. Furthermore, the torrefaction and densifi
cation of biomass prior to pyrolysis could improve the quality of the 
biomass and reduce specific energy consumption during pyrolysis [27, 
28]. 

Physical or/and chemical activation can be used to improve the 
physiochemical properties of biochar [29,30]. Compared with physical 
activation (using H2O, CO2 or both), chemical activation (using a 
chemical agent such as KOH, K2CO3 and H3PO4) could effectively 
enhance the porous characteristics of biochar and its catalytic perfor
mance at a lower temperature [31,32]. The chemical reactions between 
KOH or K2CO3 and a carbonaceous material such as biomass produce 
K2O and gases of CO and CO2. The release of the gases from the material 
form meso- and micro pores and increase the BET surface of the biochar. 
The KOH that is widely used as an activating agent to produce activated 
carbon is primarily attributed to its potent alkaline properties. It can 
effectively react with O-containing functional groups in the material and 
thus break down the material to significantly increase its porosity and 
the BET surface area [33]. Various activated biochars produced by 
chemical or physical activation demonstrate different performance in 
tar removal. It was reported maximum tar decomposition efficiency up 
to 91.75 % has been achieved using the activated carbon (AC) produced 
by KOH as a chemical agent at temperature of 800 ºC with a 
catalyst-to-feedstock ratio of 2:1 [6]. The effects of CO2 etching over iron 
supported sawdust as a biomass have been studied and the results 

showed that CO2 etching improved the porous characteristics and 
increased the content of Fe0. Also, the tar conversion efficiency 
increased up to 90.4 % [19]. Another study on the catalytic purification 
of syngas over biochar and physically AC showed that compared to the 
biochar, the AC showed higher performance due to its higher porosity 
and ash content [34]. 

It is interesting to consider the effect of minerals such as K which 
inherently existe inside the biomass materials and could be more 
concentrated in their derived biochar. These alkali and alkaline earth 
metals in their oxidized forms with the oxygen-containing functional 
groups could facilitate the decomposition of pyrolysis volatile hydro
carbons as well as enhancing water-gas shift reaction during biomass 
gasification [35,36]. It was reported that yields of H2, CO and CH4 were 
increased during gasification in the presence of alkali and alkaline earth 
metals due to the enhanced polymerization and aromatization reactions 
of tar compounds, suppression of CO2 generation, and promotion of the 
water-gas shift reactions [35]. Therefore, the preparation factors 
including the pyrolysis temperature, heating rate and the removal or 
addition of metallic minerals influence the catalyst activity in tar 
removal efficiency [37]. In the study of tar conversion over a bimetallic 
Ni-Fe biochar supported catalyst, two aspects about the role of biochar 
catalysts in tar cracking were proposed by Shen et al. [21–23] which are: 
(1) acting as an adsorbent for tar and CO2 molecules and (2) facilitating 
the reduction of metal oxides. 

This study was the first time to synthesize and characterize iron 
catalysts prepared by impregnating and calcining iron on various carbon 
materials of raw biomass, biochar, and AC with and without a potassium 
promoter. Experiments were conducted to analyze the effects of the 
various carbon supports used during catalyst preparation on their 
porosity, dispersion of active sites and the oxidation state of iron oxide 
and their catalytic performance for tar removal efficiency and syngas 
yield during catalytic biomass gasification. Furthermore, the degree of 
dependency of tar removal efficiency on the two operating conditions 
(1) reaction temperature and (2) catalyst-to-feedstock ratio was 
compared. 

2. Materials and methods 

2.1. Materials 

Woody sawdust was collected from a local company in North Car
olina, U.S.A. and sieved by a 2 mm mesh. The sawdust was used to 
prepare biochar and AC as catalyst supports, and as a biomass feedstock 
in catalytic gasification. Certified ACS reagent- grade ≥ 98 % of iron (III) 
nitrate nonahydrate (Fe(NO)3⋅9 H2O) and ACS reagent ≥ 99.0 % po
tassium carbonate (K2CO3) were purchased from Sigma-Aldrich. ACS 
grade hydrochloric acid with assay percentage of 37.6 % was purchased 
from Fischer Scientific. 

2.2. Preparation of biochar, AC, and carbon supported iron catalysts 

Nine samples of biochar, AC, and their supported catalysts were 
prepared using various processing steps. Table 1 summarizes the major 
processing steps used for preparing these nine samples. Biochar (sample 
#1) was produced by pyrolyzing the biomass in a fixed bed reactor (25 
cm length × 2 cm inside diameter) at 800ºC purged with nitrogen gas at 
100 ml/min. AC (sample #8) was prepared by impregnating the biochar 
with K2CO3 at a mass ratio of biochar/K2CO3 of 1:1.5. The mixture was 
calcined in the fixed bed reactor at 700ºC for 3 h under a N2 flow at 100 
ml/min. After calcination, a 1 M of HCl aqueous solution was used to 
wash the sample three times to remove the ash and other inorganic 
compounds. The removal of K residue and other minerals in the raw AC 
was to avoid their catalytic effects when the AC was further used as a 
catalyst support in this study. The sample was then washed with distilled 
water until its pH value became neutral. The AC was then dried at 110 ◦C 
for 24 h. 
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The carbon supported catalysts were prepared using raw biomass, 
biochar, and AC as supports impregnated with Fe and/or K. Samples #2 
B-Fe and #4 B-K were prepared by directly using raw biomass as a 
support in a one-pot process, which combined pyrolysis, impregnation, 
and carbonization. During the one-pot process, the biomass was loaded 
with 20 % Fe (#2) or K2CO3 at a biomass/K2CO3 ratio of 1:1.5 (#4), 
stirred for 3 h, followed by drying at 105 ◦C for 24 h. The mixture was 
then pyrolyzed and calcined at 700ºC for 2 h under the N2 gas. Sample 
#6 B-Fe-K was also prepared using raw biomass as a support through a 
two-step impregnation and calcination process. Samples #3 C-Fe, #5 C- 
K, and #7 C-Fe-K used biochar as a support impregnated and calcined 
with Fe and/or K. Sample #9 AC-Fe used AC as a support impregnated 
and calcined with Fe. All those catalysts were prepared without acid 
washing to evaluate the effect of inorganic availability for their catalytic 
performance. 

2.3. Characterization of catalysts and their supports 

The catalysts were characterized to find out the effects of preparation 
methods on catalyst properties, and to design synthesis procedures for 
the development of highly efficient catalysts for biomass gasification 
and catalyze tar decomposition. 

2.3.1. Proximate and ultimate analyses 
About 2.0 g of samples was weighed in a porcelain crucible and dried 

in an air oven at 135 ± 2 ◦C to determine the moisture content and 
further heated in a Muffler furnace at 600 ◦C for 2 h to determine the ash 
content. The ultimate analyses of raw biomass, biochar produced at 
800 ◦C, and AC were conducted on an elemental analyzer (Series II 
CHNS/O Analyzer 2400, PerkinElmer Instruments, Shelton, CT, USA) to 
determine their CHNSO elemental compositions. 

2.3.2. Characterization of structure and morphology 
The X-ray diffraction (XRD) patterns of the crystal phases of the 

samples were determined by an X-ray diffractometer (D8 Discover, 
Bruker Optics Inc., Billerica, USA) at 40.0 kV and 40.0 mA. Diffraction 
patterns were verified through CuKα radiation with a wavelength of 
1.5406 Å over a 2θ range of 5.0–80.0◦ with a step size of 0.04◦. A 
scanning electron microscopy (SEM) (Zeiss Auriga FIB/FESEM) was 
used to investigate the morphologic structure of the samples. The sam
ples were placed in a high-resolution coater (Leica Sputter Coater) and 
coated with palladium to a thickness of 80 nm before being loaded into 
the SEM unit. 

The surface area and the changes in textural characteristics of raw 
biomass, biochar, and AC were measured by the nitrogen adsorption- 
desorption isotherms at − 196 ◦C in a surface area and pore volume 
analyzer (ASAP 2020, Micromeritics, Norcross, GA, USA). Prior to the 
measurement, the samples were degassed under a vacuum at 300 ◦C for 
about 4 h to withdraw adsorbed compounds. The specific surface area 
and pore diameter of the samples were calculated according to the 
Brunauer-Emmett-Teller (BET) method. 

2.3.3. Thermogravimetric analyses (TGA) 
The thermal degradation profiles of biomass, biochar, and AC were 

measured by a TGA unit (SDT Q600, TA Instrument, New Castle, DE, 
USA). Approximately 10.000 ± 1.000 mg of samples was loaded in an 
aluminum pan and placed in the TGA furnace. Experiments were per
formed from an ambient temperature to 800 ◦C at a heating rate of 
10 ◦C/min purging with nitrogen gas at 60 ml/min. 

2.3.4. Atomic composition and iron phases by XPS 
The atomic composition of raw biomass was measured using a Zeiss 

Auriga SEM connected with an Energy-Dispersive X-ray Spectroscopy 
(EDX), by bombarding the sample with an electron beam to generate a 
spectrum of emitted X-rays corresponding to different elements in the 
sample that was further used to identify and quantify the elements by 
the EDX software. An X-ray photoelectron spectroscopy (XPS, Escalab 
Xi+, Thermo Scientific) was used to measure the atomic compositions of 
the catalysts. The samples were placed into the chamber of the XPS 
analyzer under a high vacuum. For each elemental analysis, the pass 
energy, number of scans, and dwell time were set at 20 ev, 10 and 5 ms, 
respectively. 

2.4. Catalytic biomass gasification 

Experiments on catalytic biomass gasification were carried out with 
a micro-tubular reactor (Multi-Shot Pyrolyzer, PY-3030, Frontier Labo
ratories Ltd, Fukushima, Japan), connected with a gas chromatography 
(GC)-mass spectrometer (MS)-thermal conductivity detector (TCD) unit 
(Agilent 7890 A, Agilent, Santa Clara, CA, USA). Biomass and the cat
alysts were mixed at 0.5:1, 1:1 and 2:1 mass ratio and were blended 
mechanically using a laboratory rotating mixer for 24 h. About 0.5 mg of 
mixture was then placed directly in a small sample cup and loaded into 
the reactor tube preheated to 800, 900, and 1000ºC. The sample was 
shot into the preheated reactor tube and the reaction was proceeded at 
the set temperature for 30 s. In this reactor, the iron supported on bio
char was used as both a gasifying agent and a catalyst for tar decom
position. The biomass was pyrolyzed and gasified using the lattice 
oxygen provided by the oxidized iron (i.e., iron oxides) and meanwhile 
the iron oxides were reduced. The volatile tar compounds were further 
decomposed on the surface of the reduced iron as a catalyst subse
quently. The produced volatiles were directed toward the GC inlet to 
determine their contents. The inlet temperature of the GC was set at 
300 ◦C to keep the volatiles in a gaseous state. The total flow and split 
ratio of the gas to the GC were 54 ml/min and 50:1, respectively. The GC 
oven temperature was ramped from 60 to 200ºC for 26 min to achieve 
proper interaction of gaseous molecules with the stationary phase of the 
GC for good separation. A MS detector with helium carrier gas was used 

Table 1 
Major processing steps for preparing biochar, AC, and their supported catalysts.  

Sample 
# 

Sample symbols Major processing steps 

1 C (biochar) Pyrolysis of biomass to biochar at 800 ◦C for 2 h 
2 B-Fe 1. Wet impregnation of 20 wt% Fe on biomass 

directly 
2. Calcination at 700 ◦C under a N2 flow for 5 h 

3 C-Fe 1. Wet impregnation of 20 wt% Fe on the biochar 
2. Calcination at 700 ◦C under a N2 flow for 5 h 

4 B-K 1. Wet impregnation of K on biomass at biomass/ 
K2CO3 ratio of 1:1.5 
2. Calcination at 700 ◦C under a N2 flow for 5 h 

5 C-K 1. Wet impregnation of K on biochar at biochar/ 
K2CO3 ratio of 1:1.5 
2. Calcination at 700 ◦C under a N2 flow for 3 h 

6 B-Fe-K 1. Wet impregnation of 20 wt% Fe on biomass 
directly 
2. Calcination at 700 ◦C under a N2 flow for 5 h 
3. Wet impregnation of K on biochar from Step 2 at 
biochar/K2CO3 ratio of 1:1.5 
4. Calcination at 700 ◦C under a N2 flow for 3 h 

7 C-Fe-K 1. Wet impregnation of 20 wt% Fe on the biochar 
2. Calcination at 700 ◦C under a N2 flow for 5 h 
3. Wet impregnation of K on biochar at biochar/ 
K2CO3 ratio of 1:1.5 
4. Calcination at 700 ◦C under a N2 flow for 3 h 

8 AC (activated 
carbon) 

1. Wet impregnation of K on biochar at biochar/ 
K2CO3 ratio of 1:1.5 
2. Calcination at 700 ◦C under a N2 flow for 3 h 
3. Washing with HCl aqueous solution 

9 AC-Fe 1. Wet impregnation of K on biochar at biochar/ 
K2CO3 ratio of 1:1.5 
2. Calcination at 700 ◦C under a N2 flow for 3 h 
3. Washing with HCl aqueous solution to make AC 
4. Wet impregnation of 20 wt% Fe on AC 
5. Calcination at 700 ◦C under a N2 flow for 5 h  
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to identify CO2, CO and tar compounds of toluene, benzene, naphtha
lene, phenol, and styrene. A TCD with argon carrier gas was used to 
detect H2 because the thermal conductivities between helium and 
hydrogen are too close. 

Gas yield, expressed in ml/g biomass, is a measure of the volume of 
gas produced for CO, H2 and CO2 per unit mass of biomass during 
gasification. The composition and volume of these gases were analyzed 
by using their established calibration curves. The tar removal efficiency 
was calculated as: 

Tar removal efficiency =
VTp − VTc

VTp
× 100% (1)  

where, VTp is the volume of tar molecules generated in pyrolysis of 
biomass without a catalyst and VTc is the volume of tar compounds 
present in the system in presence of the catalysts. The volume deter
mination for tar compounds was based on the calibration curves 
established for them using standard mixtures of these compounds with 
known concentrations and injected with liquid syringe directly to GC. 
The GC method was maintained in same condition as performance 
experiments. 

3. Results and discussion 

3.1. Elemental compositions of raw biomass, biochar, and activated 
carbon 

Table 2 gives the results of the ultimate and proximate analyses. The 
carbon contents of biochar and AC were 87.01 wt% and 91.41 wt%, 
respectively, compared to 48.70 % for the raw biomass. The oxygen 
contents of biochar and AC were only 10.43 % and 5.37 %, compared to 
44.1 % for the raw biomass. The ash content of biochar was slightly 
higher than that of raw biomass because of the centration of inorganic 
constituents by pyrolysis. The acid washing during the preparation of 
activated carbon could effectively reduce the ash content. Pyrolysis of 
biomass at 800 ◦C could effectively remove volatiles and produce fixed 
carbon in biochar and derived AC. The fixed carbon contents of the raw 
biomass, biochar, and AC were 19.8 %, 89.4 %, and 92.5 %, respectively. 

Table 3 gives the compositions of the inorganic elements of the raw 
biomass, which were quantified by the EDX analysis. Potassium has been 
widely used as a promoter to improve the performance of iron-based 
catalysts. Additional potassium was added to the catalysts as the 
amount of inherent potassium in the raw biomass and its derived sup
ports of biochar and activated carbon (AC) was low. 

3.2. The structure and morphology of supports and their supported iron 
catalysts 

Fig. 1 shows the XRD pattern of the raw biomass, biochar, AC, and 
their supported iron catalysts. The raw biomass showed two peaks at 2θ 
= 15.3◦ and 22.4◦ which are attributed to the cellulose structure. 
However, these peaks were significantly destroyed in biochar, AC, and 
their supported catalysts due to the thermal decomposition [38]. Raw 
biochar (sample #1) and AC (sample #8) showed two broad ranges of 
diffraction peaks at 2θ of (15–30◦) and (40–50◦) which are attributed to 
the amorphous nature and the carbon structure of the samples, 

respectively [39]. The sharp peaks of other samples are attributed to the 
inorganic compounds as these samples were impregnated with Fe 
(NO₃)₃(H₂O)₉ and/or K2CO3. The intensity of the diffraction peaks at 2θ 
of 36.72◦, 39.72◦, 42.82◦, 43.64◦, 57.97◦ and 68.76◦ are attributed to 
the reflections of iron carbide phase. The intensities of iron peaks of the 
Fe/AC catalysts were higher than those of Fe/biochar catalysts. This 
might be related to higher porous structure of AC for better dispersion of 
iron on the surface of the support. 

Fig. 2 shows the SEM images of the samples. The surface morphology 
of the raw biomass is uniform with a limited porosity, compared to other 
samples prepared by the pyrolysis. The images of biochar sample (#1) 
showed irregular pore structure that was distributed over the matrix. 
The pores of the biochar support were filled after the impregnation with 
iron and/or potassium. The image of the AC (#8) showed higher 
porosity, indicating chemical activation process could promote the pore 
formation. 

Table 4 gives the BET surface area, pore volume, and pore size of raw 
biomass, biochar, AC, and their supported catalysts. The BET surface 
areas of raw biomass, biochar, and AC were 4.21, 5.24, and 1201.32 m2/ 
g, respectively. The BET surface area of biochar was slightly higher than 
that of raw biomass but the activation could significantly increase the 
BET surface area, which were also revealed by the SEM images given in 
Fig. 2. AC (#8) was produced by using K2CO3 as an activating agent and 
a HCl aqueous solution to remove the residual potassium. The chemical 
activation could remove a large amount of volatile compounds in the 
biochar, leading to an AC with a highly porous structure and high BET 
surface area. 

Table 2 
Ultimate and proximate analysis of the samples.  

Samples Ultimate analysis (wt%) Proximate analysis (wt% dry-basis) 

C H N S Oa Fixed Carbon Volatile Ash 

Sawdust 48.70 ± 0.22 6.50 ± 0.15 0.71 ± 0.10 0.04 ± 0.002  44.10 19.81 ± 0.32 79.69 ± 0.35 0.51 ± 0.02 
Biochar (#1) 87.01 ± 0.42 1.90 ± 0.10 0.61 ± 0.03 0.05 ± 0.001  10.43 89.40 ± 0.45 9.89 ± 0.12 0.71 ± 0.09 
AC (#8) 91.41 ± 0.25 2.17 ± 0.13 0.23 ± 0.05 0.82 ± 0.05  5.37 92.50 ± 0.72 7.21 ± 0.10 0.29 ± 0.01 

a 
By difference 

Table 3 
Composition of inorganic elements in the raw biomass.  

Element Na Mg Al K Ca Fe 

wt% 0.02 0.03 0.02 0.43 0.33 0.07  

Fig. 1. XRD patterns of the raw biomass, biochar, AC, and their supported 
iron catalysts. 
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Fig. 2. SEM images of the raw biomass, biochar, AC, and their supported catalysts.  
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According to classification of International Union of Pure Applied 
Chemistry (IUPAC), pores are classified into micropore, mesopore and 
macropore which are in the range of (<2 nm), (2–50 nm) and (>50 nm), 
respectively [40]. Fig. 3 shows the adsorption-desorption isotherms of 
the AC. According to the isotherms, the AC can be categorized into 
Type-ӀI heterogonous porous solid materials based on the IUPAC clas
sification. There is a wide range of pore size distribution. At very low 
pressures, monolayer formation occurs and the micropores could be 
filled with the nitrogen gas during the measurement. As the pressure 
increased, the formation of multilayer started and finally capillary 
condensation took place at a higher pressure. 

3.3. The thermal stability of various supports 

Fig. 4 shows the thermogravimetric profiles of raw biomass, biochar, 
and AC, which determine the thermal stability of the materials. The 
biochar and AC had very low weight losses and thus very high thermal 
stability compared to the raw biomass. 

3.4. The iron phases on the carbon-supported iron catalysts 

Fig. 5 shows the XPS profiles of AC supported iron catalyst (Fe/AC).  
Table 5 gives the relative chemical valence and Fe 2p spectra of the 
biochar and AC supported iron catalysts determined by the XPS analysis. 
The Fe2+ 2p3/2 and Fe2+ 2p1/2 peaks were at 709.8 eV and 723.4 eV, 
respectively, while the peaks at 713.1 eV and 725.3 eV were the 
decomposition peak of Fe3+. The decomposition peaks at 720.0 eV and 
706.6 eV correspond to Fe3C and Fe0, respectively [17]. 

The catalyst that was prepared by impregnating and calcining iron 
on raw biomass directly (#2) had more Fe2+ (54.84 %) than the catalyst 
prepared by impregnating iron on the biochar (#3) (37.08 %). During 
calcination of iron on the supports, the raw biomass might produce more 
reducing agents such as CO than the biochar. The catalysts of #6 and #7 
were prepared by the impregnation and calcination of iron with K2CO3 

Table 4 
Porous characteristics of raw biomass, biochar, AC, and their supported catalysts.  

Samples BET Surface area (m2/g) Total pore volume (cm3/g) Micropore (<2 nm) volume (cm3/g) Average pore diameter (nm) 

sawdust  4.21  0.0069  0.0021  7.21 
#1 (biochar)  5.24  0.0073  0.00035  5.18 
#2 (B-Fe)  3.14  0.0067  0.0013  7.14 
#5 (C-K)  0.191  0.0021  0.00017  12.52 
#8 (AC)  1201.32  0.62  0.55  2.1 
#9 (AC-Fe)  897.40  0.29  0.22  2.3  

Fig. 3. Typical isotherm of chemically prepared AC (sample #8).  

Fig. 4. Thermogravimetric analysis of the various catalyst supports.  

Fig. 5. XPS profiles the iron supported on AC catalyst.  

Table 5 
XPS iron content (atomic %) of the carbon-supported iron catalysts.  

Sample Atomic ratio (%) 

Fe3+ Fe2+ Fe0 Fe3C 

#2 (B-Fe)  39.88  54.84  1.42  3.85 
#3 (C-Fe)  57.11  37.08  1.15  4.66 
#6 (B-Fe-K)  17.11  38.73  31.29  12.87 
#7 (C-Fe-K)  15.76  39.68  31.94  12.62 
#9 (AC-Fe)  15.67  40.22  27.82  16.29  
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on the raw biomass and biochar, respectively. Their Fe0 contents were 
31.29 % and 31.94 %, respectively, compared to 1.42 % and 1.15 % for 
their counterparts prepared without the addition of K2CO3. The addition 
of K2CO3 might cause the reaction of K2CO3 +C→K2O+ 2CO at a high 
temperature (i.e., 700 ◦C) to produce a strong reducing agent of CO that 
reduced the iron to Fe2+ to Fe0 during calcination. The catalyst (#9) that 
was produced by impregnating and calcining Fe on the AC had 40.22 % 
Fe2+, 27.82 % Fe0, and 16.29 % Fe3C, which were much higher than 
37.08 % Fe2+, 1.15 % Fe0, and 4.66 % Fe3C for the catalyst produced 
using the biochar as a support (#3). The strong interaction of iron with 
highly porous structure of AC at a high temperature could easily reduce 
and convert iron oxides to zero valent iron (Fe0) and carbide phase 
(Fe3C). The XRD profile (Fig. 1) also confirmed the presence of iron 
carbide in the catalyst supported on AC. 

3.5. Syngas yield and tar removal efficiency of biomass gasification using 
various catalysts 

Figs. 6 and 7 show tar removal efficiency and the yield of syngas 
during catalytic biomass gasification using the various catalysts. All 
experiments were carried out at a reaction temperature of 900ºC and 
catalyst to biomass mass ratio of 1:1. Five major tar compounds of 
benzene, toluene, styrene, phenol, and naphthalene that present in the 
syngas were quantitatively analyzed. Toluene, phenol, styrene, and 
naphthalene were usually used to represent the alkylbenzenes, oxy
genous aromatics, unsaturated side chain-aromatics, and polycyclic ar
omatic hydrocarbon in literature, respectively [41]. A series of reactions 
including Eqs. 2–10 involve in a catalytic gasification process, producing 
syngas with different compositions using different catalysts and reaction 
conditions. Our current study did not detect methane in the syngas as the 
CH4 as an intermediate was consumed by methane steam reforming 
reactions (Eqs.9 and 10).  

Hydrogasification reaction C + 2H2 → CH4                                         (2)  

Boudouard reaction C + CO2 → 2CO                                                 (3)  

Water gas reaction C + H2O → CO + H2                                           (4)  

Water gas reaction CO + H2O →H2 + CO2                                         (5)  

Tar cracking reaction Tar → C + CnHm + gases                                   (6)  

Tar dry reforming reaction CnHm+nCO2 →2nCO + (m
2)H2                     (7)  

Tar steam reforming reaction CnHm+2nH2O → nCO2 + (2n + m
2)H2     (8)  

Methane steam reforming CH4 + H2O →CO + 3H2                              (9)  

Methane steam reforming CH4 + 2H2O → CO2 + 4H2                        (10) 

The total tar removal efficiency by the AC without iron (#8) was 
63.16 %, compared to 37.23 % for the biochar without iron (#2), which 
means that the AC with the highly porous surface could adsorb more tar 
compounds for the subsequent cracking than the biochar. Fig. 7 shows 
that the pyrolysis of the biomass without adding any catalyst produced a 
total of 241.37 ml/g syngas including 108.98 ml/g CO, 66.41 ml/g H2, 
and 65.99 ml/g CO2. The addition of the biochar could slightly increase 
the syngas yield to 248.96 ml/g (including 117.36 ml/g CO, 74.22 ml/g 
H2, and 57.38 ml/g CO2). However, the addition of the AC could in
crease the syngas yield to 347.61 ml/g (containing 179.39 ml/g CO, 
124.22 ml/g H2, and 43.99 ml/g CO2). The addition of the biochar and 
AC could decrease CO2 yield and increase CO and H2 yields. However, it 
should be noted that although the highly porous AC can increase the 
dispersion of iron active sites over the support to enhance the tar 
removal efficiency and syngas yield, the cost of AC is much higher than 
biochar. 

The biochar and AC impregnated with iron can significantly increase 
the tar removal efficiency and syngas yield, compared with biochar and 
AC. Fig. 6 shows that the total tar removal efficiencies were 68.14 % for 
C-Fe vs 37.23 % for C, and 84.20 % for AC-Fe vs. 63.16 % for AC. Fig. 7 
shows that the syngas yield was 384.45 ml/g (200.35 ml/g CO, 
142.97 ml/g H2, and 41.12 ml/g CO2) for the C-Fe, compared to 
248.96 ml/g (117.36 ml/g CO, 74.22 ml/g H2, and 57.38 ml/g CO2) for 
the biochar. The syngas yield for the AC-Fe was 504.62 ml/g 
(260.42 ml/g CO, 215.27 ml/g H2 ml/g, and 28.91 ml/g CO2) which 
were much higher than the 347.61 ml/g (179.39 ml/g CO and 
124.22 ml/g H2, and 43.99 ml/g CO2) for the AC. The impregnation of 
Fe on the biochar and AC could increase the CO and H2 yields and 
decrease the CO2 yield. 

The total tar removal efficiency of the gasification catalyzed by the 
catalyst prepared by impregnating and calcining iron on the raw 
biomass directly (# 2) was about 73.73 %, which was higher than 68.14 
% of the process catalyzed by the catalyst prepared by impregnating and 
calcining iron on the biochar (#3). This might be attributed to the higher 
amount of Fe2+ on the catalyst #2. As seen from Fig. 7, the yields of CO 
(212.09 ml/g) and H2 (159.37 ml/g) produced by the process with the Fig. 6. Tar removal efficiency of the biomass gasification with the 

various catalysts. 

Fig. 7. Syngas yield of the biomass gasification with the various catalysts.  
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B-Fe catalyst were higher than those produced by the C-Fe (200.35 ml/g 
CO and 142.91 ml/g H2) while there was no significant difference in CO2 
yield (38.25 and 41.12 ml/g). The higher intensity of Fe2+ on B-Fe could 
adsorb more oxygenate compounds and increase the breaking of C−O 
bands. Iron oxide is a popular oxygen carrier for chemical looping 
gasification (CLG) of biomass [42]. As the Fe2+ is more favorable over 
Fe3+ for catalytic tar removal, the mixture of the reduced state of iron 
oxide and residual biochar produced in a CLG process could further be 
used as an effective catalyst for catalytic tar cracking and syngas 
cleaning. 

The co-impregnation of potassium and iron on raw biomass and 
biochar to form B-Fe-K (#6) and C-Fe-K (#7) could significantly increase 
the tar removal efficiency and syngas yield. Fig. 6 shows that the total tar 
removal efficiencies were 80.23 % for B-Fe-K vs 73.73 % for B-Fe, and 
76.25 % for C-Fe-K vs. 68.14 % for C-Fe. As shown in Fig. 7, the syngas 
yield was 473.81 ml/g (243.56 ml/g CO, 198.25 ml/g H2, and 
31.98 ml/g CO2) for the B-Fe-K, compared to 409.72 ml/g (212.09 ml/g 
CO, 159.37 ml/g H2, and 38.25 ml/g CO2) for the B-Fe. Fig. 7 also shows 
that the syngas for C-Fe-K were 439.03 ml/g (226.83 ml/g CO, 
176.20 ml/g H2, and 35.98 ml/g CO2) which was much higher than 
384.45 ml/g (200.35 ml/g CO, 142.97 ml/g H2, and 41.12 ml/g CO2) 
for C-Fe. The improved performance of B-Fe-K and C-Fe-K over B-Fe and 
C-Fe might be attributed to the increase of Fe2+ by the increase of CO as 
a reducing agent in the presence of K as confirmed by the XPS. There
fore, the high amount of Fe2+ promoted by K in B-Fe-K and C-Fe-K that 
has more tendency to adsorb oxygenate compounds could enhance tar 
conversion efficiency and syngas yield. 

3.6. The effects of catalyst-to-feedstock ratio on tar removal efficiency 
and syngas yield during catalytic biomass gasification 

Figs. 8 and 9 show the effects of catalyst-to-feedstock ratio on tar 
decomposition efficiency and syngas yield during the biomass gasifica
tion over the AC-Fe catalyst at 900ºC. As seen in Fig. 8, the tar decom
position efficiency increased with the increase of catalyst-to-feedstock 
ratio. The tar removal efficiency was increased from 67.83 % to 89.27 % 
if the catalyst to feedstock ratio increased from 0.5:1–2:1. Because the 
increase of the amount of the catalyst resulted in increasing the contact 
time of gaseous tar molecules and the active catalyst sites, resulting in 
more tar cracking into syngas. The maximum H2 and CO yields produced 
by using AC-Fe at catalyst to feedstock ratio of 2:1 were 293.74 and 
320.87 ml/g, respectively, which were much higher than 125.47 ml/g 
H2 and 203.27 ml/g CO at the ratio of 0.5:1, and 66.40 ml/g H2 and 

108.97 ml/g CO for the process without a catalyst. 

3.7. The effects of temperature on tar removal efficiency and syngas yield 
during catalytic biomass gasification 

Figs. 10 and 11 show the effects of temperature (800, 900, and 
1000ºC) on the tar removal efficiency and syngas yield for the process 
without a catalyst and with an AC-Fe catalyst at a 1:1 catalyst to feed
stock ratio. For the process without a catalyst, the tar removal efficiency 
increased from 31.12 % to 39.38 % when the temperature increased 
from 800ºC to 1000ºC. For the process with the AC-Fe catalyst, the tar 
removal efficiency increased from 81.14 % to 87.45 % when the tem
perature increased from 800ºC to 1000ºC. There was a large variation in 
the individual tar removal efficiency when the temperature increased. 
The increasing temperature could increase the cyclic polymerization of 
some tar components, resulting in the increase of those tar components. 
It can be seen in Fig. 10(b), the removal efficiencies of naphthalene and 
phenol during the catalytic biomass gasification over the AC-Fe 
decreased from 97.59 % to 89.74 %, and 96.48–88.36 %, respectively, 
when the temperature increased from 800ºC to 1000ºC. 

As seen in Fig. 11, the syngas yield increased with the temperature. 
This could be attributed to the improved endothermic reverse water-gas 
shift reaction Eq. (5) at a high temperature. The catalyst-to-feedstock 
ratio had more significant effect on the syngas yield. Without the cata
lyst, the CO and H2 yields increased from 98.56 to 122.23 ml/g, and 
61.76 ml/g to 74.98 ml/g, respectively, when the temperature increased 
from 800ºC to 1000ºC. The yields of CO and H2 were increased from 
240.98 to 297.87 ml/g, and 198.76 ml/g to 235.87 ml/g for the cata
lytic biomass gasification when the temperature increased from 800ºC to 
1000ºC. 

4. Conclusions 

Different carbonaceous precursors of raw biomass, biochar, and 
activated carbon (AC) used to prepare carbon supported iron catalysts 
for catalytic biomass gasification significantly affect the tar removal 
efficiency and syngas yield. The use of raw biomass and K2CO3 during 
the catalyst preparation could produce more reducing agents such as CO 
that could reduce the iron to Fe2+ and Fe0 during the calcination. The 
catalyst prepared by co-impregnating and calcining Fe and K on the raw 
biomass (B-Fe-K) could remove 80.23 % tar at 900 ◦C and a catalyst-to- 
biomass mass ratio of 1:1, which was much higher than 73.73 % for the Fig. 8. The effect of catalyst to feedstock ratio on tar removal efficiency.  

Fig. 9. The effect of catalyst to feedstock ratio on syngas yield.  
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catalyst of B-Fe without the K promoter, and 76.25 % for the catalyst by 
co-impregnating and calcining Fe and K on the biochar (C-Fe-K). The 
iron catalyst supported on the AC achieved the highest total tar removal 
efficiency of 84.20 %. The highly porous structure of AC could achieve 
better dispersion and stronger interactions between iron and the sup
port, which could easily reduce iron oxides and produce iron carbide 
(Fe3C) at a high temperature to catalyze the tar decomposition. The 
supports of AC and biochar themselves could also achieve the total tar 
removal efficiencies of 63.16 % and 37.23 %, respectively. Without any 
catalyst, the pyrolysis of the biomass only generated 241.37 ml/g syngas 
(including 108.98 ml/g CO, 66.41 ml/g H2, and 65.99 ml/g CO2). The 
addition of biochar during the pyrolysis slightly increased the syngas 
yield to 248.96 ml/g (117.36 ml/g CO, 74.22 ml/g H2, and 57.38 ml/g 
CO2) while the use of AC could significantly increase the syngas yield to 
347.60 ml/g (179.39 ml/g CO, 124.22 ml/g H2, and 43.99 ml/g CO2). It 
was also found that the tar removal efficiency and syngas yield increased 
with the increase of the catalyst-to-feedstock ratio and gasification 
temperature. As the Fe2+ is more favorable over Fe3+ for catalytic tar 
removal, we will further study the use of the mixture of the reduced iron 

oxide and residual biochar from the CLG of biomass for catalytic tar 
removal and syngas cleaning. 
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