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Abstract  
 
In order to illustrate the importance of a coupling effect in the 

physical-chemical structure of char-based catalysts on in-situ 

biomass tar reforming, three typical char-based catalysts 

(graphite, Zhundong coal char, and sawdust biochar) were 

studied in the fixed-bed/fluidized-bed reactor. The physical-

chemical properties of carbon-based catalysts associated with 

their catalytic abilities were characterized by inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES), Raman, X-ray 

photoelectron spectroscopy (XPS), scanning electron 

microscope–energy dispersive spectrometer (SEM-EDS) and N2 

adsorption. The relationship between the specific reactivity and 

tar reforming ability of carbon-based catalysts was discussed 

through a micro fluidized bed reaction analyzer (MFBRA–MR). 

The results indicate that the char-based catalyst has certain 

removal ability for in-situ biomass tar of corn straw in an inert 

atmosphere, which is as follows: sawdust biochar > Zhundong 

(ZD) coal char > graphite. During the in-situ tar reforming, the 

alkali and alkaline earth metal species (AAEMs) act as 

adsorption/reaction sites, affecting the evolution of the aromatic 
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ring structure and oxygen-containing functional groups of the 

char-based catalyst, and also its pore structure. AAEM species 

on the surface of char-based catalysts are the active sites for tar 

reforming, which promotes the increase of active intermediates 

(C-O bond and C-O-AAEMs), and enhances the interactions 

between char-based catalysts and biomass tar. The abundant 

AAEMs may lead to the conversion of O=C–O and C=O to C–O. 

For tar reforming, the internal pore structure of char-based 

catalysts is little changed, mainly with the carbon deposit 

forming on the surface pore structure. The carbon deposit from 

the reformation of straw tar on the char surface has better 

reactivity than the inherent carbon structure of ZD coal char and 

sawdust biochar. There is a positive relationship between the 

MFBRA–MR specific reactivity and tar catalytic reforming 

ability of char-based catalysts (decided by the coupling effect in 

their physical-chemical structure), which can be used to 

determine the catalytic ability of char-based catalysts on tar 

reforming directly. 
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Nomenclature  
 

AAEMs- Alkali and Alkaline Earth Metallic Species; ZD coal- 

Zhundong Coal; ICP-AES- Intrepid Inductively Coupled Plasma 

Atomic Emission Spectrometer; XPS- X-ray Photoelectron 

Spectroscopy; SEM-EDS- Scanning Electron Microscopy-

Energy Dispersive Spectrometer; BDDT- Brunauer, Deming, 

Deming, and Teller; MFBRA–MR- Micro Fluidized Bed 

Reaction Analyzer–MS Reactor 

Introduction  
 

During biomass gasification, tar is undesirable because of 

various problems associated with condensation, formation of tar 

aerosols, and polymerization to form more complex structures 

[1-4]. Tar can be defined as a complex mixture of condensable 

hydrocarbons, which includes single ring to 5-ring aromatic 
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compounds, along with other oxygen-containing hydrocarbons 

and complex polycyclic aromatic hydrocarbons (PAH) [5]. Tar 

concentrations in the syngas from the gasification of low rank 

fuel vary from 5 to 75 g/(Nm
3
) [6-9], which is much higher than 

the maximal allowance for the utilization of syngas in gas 

turbines and engines, ranging from 10 to 50 mg/(Nm
3
) [10]. 

Among the approaches for tar destruction, catalytic reforming is 

gaining widespread acceptance due to its overall high efficiency 

[11]. Char-based catalyst is one of the products from 

pyrolysis/gasification of coal or biomass that has a strong 

catalytic ability on biomass tar reforming [3,12]. 

 

The main catalytic mechanisms of tar conversion in the char-

based materials include deposition, dehydrogenation (carbon 

deposited on the surface of char), and carbon consumption 

[4,13,14]. The physical-chemical structures of char-based 

catalysts are all important factors affecting catalytic ability of tar 

reforming [15,16]. For pore structure, it has been proven that a 

char-based catalyst has high affinity and strong adsorption 

selectivity for hydrocarbons [17]. The mesopores of char-based 

catalysts are thought to be effective in converting heavy 

hydrocarbons into light components, while limiting the 

formation of carbon deposits. The catalytic performance of 

biochar (char-based catalyst) with its high toluene removal rate 

was due to its large surface area/pore volume and better pore size 

distribution [18]. The highly porous structures of char-based 

catalysts not only greatly improve the dispersion of inherent 

metal catalytic elements, but also promote the transfer of reactant 

molecules (e.g., toluene, 0.68 nm molecular size) to the inner 

surface of catalysts [19]. The alkali and alkaline earth metal 

species (AAEMs) in biomass or coal char play an important role 

in tar catalytic reforming, showing that a char-based catalyst 

could promote the conversion of alkyl mono-aromatic 

hydrocarbons and inhibit the formation of polycyclic aromatic 

hydrocarbons (PAHs) [20,21]. The connection between carbon 

matrix and AAEM species would protect the structure of small 

aromatic rings from volatilization, and the dispersion of AAEM 

species would be deteriorated with the enrichment of large 

aromatic rings in char-based catalysts [22]. More importantly, 

the char chemical structures are significant in affecting the 
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inherent metal-carbon interactions, thus affecting their catalytic 

performances [3,23]. Increasing the number of surface oxygen-

containing functional groups could promote the 

adsorption/reforming of biomass tar compounds [24,25]. The 

content of oxygen-containing functional groups was mainly in 

the form of acidic groups, which reduced the pHpzc of the char-

based catalyst and enhanced its catalytic activity [26]. The 

chemical structure, including carbon skeleton structure and O-

containing functional groups, would not only show catalytic 

activity itself, but also largely govern the roles and fates of 

AAEM species and thus its catalytic performance [27]. 

Therefore, it is of paramount importance to investigate the 

evolution of char structure during in-situ biomass tar reforming, 

especially for the importance of the coupling effect within its 

physical-chemical structure. 

 

Therefore, the objective of this work was to examine the total tar 

catalytic reforming abilities and dynamic evolution of related 

physical-chemical properties of char-based catalysts (especially 

for their coupling effect) during the in-situ biomass tar 

reforming. Different carbonaceous materials (i.e., biomass, coal, 

and graphite) were used in this study so as to formulate different 

char-based catalysts with various physical-chemical structures, 

in order to evaluate their coupling effect on tar reforming. 

 

Results and Discussion  
Tar Yield, Tar Removal Rate and Weight Change of 

Char-Based Catalysts  

 
The results of in-situ biomass tar reforming over three char-

based catalysts are shown in Figure 1a,b, with a clear picture in 

Supplementary Materials (1). The main components of tar can be 

seen in Supplementary Materials (2), which is not the focus of 

research. The tar yield over sawdust biochar is 2.00%, which is 

the lowest one, while its removal rate of tar is 46.9%. The tar 

removal rate of Zhundong (ZD) coal char and graphite is 39.2% 

and 19.6%, respectively. It can be concluded that the char-based 

catalyst has a certain removal ability for in-situ biomass tar of 

corn straw in an inert atmosphere, which is as follows: Sawdust 

biochar > ZD coal char > graphite. 
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Figure 1: In-situ biomass tar reforming results over char-based catalysts: (a) 

Tar yields, and (b) weight gain and tar reforming rate for the char-based 

catalysts.  

 

As shown in Figure 1b, it can be found that graphite shows slight 

weight gain after the tar reforming reaction, while ZD coal char 

and sawdust biochar show significant weight losses, which is due 

to H/O/OH radicals in the volatile matter from corn straw 

pyrolysis reacting with the active structures of coal char and 

biochar [28]. These free radicals participate in the tar reforming 

on the char surface, and O/OH radicals can activate the 

activation/gasification of active carbon atoms in the char sample. 

At the same time, the H radical would have the ability to inhibit 

the consumption of char [29]. ZD coal char and sawdust biochar 

are more active in contact with in-situ volatiles from corn straw 

because of their abundant AAEM species and active physical-

chemical structures; thus, they have larger tar reforming rates. 

The adsorption and reorganization of tar over graphite are 

limited, due to its simple structures and few active sites for tar 

reforming. The inhibition of H radicals on the gasification of 

graphite becomes obvious, and the char’s consumption is limited 

[30]. Therefore, the weight gain of graphite appears after the in-

situ biomass tar reforming. 

AAEMs Species in Char-Based Catalysts  
 

The total content of AAEM species in ZD coal char is higher 

than that in sawdust biochar, with mass fractions of 1.71% and 

1.39%, respectively, as show in Figure 2a,b. The Ca element 

accounts for the highest proportion in char-based catalysts, 

which reaches 1.18% in coal char and 0.89% in biochar, while 

the species with the second highest content are K (in biochar) 
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and Na (in coal char). In addition to the inherent properties of the 

raw material’s own elemental distribution, the precipitation 

characteristics of the AAEM species during its preparation also 

play an important role. Due to the unstable single bond between 

monovalent K/Na and carbon matrix, they would have a large 

amount of volatilization during preparation, while that of the 

divalent Ca might be relatively stable [31,32]. It shows that K 

and Na elements account for 0.38% in ZD coal char, while 

elements of sawdust biochar account for 0.43%. In addition, it 

can be found that the AAEMs content in char-based catalysts and 

their tar removal abilities are not consistent, for the reason that 

not all AAEM species are with ―catalytic activity‖ for biomass 

tar reforming [33]. A large number of AAEM species in the 

char-based catalysts are encapsulated in the carbon matrix. 

AAEM species exposed to the gas–solid interface of char-based 

catalysts could be able to show their effective catalytic ability for 

tar reforming. 

 

 
 

Figure 2: Alkali and alkaline earth metal species (AAEMs) contents in char-

based catalysts: (a) Raw and (b) changes before/after tar reforming.  

 

As shown in Figure 2b, it is found that the contents of AAEM 

species in the coal char and biochar after tar reforming show a 

similar trend. Ca and Mg increase slightly, while Na and K 

decrease. A large number of H/O/OH radicals in the gas phase 

can easily destroy the chemical bonds between K/Na and carbon 

matrix, resulting in their volatilization [31], while leaving the 

active sites and defects of the carbon structure to promote the 

adsorption of tar molecules. Ca and Mg elements are stable in 

connection with the carbon matrix, which are not easy to 

volatilize. Meanwhile, Ca and Mg could directly participate in 

the tar adsorption and reorganization. During the in-situ tar 
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reforming, the AAEM species act as adsorption/reaction sites, 

and the reaction process will have a significant effect on the 

evolution of the aromatic ring structure and oxygen-containing 

functional groups of the char-based catalyst, and the effect on its 

pore structure would also be prominent to a certain extent. New 

bonds are formed between Ca/Mg and active tar intermediates; 

thus, tar can be removed due to the surface carbon gasification 

on the gas–solid interface. The raw corn straw materials contain 

high Ca and Mg, so the increase of Ca and Mg in char-based 

catalysts after a reaction can be due to the attachment of Ca and 

Mg elements in in-situ volatility from corn straw pyrolysis. 

Thus, it can be proposed that K/Na elements could exhibit 

catalytic activity at the gas–solid interface of char, due to their 

easier migration and transformation during the 

homogeneous/heterogeneous reforming of biomass tar. In 

contrast, the catalytic activity of Ca is relatively weak. 

 

Chemical Structures of Char-Based Catalysts  
 

For the Raman analysis, it was believed that the total peak area 

was directly related to the number of oxygen-containing 

structures and the degree of aromatization [31], while the former 

may be more significant. As shown in Figure 3a, there are only 

obvious D and G peaks in graphite, while the total peak area of 

graphite after tar reforming increases significantly. This may be 

explained by the abundant oxygen-containing functional group 

structure in the carbon deposit structure after tar reforming, 

and/or how the oxidation of O/OH radicals in volatile matter 

onto graphite leads to the formation of C–O, C=O chemical 

bonds, which enhances the Raman scattering of graphite. The 

lack of oxygen-containing functional groups and high degree of 

aromatization in graphite are not conducive to tar reforming [21]. 

The total peak area of ZD coal char and sawdust biochar is much 

larger, indicating more oxygen-containing functional groups. 

The total peak area of the two char-based catalysts decreases 

after tar reforming reaction, indicating that the surface groups are 

consumed. Sawdust biochar needs to consume more during tar 

reforming, indicating that sawdust biochar is more easily 

deactivated than ZD coal char. During tar reforming in an inert 

atmosphere, the formation of carbon deposits would 
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continuously block the active sites on the surface of char-based 

catalysts and inhibit the catalytic abilities of AAEM species and 

oxygen-containing functional groups. The Raman spectra of coal 

char and biochar catalysts are fitted by a peak-fitting method, 

which can be obtained in our previous investigation [34]. As 

shown in Figure 3b, the ID/IG is used to describe the crystal 

structure and graphite-like functional group structure of char, 

while ID/I(Gr+Vl+Vr) and ID/IGr represent the abundance of large 

aromatic ring structures in char-based catalysts [31]. It can be 

found that the ID/IG ratio of sawdust biochar before reaction is 

higher than that of ZD coal char, indicating that the carbon 

structural defects of sawdust biochar are more than those of ZD 

coal char, which has a positive effect on tar reforming activity. 

The ratios of ID/I(Gr+Vl+Vr) and ID/IGr of ZD coal char are higher 

than those of sawdust biochar, showing that the proportion of 

large aromatic rings in the structure of ZD coal char was higher, 

which was not conducive to the total tar removal results. Thus, it 

can highlight the importance of the coupling effect among the 

physical-chemical structures of char-based catalysts. After tar 

reforming, the ID/IG ratio of sawdust biochar increases, while 

that of ZD coal char decreases. Tar molecules undergo 

depolymerization and dealkylation at high temperature in gas 

phase. Active H/O/OH radicals in the volatiles from corn straw 

pyrolysis could react with tar molecules to form activated tar 

fragments, which gradually connect to lattice defects of char and 

then undergo further reforming reaction [35], accompanying the 

catalytic effects of AAEM species in this process. The reaction 

increases the aromaticity of char and decreases the number of 

lattice defects in sawdust biochar. The final result is that IG 

increases while ID decreases. For ZD coal char, the tar 

compounds bound to the char can be reformed from the char 

surface by bond breaking, which may be detached as a part of 

the char structure, resulting in the increase of lattice defects with 

the increase of ID/IG ratio. For the changes of ID/I(Gr+Vl+Vr) and 

ID/IGr before and after tar reforming, it was found that the ratio of 

large aromatic rings to small aromatic rings increased. Similar to 

the results of ID/IG, H/O/OH volatile radicals preferentially 

consume small aromatic rings and form large aromatic rings, 

resulting in the increases of ID/I(Gr+Vl+Vr) and ID/IGr ratios. The 

consumption of small aromatic rings is more serious during tar 
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reforming, resulting in the better tar catalytic reforming activity. 

Thus, during the tar reforming, the changes of the aromatic ring 

structures and the surface functional groups of char-based 

catalysts are synergistic. 

 

 
 

Figure 3: Chemical characteristics of char-based catalysts on in-situ biomass 

tar reforming: (a) Raman spectra; (b) Raman band ratio; (c) C1s and O1s peaks 

in XPS spectra; and (d) Proportion of C=O, C–O, O=C–O functional groups.  

 

The distribution of active AAEM species and oxygen-containing 

functional groups on the surface (1–10 nm) of char-based 

catalysts can be seen in Figure 3c,d. The proportion of O=C–O 

functional groups of the coal char and biochar decreases 

significantly after tar reforming, while the proportion of C–O 

functional groups increases. This indicates that the consumption 

of oxygen functional groups is mainly carboxyl or lipid groups 

during reaction. The proportion of C=O and C–O functional 

groups increased slightly, due to the consumption of O=C–O. 

The conversion of C=O and O=C–O functional groups to C–O 

functional groups also occurs in ZD coal char. K and Ca on the 

surface of char-based catalysts are the active sites for tar 

reforming, which promotes the increase of active intermediates 

(C–O bond and C–O–K/Ca) [36], and enhances the interactions 

between char-based catalysts and biomass tar. Therefore, the 

abundant AAEMs may lead to the conversion of O=C–O and 

C=O to C–O in ZD coal char. As shown in Figure 3d, Na
1s

, K
2p

, 
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and Ca
2p

 represent the structure and electronic arrangement of 

Na, K, and Ca elements on the char surface, respectively. The 

surface oxygen content of ZD coal char is higher than that of 

sawdust biochar before reaction. The proportion of O-containing 

functional groups in ZD coal char was higher than that in 

sawdust biochar (e.g., 32.94% and 25.29%, respectively). The 

proportion of AAEM species on the surface of ZD coal char is 

still higher than that of sawdust biochar (e.g., 1.24% and 2.52%, 

respectively), which indicates that the surface active sites of ZD 

coal char are more. After tar reforming, the content of Na, Ca, 

and O in ZD coal char change in varying degrees, while the 

content of K in sawdust biochar decreases significantly and the 

content of O increases. It indicates that more breaks and/or 

reconnections of chemical bonds occur on the surface of ZD coal 

char during tar reforming. The sawdust biochar might remove 

more tar by adsorption, so the consumption of various active 

sites is relatively small. 

 

Physical Structures of Char-Based Catalysts  
 

The specific surface area, pore volume, and pore size ratios of 

three char-based catalysts can be seen in Table 1. Higher 

porosity and surface area enhance the contacting chances 

between char and tar [37,38], while enabling more active sites to 

attach to the char surface. After tar reforming, the surface area 

and pore volume of three char-based catalysts decreased 

significantly, due to the formation of carbon deposit, which is 

mainly formed on the surface active sites (such as AAEMs and 

surface active groups/structures). From the pore size distribution, 

it is found that there are only a few micropores in graphite, but 

no macropore in graphite. The micropore is dominant in sawdust 

biochar and ZD coal char. After tar reforming, the micropore 

number of the three char-based catalysts decreased in varying 

degrees, while that of graphite decreased slightly, confirming 

that the adsorption of tar by graphite was mostly carried out 

between the lamellae. The decrease of micropores in sawdust 

biochar was especially obvious, and the content of 

meso/macropores increased significantly after tar reforming. The 

H/O/OH radicals in volatile matter make contact with the carbon 

matrix, which leads to the expansion of a large number of 
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micropores, and the collapse of pore walls and the connection 

between pores. For another reason, the carbon deposit blocked 

the pores and formed a larger pore structure in the process of 

aggregation on/around the microporous surface, resulting in a 

sharp decrease in the proportion of micropores, but an increase 

of meso/macropores. The abundant meso/macroporous structure, 

which makes up the main active sites [37], makes sawdust 

biochar have a larger ―active surface area‖, which is conducive 

to its tar reforming ability.  

 
Table 1: N2 adsorption parameters of three char-based catalysts.  

  
Conditions BET 

Surface 

Area 

Pore 

Volume 

Micropor

e Area 

<2 nm 

Large Hole 

Area 

>2 nm 

SMic./S

Ext. 

(m2/g) (cm3/g) (m2/g) (m2/g)  

Graphite 0.29 0.0029 3.18 - - - - 

Coal char 13.73 0.0107 10.42 3.31 3.15 

Sawdust biochar 188.86 0.1069 139.68 49.18 2.84 

Graphite (tar 

reforming) 

0.04 0.0018 3.15 - - - - 

Coal char (tar 

reforming) 

1.77 0.0040 1.28 0.48 2.67 

Sawdust biochar 

(tar reforming) 

89.66 0.0845 11.89 77.77 0.15 

 

The adsorption isotherm curves between the nascent char and 

tar-reformed char can reflect the dynamic properties of surface 

pore structure, based on the BDDT theory [39]. The N2 

adsorption/desorption isotherm curves of sawdust biochar and 

ZD coal char are shown in Figure 4a,b. Compared with typical 

curves, sawdust biochar and ZD coal char before reaction belong 

to IV curves (e.g., mesopore solid obtained by Suuberg E M. et 

al. [40]). Multilayer adsorption occurs on the surface of the 

adsorbent, and the pore size distribution is mostly microporous 

and microporous [41,42]. It is found that the two char-based 

catalysts do not form a complete loop structure, indicating that 

the char particles with such desorption curves had ―ink bottle‖ 

pores or a complex network structure [39]. After tar reforming, 

the N2 adsorption content of ZD coal char and sawdust biochar 

decreases significantly. The sawdust biochar is due to the 

massive blockage of micropores and the formation of a 

macroporous structure by carbon deposit, and the overall 
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adsorption capacity decreases. It shows that the pore structure of 

sawdust biochar can play a durable role in tar reforming. The 

adsorption/desorption curves of the two char-based catalysts 

after reaction basically coincide, indicating that the internal pore 

structure of char is little changed and the quantity is limited, 

most of which consists of disconnected holes with an opening at 

one end.  

 

 
 
Figure 4: Physical characteristics of char-based catalysts on in-situ biomass tar 

reforming: Isothermal nitrogen adsorption/desorption curves of (a) coal char 

and (b) sawdust biochar; (c) SEM-EDS results of sawdust biochar.  

 

The SEM-EDS results of three char-based catalysts can be seen 

in Figure 4c and Supplementary Materials (3-a, 3-b, 3-c). As 

shown in Supplementary Materials (3-a), the raw graphite is a 

strict lamellar structure with orderly arrangement, without 

obvious pore structure, and slightly interstitial between the 

lamellae. After tar reforming, the graphite surface was covered 

by viscous carbon deposits, and the surface showed a continuous 

hilly structure. The adsorption process plays an absolute role 

between graphite and biomass tar. The formation and 

distribution of AAEMs (e.g., Ca), together with tar in the pore 

structure of graphite, reflect the important role of AAEM species 

in the homogeneous transformation of tar [35]. In addition, 

during heterogeneous reforming, AAEMs are precipitated 

together with volatile matter from corn straw, which will 

adhere/bond to the surface of the char-based catalyst [43] and 
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participate in the heterogeneous reforming reaction of biomass 

tar. After tar reforming, the graphite surface contains a small 

amount of O, which is consistent with the result of Raman 

analysis. In Supplementary Materials (3-b), unreacted ZD coal 

char has a relatively regular morphology, which is a partially 

fractured honeycomb structure, with more pore structures than 

graphite. After tar reforming, it was found that the pore 

structures of ZD coal char were blocked by carbon deposit, and 

more carbon deposits were accumulated in the pore-rich areas. 

From the distribution of surface elements, it is found that the 

surface of ZD coal char is rich in O, that is, it has more oxygen-

containing functional group structure, while more AAEM 

species such as Ca, Na, and Mg, are evenly distributed on the 

char surface. After tar reforming, the AAEMs content decreases 

due to their volatilization and the formation of carbon deposit. 

Figure 4c and Supplementary Materials (3-c) show that the 

surface of sawdust biochar before reaction consists of mainly 

strip-like fibrous structures. The surface pore structure is mostly 

macroporous and irregular. During tar reforming, the carbon 

deposition is observed to encapsulate the fiber structure and 

adhere to the macroporous structure, while the overall structure 

is still disorderly and loose. On its distribution of surface 

elements, it has an abundance of O, Ca, and K content. 

Compared with ZD coal char, sawdust biochar has a more dense 

distribution of catalytic elements, especially for enrichment of 

Ca at the fiber fracture. The content of Ca, K, and O in sawdust 

biochar decreases after tar reforming, which indicates that the 

porous structure may promote the catalytic reaction of AAEM 

species and active chemical structures on the char surface, thus 

promoting the adsorption and reforming of biomass tar. 

 

Reactivities of Char-Based Catalysts  
 

The absolute conversion rate, relative conversion rate, and 

carbon reaction rate during the combustion of char-based 

catalysts are obtained, as shown in Figure 5a,b. It can be found 

that although the relative carbon conversion rate of graphite is 

faster, the carbon consumption after the reaction is only 0.725% 

and 1.579%, showing that graphite barely reacts during 

combustion at 600 °C. The absolute carbon conversion rate of 
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sawdust biochar is much higher than that of ZD coal char and 

graphite, indicating that sawdust biochar has higher combustion 

activity. The combustion activity of sawdust biochar changed 

slightly before and after tar reforming, and the combustion 

reaction rate of sawdust biochar increased slightly after tar 

reforming. The change of ZD coal char is obvious, and the 

amount of carbon consumed after tar reforming increases 

significantly, which indicates that the carbon deposited after tar 

reforming has higher combustion activity than that of ZD coal 

char. After tar reforming, the peak values of the combustion 

reaction rate curves of the two char-based catalysts shift to the 

right, indicating that tar reforming reduces the intensity of the 

initial combustion of char-based catalysts and prolongs the 

combustion time. It indicates that the carbon deposit formed by 

the reformation of straw tar on the catalyst surface has better 

reactivity than the inherent carbon structure of ZD coal char and 

sawdust biochar. The results show that there is a positive 

correlation between the combustion activity and tar reforming 

activity of different kinds of char-based catalysts. The results are 

attributed to the coupling effect in the physical-chemical 

structure (e.g., pore structure, AAEMs, surface active groups, 

and aromatic structures) of char-based catalysts, which are not 

only the key factors affecting tar reforming ability in an inert 

atmosphere, but are also the important factors affecting the 

combustion activity. 

 

 
 
Figure 5: Reactivity analysis of char-based catalysts on in-situ biomass tar 

reforming from a micro fluidized bed reaction analyzer (MFBRA–MR): (a) 

Reaction rate versus absolute carbon conversion rate and (b) carbon conversion 

rate with time.  
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Experimental  
Preparation of Char-Based Catalysts  

 
Manchurian walnut sawdust, obtained from Harbin, Heilongjiang 

Province, China, was used in the experiments. The sawdust 

samples were dried overnight at 105 °C, pulverized, and sieved 

to obtain a fraction with particle sizes between 0.15 and 0.25 

mm. The proximate and ultimate analyses for the sawdust 

samples are listed in Table 1.  

 

Three kinds of char-based catalysts, namely, graphite, Zhundong 

(ZD) coal char, and sawdust biochar, were selected for the in-situ 

tar catalytic reforming, and were prepared in a standard muffle 

furnace, which can be seen in our previous paper [35]. Raw 

materials were dried at 105 °C for 12 h, grinded, and screened to 

150–250 μm. Corn straw (e.g., 150–250 μm) with AAEM 

species in corn straw (0.60 wt. % Na2O, 29.41 wt. % K2O, 18.38 

wt. % MgO, and 14.34 wt. % CaO in ash), obtained from the 

farmland in Harbin, China, was used for pyrolysis to supply the 

in-situ biomass tar. The proximate and ultimate analysis of three 

kinds of raw materials is shown in Table 2.  

 
Table 2: Proximate and ultimate analysis of the origin sample. (Note: Diff. = 

by difference, ad. = air dry basis, daf. = dry ash-free basis).  

  
Sample 

Name 

Proximate Analysis (ad., %) Ultimate Analysis (daf., %) 

Moisture Volatile Ash Fixed 

Carbon 

C H N S Odiff. 

ZD coal 9.63 40.30 5.50 44.57 61.40 4.41 0.89 0.48 17.69 

Sawdust 9.49 77.13 0.96 12.42 43.72 5.31 0.12 0.01 40.39 

Corn 

stalk 

6.17 71.20 6.52 16.11 40.39 5.14 1.12 0.16 39.91 

 

In-Situ Biomass Tar Reforming Over Char-Based 

Catalysts  

 
In-situ biomass tar reforming experiments were carried out in a 

fixed-bed/fluidized-bed experimental system in Ar atmosphere at 

800 °C, as shown in Figure 6. Biomass tar was from the corn 

straw pyrolysis in the bottom fluidized-bed stage and then passed 

through the intermediate frit into the upper fixed-bed stage (in 
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which the char-based catalysts were pre-loaded), where the in-

situ catalytic reforming of biomass tar over char-based catalysts 

was carried out. For the outlet, the reacted tar was trapped in two 

gas bottles, which were connected in series and filled with a 

solvent mixture of HPLC-grade chloroform and methanol (4:1, 

v/v), which were put into an ice brine bath (≤0 °C). Calculation 

of tar yield and tar conversion rate can be seen in our previous 

research papers [35]. 

 
 
Figure 6: Experimental system of fixed-bed/fluidized-bed reactor.  

 

Analysis of Physical-Chemical Structures of Char-

Based Catalysts  

 
The specific surface area, pore size, and pore volume distribution 

of char-based catalysts were measured by N2 adsorption (ASAP 

2020M, Micromeritics Instrument Crop, USA). 
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The char-based catalyst was digested by an Ethos-1 microwave 

digestion instrument of MILESTONE company in Italy. Then, 

65% HNO3, 30% H2O2, and 40% HF were selected as high-grade 

pure reagents. The amount of char-based catalyst was 0.10 g 

during digestion. The liquids collected were analyzed for 

AAEMs concentration using IRIS Intrepid Inductively Coupled 

Plasma Atomic Emission Spectrometer (ICP-AES).  

The carbon structure of the char-based catalyst was tested by a 

Raman Spectrometer of Renishau Company, United Kingdom. 

The device was equipped with a 1040 × 256 charge coupled 

device camera for focusing laser beams on samples and was 

equipped with an in-Via Confocal microscope, Renishaw CCD 

detector, and excitation laser with a wavelength of 633 nm. The 

spectra of about 800–1800 cm
−1

 were recorded at five different 

locations for each char sample, and then the average value was 

obtained. 

 

X-ray photoelectron spectroscopy (XPS) uses X-rays to excite 

valence or inner electrons of atoms or molecules. The instrument 

is equipped with a 1486.6 Ev monochrome Al Kα X-ray 

spectrometer. The narrow-spectrum scanning transmission 

energy of the sample used is 50 eV and the scanning step is 0.1 

eV. The data are calibrated by linear shifts, where the maximum 

peak of C1s binding energy corresponds to 284.6 eV. The 

functional groups and elemental properties of the surface are 

analyzed using the number of escaped electrons from the char 

surface at depths of 1–10 nm. 

 

EVO18 scanning electron microscopy (SEM) and an X-MAX20 

energy dispersive spectrometer (EDS) of Carl Zeiss Co. from 

Germany were used to scan the surface characteristics of char-

based catalysts with a magnification of up to 2000 times and to 

determine the elemental composition on the surface of samples. 

 

Reactivity of char-based catalysts was studied by the micro 

fluidized bed reaction analyzer (MFBRA–MR) [44]. Combustion 

tests were carried out at 600 °C with a mixed gas atmosphere of 

21%O2/79%Ar. The measured response value can be converted 

into gas concentration by the reliable positive proportional 
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relationship between the signal response value and 

concentration, for subsequent analysis of the carbon conversion 

rate. 

 

Conclusions  
 

 The char-based catalyst has a certain removal ability for 

in-situ biomass tar of corn straw in an inert atmosphere, 

which is as follows: sawdust biochar > ZD coal char > 

graphite. 

 During the in-situ tar reforming, the AAEM species act 

as adsorption/reaction sites, affecting the evolution of 

the aromatic ring structure and oxygen-containing 

functional groups of the char-based catalyst, and also its 

pore structure. AAEM species on the surface of char-

based catalysts are the active sites for tar reforming, 

which promotes the increase of active intermediates (C–

O bond and C–O–AAEMs), and enhances the 

interactions between char-based catalysts and biomass 

tar. The abundant AAEMs may lead to the conversion of 

O=C–O and C=O to C–O. 

 For tar reforming, the internal pore structure of the char-

based catalyst is little changed, mainly with the carbon 

deposit forming on the surface pore structure. The 

carbon deposit from the reformation of straw tar on the 

char surface has better reactivity than the inherent 

carbon structure of ZD coal char and sawdust biochar. 

 There is a positive relationship between the MFBRA–

MR specific reactivity and tar catalytic reforming ability 

of char-based catalysts, which can be used to determine 

the catalytic ability of char-based catalysts on tar 

reforming directly. 
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