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a b s t r a c t

This research investigates the catalytic properties of char which was recovered directly from a biomass
gasifier. Poplar wood was gasified in steam and CO2 environments in a fluidized bed reactor at temper-
atures ranging from 550 to 920 !C. Char was composed of 85% carbon with concentrations of N, H, and S
between 0.3% and 3%, depending on gasification conditions. The inorganics (Ca, K, Na, P, Si, Mg) were
quantified, revealing that Ca was present in the highest concentration (0.5–1%), followed by K, ranging
from 0.1% to 0.8%. The char had catalytic activity for decomposition of methane, which was used as a
model molecule. The quantity of inorganics in the char was modified by acid washing in 16% aqueous
HCl, which removed >95% of Ca, K, P, and Mg from the char. This resulted in an 18% decrease in the quan-
tity of methane reacted compared to the original char sample, demonstrating that inorganics, which only
make up approximately 2% of the char, play a significant role in its catalytic activity for methane cracking
reactions. In addition, carbon was found to play an important role in the catalytic activity of the char, both
as a catalyst and a support on which the inorganics were dispersed. The activity of carbon free ash was
approximately 90% lower than that of char, and deactivated to have no measurable activity after 45 min
on stream, demonstrating the importance of carbon and dispersed inorganics for catalytic activity. When
char was heated to 1000 !C in N2, inorganics and oxygen migrated to the surface of the char, covering the
carbon surface in a metal oxide layer. This decreased the catalytic activity by approximately 40%. Acidic
(e.g. carboxylic, lactones) and basic (e.g. carbonyl, pyrone) oxygen functional groups were identified on
the char surface. However, acidic oxygen groups desorbed at reaction temperatures, so these groups
likely do not participate in cracking reactions.

1. Introduction

In recent years, there has been growing interest in gasification
as a method for energy recovery from solid fuels such as biomass,
waste, sludge, or coal. The primary product of gasification is syn-
thesis gas, which is a gas mixture that is rich in CO and H2.
Synthesis gas can be used for production of fuels or chemicals
(ex. diesel, methanol, ethanol), for steam generation via combus-
tion boilers, or for electricity production in a gas turbine or fuel
cell. One of the main issues with commercialization of gasification
processes is the production of by-products such as tar and char. Tar
is a mixture of hydrocarbons that condense at standard conditions,
and must be either removed or reformed because it can cause
problems in downstream equipment such as clogging or deposition

on surfaces. One way to address this is to catalytically reform tar,
which increases the gaseous product yield. However, when using
heterogeneous feed stocks such as agriculture or forestry residues,
or municipal solid waste, catalysts are prone to deactivation. For
example, sulfur or chlorine species which are present in the feed-
stock may poison catalytic sites or tars may crack and form coke
on the catalyst. In this research, we are investigating utilization
of char as a catalyst for tar reforming. This would be beneficial
since the char is produced on-site, making it a cheap and available
resource. In this research, the surface reactivity of char that was
recovered directly from a biomass gasifier (with no modification)
is studied. The contribution of inorganics, carbon, and oxygen
groups to the catalytic activity of char is reported.

1.1. Catalytic activity of char

Char has been considered for a variety of applications such as
energy recovery (via combustion), soil amendment, or as daily
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cover for landfills. This research investigates utilization of char in
high value applications, such as catalysis. In recent years, char, or
similar materials such as activated carbon (AC), have been reported
to have catalytic activity for reforming or cracking of hydrocarbons
[1–7]. When placed downstream of gasifiers, these materials have
been shown to reduce tar production and increase syngas yield
[2,3,7]. In addition, char has been used as a support for different
metals (Ni, Fe) and these catalysts have been used for reforming
of biomass tars and tar surrogate compounds [6,8].

Char properties vary with gasification conditions, so it is impor-
tant to understand how these properties influence the catalytic
activity of char. This enables one to identify which gasification pro-
cesses produce char which is appropriate for use in catalytic appli-
cations. While char has similar properties to materials such as
activated carbon (AC) and carbon molecular sieves (CMS), which
have been studied extensively, there are some important differ-
ences. Since char is a by-product of gasification, its properties are
dictated by the gasification conditions and the starting feedstock.
The primary objective of a gasification process is to produce a high
yield of syngas with a CO/H2 ratio that is appropriate for a targeted
end use. Therefore, the process conditions in which the char is pro-
duced are adjusted so the syngas yield is maximized. In contrast, in
processes where the primary product is AC, the material is often
chemically activated with potassium hydroxide, phosphoric acid,
or steam which can affect both surface area and surface oxygen
groups. In addition, AC is often de-ashed via acid washing whereas
char is not. With growing interest in co-gasification of biomass
with coal or municipal solid waste, which contain higher concen-
trations of ash species, it is important to consider the role of ash
species in the catalytic activity of the char. Furthermore the oxygen
functional groups may affect the catalytic activity and are also
studied here.

In addition to surface chemistry, catalytic activity is affected by
char morphology. In a previous publication, we reported the influ-
ence of char surface area and porosity on its catalytic activity [9].
Higher gasification temperatures (up to 920 !C) produced char
with higher surface area. For example, increasing the gasification
temperature from 750 to 920 !C in a CO2/N2 environment resulted
in an increase in surface area from 435 to 687 m2 g!1. For all sur-
face area measurements, the correlation coefficient was greater
than 0.999. Preliminary data showed that char with higher surface
area had higher catalytic activity. The goal of the research pre-
sented in this paper is to further understand the contributions of
inorganics, carbon, and oxygen groups to the catalytic activity of
char that was recovered directly from a biomass gasification
process.

1.2. Inorganics in biomass char

Biomass is primarily composed of carbon, oxygen, and hydro-
gen in molar ratios of approximately 6/4/10. Importantly, it also
contains inorganics which have been demonstrated in the litera-
ture to impact various reactions. The inorganic fraction of biomass
is typically composed primarily of alkali and alkaline earth metallic
species (AAEM), such as Ca, Na, K, Mg, but also contains Si and P,
and transition metals such as Fe, Al, and Mn. While the concentra-
tions of these elements vary depending on the species of biomass
or its growing conditions, they are found in many types of biomass.
Dupont et al. characterized the inorganic elements in 21 different
types of wood, including spruce, poplar, oak, pine, and beech,
and found significant differences in concentrations, yet commonal-
ity of species [10]. For example, ash content varied from 0.5% to
4.3%, calcium varied from 0.086% to 1.6% by mass (based on dry
biomass), and potassium concentration varied from 0.011 to
0.18% by mass (based on dry biomass). Yip et al. determined that
the ash of mallee biomass contained >85% alkali and alkaline earth

metallic species (AAEM) [11], and that 80–90% of these inorganics
remained in the solid residue following steam gasification at
750 !C. Others have observed volatilization of some of the inor-
ganic species during gasification [12,13]. However, in general at
least some fraction of the inorganics remain in the solid residue
after gasification. Therefore, char from biomass gasification has
an inorganic fraction which will remain despite the starting feed-
stock and operating conditions that will influence its catalytic
activity.

1.3. Catalytic activity of inorganic elements in gasification reactions

Gasification involves many complex reactions and significant
efforts have been made to understand reaction mechanisms. It
has been shown that inorganics participate in catalyzing gasifica-
tion reactions. For example, Yip et al. gasified mallee biomass
and observed lower reactivity when the feedstock had been acid
washed prior to gasification [11]. Marquez-Montesinos et al. stud-
ied the role of inorganics on gasification of grapefruit skin char and
found that the presence of inorganics improves the reaction kinet-
ics [14]. Dupont et al. correlated the rate of gasification to the ratio
of potassium to silicon in the biomass, and concluded that potas-
sium has a catalytic effect and silicon an inhibitory effect [10].
Habibi et al. also observed inhibitory effects of silicon during
co-gasification of potassium rich switchgrass with high ash
sub-bituminous coal. They found that the potassium can be ren-
dered inactive when potassium aluminosilicate is formed [15].
Since inorganics have been correlated to gasification kinetics it is
important to more quantitatively understand how they impact
the catalytic activity of char, specifically for hydrocarbon decom-
position reactions. Tar reforming with steam showed Ni–char cat-
alysts performing better than Fe–char. The authors chose to further
study the Fe–char and obtained an interesting finding. The syngas
produced during the reforming maintained Fe in the reduced state
comparable to pre-reduction which gave the catalyst its activity
[16]. Fe–char catalyst from coal showed stable activity for up to
50 min time on stream for the steam reforming of mallee biomass
tar. It was also found that the activity was affected by the char
structure and the properties of the Fe speciation [17].

1.4. Role of oxygen groups in catalytic activity of carbon materials

It is well known that acid groups play a role in many types of
catalytic reactions, such as cracking, isomerization, and polymer-
ization [18]. Acidic or basic sites are formed on a char surface when
oxygen reacts with defect sites on the surface, forming functional
groups. Some examples of the functional groups detected are car-
boxylic acids, lactones, or phenols (acidic) and pyrones or chrome-
nes (basic). Acidic surface groups have been studied more
extensively than basic sites, and it is understood which types of
surface functionalities give rise to surface acidity [19,20]. In gen-
eral, acidic sites are formed when a surface is heated in an oxidiz-
ing environment and basic groups are formed when an oxidized
surface is reduced by heating in an inert environment [20].

The surface functional groups influence the adsorption of mole-
cules to the char surface. For example, oxygen sites enhance the
adsorption of polar molecules, such as water which is present in
many systems. Lee et al. studied the adsorption of water vapor
on chemically activated carbons derived from coal and wood and
found that in cases where the relative pressure of water was low
(P/P0 < 0.4), the density of oxygen groups on the carbon surface
was the most important factor that influenced water adsorption
[21]. When char is used as a catalyst, reactants must adsorb to
the surface, react, and products must desorb. However, it is not
desirable for molecules that do not participate in the catalytic reac-
tion to adsorb to the surface as this can hinder access to catalytic



sites. Therefore, surface properties and the adsorption of reactant
or other spectator molecules should be understood since they
affect the catalytic activity of the char. While research has been
done on the influence of oxygen groups on adsorption of various
molecules such as water or aromatics to carbon surfaces, it is typ-
ically done for systems operating at low temperatures or in aque-
ous environments. The catalytic reactions studied here take place
at high temperatures (above 700 !C) and at the gas/solid interface,
as discussed above. This is the first study to our knowledge that
investigates the influence of oxygen functional groups on the char
surface on its catalytic activity for hydrocarbon decomposition
reactions.

While catalytic activity of char has been demonstrated, the con-
tribution of char properties to its catalytic activity is not well
understood. Since char is a by-product of gasification, its properties
depend on gasification conditions and starting feedstock. The prop-
erties which have been shown to affect its catalytic activity are its
morphology (surface area and porosity), and its composition. Since
the influence of morphology on catalytic activity of char has been
presented in a previous publication [9] this paper will focus on the
influence of char composition on its catalytic activity, specifically
the role of inorganics and acidic oxygen groups which are present.
The bulk properties such as carbon, hydrogen, nitrogen, sulfur and
inorganic (ash) species are analyzed, as well as the role of concen-
tration and distribution of inorganics. In addition, the influence of
oxygen functional groups on the catalytic activity of char is also
quantified. In all cases, unless otherwise indicated, the char mor-
phology remained constant in experiments which compared char
with different compositions.

2. Experimental

2.1. Char production

The char used in the experiments presented in this paper was
from gasification of poplar wood in an updraft fluidized bed reac-
tor, as shown in Fig. 1. The poplar wood chips were
"4 mm # 4 mm # 1 mm. The gasification medium was either CO2

or H2O at concentrations of 10–90%, with the balance gas being

N2. Gases were supplied by Air Liquide; N2 was 99.95% and CO2

was 99.995% purity. TGA/DSC testing that was done with nitrogen
of the same quality showed no significant heat flux at high temper-
atures, indicating that there was no measurable oxygen impurity
present in the gas. The total gas flow rate was 400 SLPM kg!1 of
biomass (SLPM is standard liters per minute). The reactor was
stainless steel with an internal diameter of 6.1 cm and a height
of 59.9 cm. The reactor temperature was controlled with a
Eurotherm temperature controller which was connected to a ther-
mocouple placed in the center (vertically and radially) of the reac-
tor. The biomass was loaded into the reactor prior to each
experiment and the char was collected after the experiment. The
reactive gas mixture (H2O/N2 or CO2/N2) was introduced into the
system. The reactor temperature was then increased at
20 !C min!1 in the reaction environment to a predetermined set
point, which ranged from 550 to 920 !C. After each experiment,
the reactor was cooled down to room temperature under nitrogen.
Therefore, no measurable reactions would have taken place on the
char surface with room air, since the char was only exposed to air
at room temperature, where kinetics of such reactions would be
immeasurably slow. Gasification was done at different conditions
to assess the property variations of char produced. The char sam-
ples will be referred to throughout this paper using names indi-
cated in Table 1, which describes the gasification environment,
the maximum reactor temperature, and the time that the reactor
remained at that temperature. For example, CO2-920-30 refers to
char from gasification in a CO2 environment where the biomass
was heated to 920 !C and held at that temperature for 30 min.

2.2. Char characterization

The BET surface area of each char sample was measured using
multi point BET Analyzer (Micromeretics, Gemeni) and is reported
in Table 1. The structure and chemical composition of the char was
analyzed in an Environmental Scanning Electron Microscope
(ESEM, FEI XL30) with energy dispersive X-ray spectroscopy
(EDS). The concentrations of carbon, hydrogen, nitrogen, and sulfur
were measured with a ThermoQuest CHNS Elemental Analyzer.

2.3. Removal of inorganics

Inorganics were removed from the char by treating it in a solu-
tion of 16% hydrochloric acid (Aeros organics CAS 7647-01-0,
diluted with water which was purified using a Millipore Simplicity
system with a SIMPAKOR1 cartridge). Since Si has been shown to
have inhibitory effects during gasification and transition metals
were present in the char in very low concentrations, the goal of
the de-ashing process was to reduce the concentration of AAEM spe-
cies and phosphorus. The procedure applied was similar to reported
acid washing techniques for de-ashing char [11,14,22]. Char was
immersed in the acid solution at room temperature for 24 h.
Following acid treatment the char was rinsed approximately 25
times with purified water and then dried at 120 !C to ensure that
all of the acid had been removed. A sample of the treated char was
then fully dissolved in an acid solution and the concentrations of

Fig. 1. Diagram of fluidized bed reactor used for gasification of biomass. Biomass
becomes fluidized when flow is introduced.

Table 1
Reaction conditions and surface areas of different char samples.

Sample name Reaction
atmosphere

Maximum
temperature
(!C)

Time at
Tmax (min)

Surface
area (m2 g!1)

CO2-920-30 10% CO2/90% N2 920 30 687
CO2-750-30 10% CO2/90% N2 750 30 435
H2O-750-60 90% H2O/10% N2 750 60 621
H2O-750-30 90% H2O/10% N2 750 30 429



inorganics were measured via ICP to determine the concentration of
inorganics in the treated char. For this test, the char was dissolved in
a mixture of nitric and hydrochloric acids and was heated to help
with dissolution of the char. For quantification of silicon, hydrofluo-
ric acid was used. ICP testing and sample preparation was done by a
certified lab (SGS laboratories, in France). The surface area and pore
volume of the char were measured before and after acid washing
treatments which confirmed that there were no significant changes
in char morphology from the acid treatment. The catalytic activity of
the char was compared to that of the acid washed char according to
the procedure discussed in Section 2.4.

2.4. Catalytic activity testing

The catalytic activity of the char was tested via the methane
decomposition reaction. This reaction was chosen because it pro-
vides insight on the char’s ability to activate C–H bonds and pro-
duces few reaction products compared to decomposition of
larger molecules, such as toluene, which more closely resemble
gasification tars. The main products from methane decomposition
are solid carbon and H2, which are easily and reliably measured,
allowing for quantification of reaction extent. It is also possible
that CHx compounds form on the char surface, according to Eq. (1).

CH4 ! CHx þ yH2 where 0 < x < 3 and y ¼ 2! 0:5x ð1Þ

Catalytic testing of the char was done in a flow through reactor and
in a thermo gravimetric analyzer (TGA). The flow through reactor
was able to accept a larger quantity of char than the TGA and pro-
vided a more realistic reactor configuration. TGA tests enabled pre-
cise temperature measurement and high frequency measurement of
the mass change. Data was recorded every 2 s during tests.

(i) Flow through reactor tests – CH4 decomposition: A quartz
flow through packed bed reactor was used for catalyst test-
ing as shown in Fig. 2. Gases were supplied by Tech Air and
were ultra high purity (UHP) grade. The mass of char for
each test was 0.02 g. The system was heated to a target tem-
perature (700, 750, or 850 !C) in N2 and then a mixture of
15% CH4 (balance N2) was introduced. In some tests CH4

composition varied and this is indicated in the text when
this is the case. The flow rate of the gas mixture was approx-
imately 50 ml min!1. The H2 concentration in the effluent
was measured on line with an Inficon 3000 micro gas
chromatograph.

(ii) Thermo gravimetric analyzer test – CH4 decomposition: A
Netzsch STA 409PC TGA was used for catalytic testing. The

TGA crucible was alumina with an inner diameter of
6.5 mm and a height of 13 mm. For each test approximately
5 mg of char was placed in the crucible. The char occupied
only a thin layer ("3 mm) on the bottom of the crucible to
mitigate bed depth and transport effects. The char was taken
directly from the gasifier therefore the particle size was
slightly variable but was generally in the range of 1–3 mm
for each dimension (particles were roughly rectangular).
Due to the large particle size it is not likely that there were
inter particle mass transfer limitations that would have
affected reaction kinetics. The test procedure was as follows.
A mixture of 30% CH4 (balance N2) was introduced (Tech Air,
UHP). Char was heated to 150 !C at 7 !C min!1 and held for
20 min to allow for drying of the sample. During this time
a stable mass was achieved, which confirmed drying was
complete. The temperature was subsequently increased to
900 !C at 7 !C min!1. The methane decomposition reaction
involves the formation of solid carbon or radical CHx species
terminated by surface attachment on the char, therefore the
sample mass and hydrogen evolution were considered to be
representative of reaction taking place.

2.5. Temperature programmed desorption

Oxygen functional groups on the char were identified via tem-
perature programmed desorption (TPD), which involves heating
the char at a constant rate in an inert atmosphere, such as nitrogen
or helium [23–25]. Each type of functional group desorbs at a
specific temperature as either CO or CO2, so by measuring the gases
evolved, the functional groups can be identified. Szymanski et al.
have provided a review of the gas evolution profiles (temperature
and gas evolved) that are associated with different types of surface
groups [25]. TPD was done using a Quantachrome ChemBET Pulsar
instrument and the char was heated in N2 at 10 !C min!1 to
1000 !C and held at that temperature for 15 min. An Inficon 3000
micro GC was coupled to the system for gas analysis to distinguish
the production of CO and CO2. It should be noted that in heating
the char to temperatures above the temperature at which the char
was formed (for example, performing TPD up to 1000 !C on char
from a gasification process that was done at 750 !C) the properties
of the char surface may change. However, the evolution of CO and
CO2 provides information on the groups that were present on the
surface of the original char sample.

2.6. Oxygenation of char surface

To understand the role of oxygen in the catalytic activity of
char, the surface was oxygenated and the activity of the original
char was compared to the oxygenated char. The char was oxy-
genated via treatment with nitric acid, which was obtained from
Fisher (certified ACS plus, catalog No. A200-212). 80 mg of char
sample CO2-920-30 was immersed in 50 mL of 16% nitric acid at
80 !C for 2 h. After allowing the sample to cool to room tempera-
ture, the sample was rinsed approximately 25 times with distilled
water. Char samples were dried with a vacuum pump/filter at
room temperature. ICP was done on the acid mixture following
the char treatment which confirmed that no inorganics had lea-
ched out of the char into the acid solution, as expected, since stron-
ger acids such as HCl or HF are typically used to remove inorganics
from char. Temperature programmed desorption (TPD) was used to
verify that the amount of surface functionalities on the
acid-treated char was higher than the raw char. The surface area
was measured before and after oxygenation of the char sample
using a Quantachrome NOVA surface area analyzer and a decrease
in surface area was observed. It has been reported in the literature
that when oxygen groups are added to high surface area carbon

Fig. 2. Diagram of reactor setup for flow through catalyst testing.
TC = thermocouple (K type).



materials, there is a reduction in surface area [25–27]. This has
been attributed to bulky COOH groups that adsorb at the entrance
of the micro pores, blocking the access of N2 or other molecules to
the micro pores, which are used to measure the surface area.
Therefore, surface area measurements were also used to confirm
that the oxygen groups had been added to the surface.

3. Results and discussion

3.1. Char composition

The concentrations of carbon, hydrogen, nitrogen, and sulfur in
the char were measured. The results are shown in Fig. 3 for three
samples that were made in a gasification environment of 10%
CO2 (balance nitrogen) at 550, 750, and 920 !C. As the gasification
temperature increased the quantity of char decreased due to a
higher conversion to gas phase products. The mass of char recov-
ered was 16.2%, 15.4%, and 11.8% of the initial biomass for gasifica-
tion done at 550, 750, and 920 !C, respectively. The concentration
of carbon was approximately 85% for all char samples. The nitrogen
concentration was lower for the sample made at 550 !C, indicating
that nitrogen is less volatile than the other species, and is more
likely to be retained in the char (as more of the char is gasified,
nitrogen represents a larger fraction of the solid residue). There
were no significant differences in sulfur concentrations among
the different char samples. Hydrogen concentration decreased as
temperature increased, suggesting that hydrogen is more easily
removed from the biomass structure and at higher temperatures
is more likely to be released as H2 or as CHx compounds.

The inorganic compounds were measured via ICP and results
are shown in Table 2. These species comprise approximately 2%
of the char. Calcium was present in the highest concentration, fol-
lowed by potassium, as expected. The lowest gasification temper-
ature (500 !C) has the lowest carbon conversion, therefore
concentrations of inorganics are lowest in this char due to the high

quantities of carbon and oxygen in the residue. At higher temper-
atures, as carbon conversion increases, inorganics make up a
higher fraction of the char. The concentration of calcium is lower
when the gasification temperature was 920 !C compared to
750 !C. This is likely due to volatilization of these species at high
temperatures. Volatilization of AAEM species during pyrolysis
and gasification of coal or biomass has been observed by others
[13,28]. The proposed mechanism for devolatilization of AAEM
species is that they exit the char as carboxylates. Phosphorus likely
volatilizes in the form of phosphorus oxides. Volatilization of phos-
phorus from sewage sludge has been studied and Bourgel et al.
determined that (P2O3)2 would be present as a gaseous species at
temperatures above 700 !C [29]. The mechanism for volatilization
is likely different in wood char versus sewage sludge and therefore
understanding the mechanism of volatilization of inorganic com-
pounds from wood is a subject for future study. The oxygen con-
centration is determined by difference and makes up 8–10% of
the char. EDS measurements, which give a local concentration
measurement, confirmed that on the surface the oxygen concen-
tration was in this range. The rest of this paper will focus on cat-
alytic activity of char from gasification processes at 750 and
920 !C. This is because these char samples have significantly higher
surface area, and consequently higher catalytic activity compared
to char from gasification at 550 !C. In addition, the higher temper-
ature processes represent more commonly used gasification
conditions.

3.2. Influence of inorganics on catalytic activity

Many ash-free carbon materials such as activated carbon and
carbon molecular sieves have been extensively studied and it is
well known that the carbon material has some catalytic activity
due to its high surface area. In this research, the goal is to evaluate
the catalytic activity of char that is recovered directly from a gasi-
fier without further modification of the char. In addition, with
recent interest in co-gasification of biomass with coal or waste,
the presence of inorganic species in char may become more impor-
tant since coal and MSW often have higher concentrations of inor-
ganics compared to biomass.

The influence of inorganic species (AAEM species and phospho-
rus) on the catalytic activity of char can be understood by compar-
ing the activity of two char samples with different concentrations
of inorganics. To do a direct comparison, char samples with similar
surface areas but different concentrations of inorganics must be
compared. However, the three char samples which are shown in
Table 2 all have different surface areas. Therefore, the concentra-
tion of inorganics in one char sample (CO2-920-30) was reduced
by an acid treatment described in Section 2.3, and the catalytic
activity of the de-ashed char was compared to that of the raw char.
The surface area and porosity of the samples were measured after
the acid treatments to verify that there were no significant changes
in morphology from these treatments. ICP measurements deter-
mined that the acid washing treatment removed >95% of Ca, P, K,
and Mg.

The catalysts were tested for methane decomposition using a
TGA according to the procedure described in Section 2.4. TGA data
from one of these tests (with acid washed char) is shown in Fig. 4.
Here, water loss is visible at 100–150 !C, followed by some mass
loss between 150 and 650 !C. This is due to desorption of func-
tional groups on the surface, and possibly other volatiles. The
inflection point on the graph indicates light off, or initiation of cat-
alytic decomposition of methane, which produces carbon on the
surface. Fig. 5, shows the catalytic activity, as mmol of H2 produced
per g of char. The mass gain is representative of the cumulative
amount of methane reacted, since one mole of carbon is deposited
on the char surface for every mole of methane that reacts. The

Fig. 3. Concentrations of N, H, and S in char from gasification with 10% CO2 (balance
N2) at various temperatures.

Table 2
Concentrations of inorganic elements in char from gasification in 10% CO2 (balance
N2) at different reaction temperatures. Units are ppmM (mg kg!1 char).
Concentrations of Fe, Mn, and Al were below the detection limit of 50 ppm.

Poplar wood Char (920 !C) Char (750 !C) Char (550 !C)

Ca 5200 8300 10,900 7800
K 1200 7900 7200 7000
Na <50 66 64 67
P 113 571 1050 710
Si <50 70 63 <50
Mg 340 1200 1200 985

Total (wt%) 0.69 1.81 2.05 1.59



sample that was treated in acid solution exhibited a lower catalytic
activity; final mass gain was reduced from 16% to 13%. The reaction
rate was reduced by approximately 16% when the temperature
was below 850 !C. For temperatures above 850 !C, the reaction rate
was reduced by approximately 27%. This indicates that, while these
components make up less than 2% of the char by mass, the removal
of such compounds could result in a decrease in catalytic activity of
up to 27%. The presence of alkali and alkaline elements contributes
to the catalytic activity of the char. These elements have been
shown to take part in catalyzing gasification reactions [10,14].
Here, we show that they also take part in cracking reactions; there-
fore, the inorganics may play a role in cracking of tars inside the
gasifier, which would improve the syngas yield. This indicates that
biomass or waste with higher ash content may be beneficial for
gasification. Moreover, some of the alkali and alkaline elements
which are present in biomass have been used as catalysts for tar
cracking. The most common AAEM based catalysts are mineral oxi-
des or carbonates made from calcium or magnesium [30–32]. This
is aligned with the results presented here which demonstrate the
catalytic activity of these elements in char.

Fig. 5 also shows the catalytic activity of char from a gasification
process that was done at 750 !C. According to Table 2, char made at
920 !C has a total concentration of inorganics of 1.8% and char
made at 750 !C has an inorganics concentration of 2.0%.
However, the surface area of char made at 750 !C is 63% of the char
made at 920 !C (i.e. 429 compared to 687 m2 g!1) which explains
the significant difference in catalytic activity. It is known that for

AC the surface area is highly dependent on temperature and
impacts the catalytic activity. Here, we show that both the surface
area and the inorganics influence the catalytic activity. While inor-
ganics make up only 2% of the char, an 18% reduction in the
amount of methane reacted is observed when inorganics are
removed therefore they serve to enhance the catalytic activity of
the char.

Given that the inorganics clearly play an important role in the
catalytic activity of the char, we investigated whether ash, com-
posed of only inorganics would have a higher catalytic activity
than char. Utilization of ash (ie no carbon) as a catalyst could be
beneficial, especially since char has a heating value. So, for exam-
ple, char could be burned for process heat, and the ash subse-
quently used as a catalyst. Exposure of char to air could result in
a change in composition (less carbon) as well as a change in oxida-
tion state of the metals. Combustion processes typically produce a
solid residue with a carbon content in the range of 0.1–1% com-
pared to char studied here, which has a carbon content of 85%.
Alternatively, gasification processes could use air rather than CO2

or steam which may result in higher carbon conversion, producing
a solid residue with low concentrations of carbon.

Char was exposed to air at 700 !C for 30 min, which resulted in
removal of all of the carbon via combustion. This produced a white
ash, which was composed of the metals and minerals which were
present in the original char sample. The catalytic activity of the ash
was compared to that of the char according to the procedure
described in Section 2.4. Hydrogen production from these tests is
shown in Fig. 6. The char had much higher activity than the ash,
as demonstrated by the higher H2 concentration. This indicates
that the presence of carbon improves the catalytic activity of the
char. The most likely reasons for this are: (i) carbon itself has cat-
alytic activity (ii) interactions between the carbon and inorganic
species contribute to catalytic activity of the char (iii) carbon pro-
vides a high surface area support on which inorganics are dis-
persed. The fact that the de-ashed char samples had catalytic
activity indicates that the carbon itself has catalytic activity.
Carbon based catalysts have been used for methane decomposi-
tion, and this has been reported in the literature [33]. For example,
Serrano et al. used CMK carbons (ordered mesoporous carbons),
carbon black, and graphite, which had metal concentrations below
0.005 wt% for methane cracking, which demonstrates that the car-
bon itself has some catalytic activity [34]. Metal-support interac-
tions have been observed and reported in the literature for
carbon supported metal catalysts. For example, Hsu et al. used a
carbon supported iron or copper catalysts for NO reduction with
NH3 [35]. They attribute the activity to the redox properties of
the carbon–metal complexes, where the metal was oxidized by
NO, and then reduced by carbon. Illán-Gómez et al. also used char
supported metal catalysts for NOx reduction and studied the redox

Fig. 4. Mass gain from acid washed char under CH4/N2 mixture. Mass gain is a
result of catalytic cracking of methane, which forms carbon on the char surface.

Fig. 5. Catalytic activity of char. Abscissa label describes temperature of the
gasification process from which char was recovered. Acid washing of the char
resulted in removal of alkali and alkaline earth metals (AAEM), which resulted in
lower catalytic activity. Char from gasification at 750 !C had lower catalytic activity
due to lower surface area of the char. Error on these measurements was 9%.

Fig. 6. Hydrogen production from decomposition of methane. Char has higher
catalytic activity than ash, indicating that the presence of carbon improves catalytic
activity.



properties of the different complexes. They found the activity to be
related to the ability of the metal to be oxidized by NO and reduced
by carbon [36]. The role of carbon as a support for the inorganics is
also important. The influence of dispersion on catalytic activity of
the char is discussed in the next section.

3.3. Influence of dispersion of inorganics on catalytic activity of char

Supported catalyst materials are used most efficiently when
they are highly dispersed, which increases the available catalytic
surface area. Various techniques have been developed to achieve
high catalyst dispersion on a support, for example incipient wet-
ness impregnation, adsorption, or precipitation methods [18].
Since dispersion is an important catalyst property, and the inor-
ganics in the char are catalytic, it is relevant to understand the dis-
persion of inorganics on the char surface. This property is affected
by the reaction environment. For example, it has been shown that
agglomeration of inorganics takes place during gasification in H2O
at 1000 !C but this is lower during gasification in a CO2 environ-
ment [9]. However, even if the inorganics on the char are highly
dispersed, agglomeration could take place when char is used as a
catalyst for high temperature reactions.

ICP measurements (reported in Section 3.1) confirmed the pres-
ence of inorganics in the bulk char and EDS measurements indi-
cated that inorganics are present near the surface of the char
(EDS measured to a depth of 1 lm). The organic compounds were

found to be dispersed on the char surface. Fig. 7 shows an ESEM
image of char where particles of inorganics such as Ca, Mg, P,
and K are visible at concentrations ranging from 0.4 to 8.3 weight
percent. The particle size is in the range of 0.4–0.8 lm. Ca and K
were also detected throughout the char, even when particles such
as those seen in Fig. 7 were not visible, which signifies that the par-
ticle size must be smaller than 0.1 lm (due to SEM sensitivity), and
are highly dispersed. In addition, XRD did not detect many of the
inorganic compounds that were detected by the other techniques.
This is due to the resolution of XRD detecting only the concentra-
tion higher than 1%.

The dispersion of inorganics on the char surface was altered by
heating the sample to 1000 !C in N2 which caused agglomeration
and can be used as a comparison of the ash only where the surface
area of the minerals is similar. This is discussed in detail in another
publication, which shows ESEM images of particle agglomeration
[9]. An example is shown in Fig. 8. Fig. 8A shows an ESEM image
of char from gasification in steam. Fig. 8B shows the same char
sample after being heated to 1000 !C in N2. The agglomeration of
inorganics is clearly visible on the char surface, where the lighter
color indicates the presence of metal oxides. In addition to agglom-
eration of inorganics, it is possible that the state of the inorganics is
changed due to the migration of both oxygen and metals to the
surface of the char. This layer covers part of the carbon which is
exposed, reducing the number of carbon–metal sites.
Cazorla-Amoros et al. studied how dispersion of calcium on high
surface area carbon impacts its reactivity and quantified the
impact of temperature on dispersion [37]. They loaded calcium
onto carbon supports and measured the dispersion of calcium after
various pyrolysis and gasification treatments. They compared the
calcium dispersion for two samples: one sample had been pyro-
lyzed at 750 !C at 20 !C min!1 and the other sample was exposed
to the same pyrolysis treatment and was then heated for 2 h at
950 !C. They then measured the dispersion of calcium during CO2

gasification of these samples. The dispersion of the pre-heated
sample was about 50% lower than the untreated sample at the
beginning of the gasification test and about 65% lower near
the end of the test. This resulted in reduced reactivity for the
pre-heated sample. Therefore, their work confirms that dispersion
of calcium oxide on high surface area carbon is reduced when it is
treated at 950 !C. The char samples that were studied in this pub-
lication were heated to 1000 !C (for a shorter time period), and it is
likely that this heat treatment resulted in a similar decrease in dis-
persion. The most significant difference between the raw char and
the heated char was in potassium dispersion, where large particles
containing potassium were visible in the heated char which were
not observed in the raw char. This indicates that potassium has a
high mobility at 1000 !C on carbon surfaces. It is well known that
potassium, which is found in biomass, catalyzes the gasification
reactions [1,10,11,14,15]. Here, the sintering of such species

Fig. 7. ESEM image of char from gasification in steam at 750 !C (with a solids
residence time of 30 min at Tmax). Inorganics are present in visible clusters, as
shown above. Some elements, such as Ca and K are detected by EDS on the surface
in particles that are too small to be observed visually. Concentrations (as weight%)
at point A are: Mg 0.4%, K 1.7%, P 0.6%, Ca 8.3%, C 75.9%, O 13.3%. Concentrations (as
weight %) at point B are: K 3.2%, Ca 2.8%, C 86.0%, O 8.0%.

A B

Fig. 8. Char from gasification in steam at 750 !C. (A) Char before heating and (B) char after heating to 1000 !C. Agglomeration of inorganics is visible on the char surface.



influences the catalytic activity of char for hydrocarbon decompo-
sition reactions.

After the char was thermally treated in N2 at 1000 !C to allow
agglomeration of inorganics, the activity of the treated char was
compared to the raw char for methane cracking at 700 !C in 22%
CH4 (balance N2). Results are shown in Fig. 9. These reaction con-
ditions were chosen because at these conditions there were no
measurable differences in catalytic activity based on differing sur-
face area. For example, no measurable difference in H2 production
was detected when comparing the catalytic activity of char made
at 920 !C or 750 !C which had a 30% difference in surface area.
The heat treatment at 1000 !C resulted in a decrease in surface area
by approximately 30%, so it was important to operate at reaction
conditions where this would not significantly affect the perfor-
mance. Differences in performance of catalysts with different sur-
face areas are observed at temperatures above 800 !C. This may be
due to the low conversions at lower temperatures, which resulted
in small differences in performance that were within the measure-
ment error of the system.

The molar concentration of H2 produced using char with high
and low dispersion of inorganics are shown in Fig. 9. The activity
of the modified char sample was approximately 60% of that of
the raw char. This indicates that gasification conditions will affect
catalytic activity of the char not only due to the influence on sur-
face area but also due to the influence on the inorganic sites. The
decrease in catalytic activity is likely due to a reduction in disper-
sion of inorganics and possibly a change in their chemical states. In
addition, carbon sites on the surface have been covered by the
oxide film, which also decreases catalytic activity. This demon-
strates the importance of the physical and chemical states of the
inorganics on the catalytic activity of the char. It is clear that the
highly dispersed inorganics, and the availability of the carbon sur-
face in the raw char sample improve the catalytic activity of the
char. While obtaining high dispersion of inorganics on a support
material can be difficult to achieve, the gasification process creates
char with highly dispersed inorganic elements on the surface,
which is beneficial in catalytic processes.

This is important to understand when using char from gasifica-
tion processes as a catalyst. The mobility, and consequently the
dispersion, of inorganics on the surface depends on the reaction
conditions. For example, gasification in air involves reactions that
are primarily exothermic whereas gasification with steam or CO2

have endothermic reactions, which could result in significant tem-
perature differences at the site where the reaction takes place. If
the inorganics are active sites for exothermic reactions during

gasification then the temperature at the sites will be higher which
may increase mobility of the inorganics, leading to agglomeration.
Gasification processes which are at temperatures above 1000 !C,
and specifically processes using steam, are much more likely to
produce char where the inorganics are not highly dispersed on
the surface. This will lead to lower catalytic activity. However,
while it is common for supported metal catalysts to experience sin-
tering at temperatures such as 750 or 920 !C, this research shows
that the gasification process maintains a high dispersion of the cat-
alytic elements which contribute to the catalytic activity of the
char.

3.4. Influence of surface oxygen on catalytic activity

As discussed in Section 1.4, oxygen functional groups can play a
role in catalytic activity of carbon materials. Therefore functional
groups on the char surface were studied. The oxygen functional
groups were characterized using TPD, and Fig. 10 shows the TPD
profiles (CO and CO2 desorption as a function of temperature) for
four char samples (CO2-750-30, CO2-920-30, HO-750-30,
H2O-750-60). The samples contain both acidic and basic sites, as
indicated by the CO2 and CO peaks. The TPD profiles are very sim-
ilar for all four samples. The CO2 peak at approximately 350 !C is
typically associated with lactones or carboxylic groups, indicating
that char has acid sites [25]. Acid sites are known to play a role
in catalytic reactions, specifically in cracking reactions [16]. A
broad peak is also observed at 700 !C, which corresponds to car-
boxylic anhydrides [25]. Basic peaks are also observed, as indicated
by the CO peak at 1000 !C which is associated with carbonylic, qui-
nonic, and pyrone structures [25]. It is possible that some CO2 was
released due to decomposition of inorganic carbonates. However,
the inorganics make up only "2% of the char, whereas the mass
loss of the char was measured to be "20% when heated to 800 !C
(as reported in a previous publication [9]). Therefore, the majority
of CO2 that desorbs does not come from inorganic carbonates but
rather is a result of decomposition of functional groups on the char.

The main difference between the TPD profiles was that sample
CO2-920-30 had a slightly larger CO2 peak at 750 !C and a larger CO
peak at 1000 !C. The TPD profiles confirm the presence of oxygen
functional groups on the surface, and show that there are both
acidic and basic sites on the char surface, which could play a role
in its catalytic performance.

Since the char samples made from gasification had very similar
quantities and types of oxygen functional groups, it was difficult to
understand the role of oxygen groups by only studying these sam-
ples. Therefore, oxygen groups were added to the char surface and
the catalytic activity of the oxygenated sample was compared to
the original char. The char surface was oxygenated via a nitric acid
treatment described in Section 2.6. The BET surface area of the
modified char sample was 385 m2 g!1, which is significantly lower
than original char, which had a surface area of 687 m2 g!1. This
indicated that the acid treatment had successfully added oxygen
groups to the surface, as discussed in Section 2.6. In addition,
TPD profiles showed more acidic oxygen groups on the modified
char, as shown in Fig. 11.

The influence of oxygen groups was understood by testing the
catalytic activity for the methane decomposition reaction. This
was done in a flow through reactor at 850 !C, according to the pro-
cedure described in Section 2.4. The catalytic activity of the origi-
nal char sample was compared to the modified char, which had
more acidic functional groups. The results, as shown in Fig. 12,
indicate that the two samples have the same catalytic activity.
This is attributed to the fact that, for reactions taking place at
850 !C, the acidic oxygen groups desorb at temperatures lower
than the reaction temperature. Therefore, these groups do not
influence on the catalytic activity of char for high temperature

Fig. 9. H2 production from catalytic decomposition of methane at 700 !C for char
and char that had been pre-heated at 1000 !C, resulting in decreased dispersion of
inorganics on the char surface. High dispersion of inorganics improves char
catalytic activity.



reactions. The basic groups which remain on the char surface at
high temperatures may affect the catalytic activity of the char,
and is an interesting area for future work.

If char is used as a catalyst in a secondary reactor for processing
tars from gasification then CO and CO2 will be present, since the
reactor exhaust will contain a mixture of syngas and tar. The pres-
ence of CO and CO2 will decrease the driving force for the surface
functional groups on the char to desorb as CO and CO2. In these
experiments, when the samples were heated in pure nitrogen,
the thermodynamic potential supports the release of CO and CO2,
which desorb from the surface. In the secondary reactor, which
contains gasification products, the functional groups may not
desorb and could impact the catalytic activity of the char at high
temperatures. Therefore, the role of oxygen groups will depend
on the temperature and reaction environment in which the char
is used as a catalyst.

Fig. 10. TPD profiles of four char samples. Temperature was increased to 1000 !C at 10 !C min!1 and then held at 1000 !C for 15 min. Gasification conditions were different for
samples A–D. (A) H2O-750-30, (B) CO2-750-30, (C) H2O-750-60 and (D) CO2-920-30.

Fig. 11. TPD profiles for char and oxygenated char. Char was heated to 1000 !C at 10 !C min!1 and held at 1000 !C for 15 min. Filled symbols are CO and empty symbols are
CO2. (A) Char and (B) char after HNO3 treatment which adds oxygen functional groups to the surface. Note: Scales on figures A and B are different in order to show details.

Fig. 12. H2 production from methane decomposition for char and char with oxygen
groups added to the surface. Increasing oxygen functionalities does not improve
catalytic performance for high temperature reactions.



4. Conclusions

This research investigates the use of residual char from biomass
gasification as a catalyst. The influence of char composition on its
catalytic activity was studied. The char is composed primarily of
carbon, measuring approximately 85 mol%. The other main compo-
nents are hydrogen (1–2%), nitrogen (1–2%), and sulfur (0.3–1%),
with the balance being oxygen and ash. Inorganics such as Ca,
Na, K, Mg, P, Si, and Fe were present in the char and char with
higher concentrations of inorganics had higher catalytic activity.
For example, when char that contained "2% inorganics was used
as a catalyst, the reaction rate was 16–27% higher (depending on
reaction temperature) than a similar char sample without inorgan-
ics. Inorganic elements were highly dispersed in the char, which
improved its catalytic activity. When the char was treated at high
temperatures, causing inorganics and oxygen to migrate and
agglomerate on the surface, the activity was reduced by approxi-
mately 40%. The influence of the gasification atmosphere was also
observed. It has been shown that agglomeration of inorganics takes
place during gasification in H2O at 1000 !C but this is lower during
gasification in a CO2 environment. Achieving high dispersion of
catalytic material on supports is an important aspect of catalyst
synthesis; the gasification process produces char with highly dis-
persed catalytic elements which is very valuable. The influence of
oxygen functional groups on catalytic activity of the char was
investigated. Both acidic and basic oxygen groups were observed
on the char surface. While these functionalities are important for
low temperature applications of carbon based materials, the acidic
oxygen groups desorb at temperatures lower than 800 !C, and
therefore did not play a role in the catalytic activity of char. The
influence of basic oxygen groups on the char’s catalytic activity is
a subject for future work. The catalytic activity of the char was
compared to ash, and the char had significantly higher activity
than ash. The carbon serves as a support on which the inorganics
can be highly dispersed. The carbon most likely also has catalytic
activity, and carbon–metal interactions likely influence the reac-
tions, which is an area for further research. The utilization of char,
a by-product of gasification, in catalytic applications can improve
the overall efficiency and economics of gasification processes, mak-
ing it a more viable option for energy recovery from biomass or
waste.
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