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Figure 1: SEM images of WSU Figure 2: SEM images of WSU800
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Figure 3: SEM images of WSL Figure 4: SEM images WSL800
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Table VI: BET surface areas, mz/g
N, CO,

WSUS00 25 348

WSL800 152 354

Table VII: Porosities obtained from N, isotherm, ml of
Nz/g

Micro- Meso- Macro- Total

porosity  porosity  porosity  Porosity
WSU800  0.009 0.010 0.015 0.034
WSL800  0.051 0.082 0.035 0.168

WSL 800 sample has a network of micropores (Fig.
5), pores with sizes 8A and 16A, and wide network of
mesopores 25 A to 55 A. WSU 800 exhibits little
microporosity (pore sizes around 16 A), and almost zero
mesoporosity compared to WSL 800.

Both char samples have a wide range of super-
micropores (not seen with N, adsorption DFT analysis),
pores sizes below 8 A (Fig. 6). All micropores are
similarly accessible for carbon dioxide.
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Figure 5: DIFT/Momte-Carlo differential pore volume
distribution. DFT Kernel used: B, at 77 K
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Figure 6: DFT/Monte-Carlo differential pore volume
distribution. DFT Kernel used: CO, at 273 K

As seen from the results, the leaching affects the
porosity and internal surface area of the pyrolysis char
sample.

In this study the initial surface areas of the char
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samples are determined, but it is known that the surface
area and porosity of the char changes when oxidized at
different char burn-off levels [25, 26], and during the
gasification, the surface area increases up to a point at
which the rate of formation of the new area is offset by
the rate of destruction of the old area. The increase of the
char surface area vs the char burn off level usually passes
through a maximum.

3.5 Reactivity

The reaction rate versus burn-off of WSU800 and
WSLB00 are shown in Fig. 7-9. The gasification
temperature is 850 °C. The residue yield of the
gasification tests and the total residue yield counting
from parent material are shown in Table VIII and Table
IX.

The residue yield of char gasification as dry basis
(Table VIII) is lower in the case of untreated wheat straw,
but as dry and ash free basis the gasification residue yield
is lower for leached wheat straw pyrolysis char. Similarly
to the char gasification residue yield, behaving the values
of the total residue yield (Table IX). The lower residue
yield dry and ash free basis refers to the circumstance
that more carbon is converted to the gaseous substance.

Table VIII: Residue yield of char gasification at 850 °C,

%
WSU800 WSL800
Dry Daf Dry Daf
basis basis basis basis
100% CO, 23.72 6.47 38.60 6.11
10% steam 28.56 9.35 33.29 1.96
20% steam 26.25 n.d. 30.76 2.05
100% steam 26.77 10.97 30.65 1.96

Table IX: Total residue yield after pyrolysis and
gasification, % (gasification temperature of 850 °C)

WSU800 WSL800
Dry Daf Dry Daf
basis basis basis basis
100% CO, 7.13 1.35 10.47 1.02
10% steam 8.58 1.95 9.03 0.33
20% steam 7.89 n.d. 9.12 0.34
100% steam 8.04 2.29 8.31 0.19

Gasifying the chars with CO, (Fig. 7), the reactivity
of the char sample increases and exhibits the maximum
value at burn-off level of 20-40%. From that point
forward the reactivity declines continuously. It is evident
that the untreated wheat straw char has higher reactivity
than the leached one — the maximum reaction rate differs
by a factor of 4.

The reaction rate curves of CO, gasification follow
the path of the curves of nitrogen BET surface area
versus burn-off determined for coal [26]. It seems that the
reaction rate along the gasification process using CO, as
gasification agent is dependent on the porosity, i.e.
surface area development during the process.

The reactivity path of steam gasification over burn-
off shows different behaviour (Fig. 8-9). The maximum
reaction rate is achieved at the beginning and along the
process the reactivity values versus burn-off decline. The
highest reaction rate of steam gasification is achieved
using 100% of steam. In both cases (WSU800 and
WSL800) the maximum reaction rate of using 100% and
20% steam diverges by a factor of 2, and using 100% and
10% steam by a factor of 3. The maximum reaction rate
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of WSUS800 and WSL800 differs by a factor of 1.5, using
same proportion of steam as gasification agent.
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Figure 7: Char gasification reactivity. Gasified at 850 °C
in 100% CO,
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Figure 8: WSUS800 gasification reactivity. Gasified at
850 °C in steam
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Figure 9: WSL800 gasification reactivity. Gasified at
850 °C in steam

The burn-off vs time of gasification tests is plotted in
Fig. 10-12. In Fig. 11, the test with 10% of steam has a
shorter duration than the test with 20% of steam. This is
caused by the problems with a steam flow occurred
during the experiment.

The CO, gasification of the leached wheat straw char
sample lasts 3.5 times longer than that of untreated one
(Fig. 10).
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Figure 11: Burn-off vs time, steam gasification of
WSU800

In the case of the untreated wheat straw pyrolysis
char sample, the gasification test with 100% of steam has
a 2 times longer duration than the test with 100% of CO,
(Fig 10 and 11), and the gasification test with 20% of
steam has a 3 times longer duration than the test with
100% of steam.
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Figure 12: Burn-off vs time, steam gasification of
WSU800

The leached wheat straw pyrolysis char gasification
tests with 100% of CO, and steam exhibit almost the
same duration (Fig. 10 and 12). At the beginning of the
100% steam gasification, the reaction rates are
significantly higher compared to the case of the 100%
CO, gasification. The char gasification test of the leached
wheat straw pyrolysis char sample with 20% of steam has
a 2.4 times longer duration than the test with 100% of
steam.
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Figure 13: Comparison of gasification reactivities of
CO, gasification at conversion rate of 50%

In activation energy determination, it is necessary to
know when the chemical reaction is the kinetically
controlled reaction regime. The Arrhenius plots of the
gasification tests are shown in Fig. 13 and 14.
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Figure 14: Comparison of gasification reactivities of
steam gasification at conversion rate of 50%

Table X: Activation energies at conversion rate of 50%,
kJ/mol

WSU800  WSL800

100% CO, 190 202
10% steam 199 219
20% steam 230 232
100% steam 221 235

The activation energy values of the pre-treated and
untreated pyrolysis chars gasified in steam are in the
range of 199-235 kJ/mol. In CO, we obtain the activation
energies in the range of 190-202 kJ/mol. According to
Barrio et al [27,28], most values of the activation energy
values, gathered from different studies, for steam
gasification activation are in the range 180 and 270
kJ/mol, and in CO, gasification 196-250 kJ/mol. The
activation energies obtained in this work are in good
agreement with the literature values. The lower is the
activation energy the less heat is needed to promote the
reaction. One way to reduce the needed activation energy
is by using catalysts such as alkali metals that in the case
of biomass might be already present in the material. This
circumstance supports the fact that WSL800 has less
potassium that acts as catalyst during gasification.

4 CONCLUSIONS

The wheat straw leaching pre-treatment technique is
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advantageous tool eliminating alkali metal content in the
biomass samples. On the other hand, the reactivity
measurement shows that the leaching pre-treatment
lowers the reactivity of the pyrolysis char of the pre-
treated material compared to the untreated one due to the
removal of mineral matter such as K, which act like
catalysts in the oxidation reaction. The results from the
gasification tests with steam indicate that the reaction rate
is not affected by the evolution of porosity and internal
surface area, but is rather dependent on the alkali content
of the biomass materials that acts as a catalyst. The
differences in reaction rates between the untreated and
leached wheat straw pyrolysis char samples are
significantly smaller in the case of steam gasification
compared to CO, gasification. The tests with 100% CO,
exhibit higher reactivity than with 100% of steam.
Though, it could be considered, in real gasifier running
under atmospheric pressure, the CO, content in a gas
mixture is 10-15% and therefore the reactivity values
with CO, are also lower. However, the total conversion
was seen to be higher in the case of the leached wheat
straw material compared to the untreated wheat straw
material. The char gasification residue yield differs by
6% and the total yield after pyrolysis and gasification by
24% in the case of the CO, gasification, and it is seen to
be substantially higher in the case of steam gasification.
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In this study, the oxidation reactivity of the chars derived from the pyrolysis of reed, pine pellets, and
Douglas fir wood chips was investigated. The direct reactivity measurements were compared to the results
from the indirect reactivity methods used to characterize the physical properties and chemical composition
of material, such as proximate and ultimate analyses, ash chemical analysis, and specific surface area
measurements. The direct reactivity measurements of the chars showed that the reed chars had lower
reactivity compared to the chars derived from woods. The pine pellet char exhibited higher reactivity
compared to the reed and Douglas fir wood chip char. The reed char showed the lowest reactivity because
of high reaction inhibitor silicon content in the char, and in comparison to the Douglas fir wood chip char,
the contents of alkali, alkali earth, and iron together were lower as well. The reed sample exhibited the
highest char gasification yield on a dry and ash-free basis and the highest total residue yield after pyrolysis
and gasification as well. The results of this study imply that the highly microporous structure together with
a higher internal surface area and number of active sites and low Si content of the pine pellet char had a
stronger impact on the gasification reactivity than the alkali/alkali earth metal contents of the Douglas fir
wood chip and reed chars. The activity of alkali/alkali earth metals on gasification catalysis was inhibited
by high Si content in the case of Douglas fir wood chip and reed chars, and the higher Si content and lower
alkali, alkali earth, and iron contents together for the reed char are expected to be a main reason for the

lower gasification reactivity compared to the Douglas fir wood chip char.

1. Introduction

Reed is a widely spread plant among others in the Estonian
and southern Finnish coastal areas both on- and offshore, and
the species is well-known all over the world. Reed has
gradually encroached upon the coastline, and its expansion
has been accelerated by human activities: eutrophication,
climate change, and the cessation of coastal meadow manage-
ment. Being a rotting stationary biomass, reed beds reduce
water quality, deplete oxygen supplies in water, and release
methane into the atmosphere. The expanse of reed beds also
has an adverse effect on the landscape and jeopardizes
nature’s biodiversity. When dry, reed has quite a low weight,
and therefore, without preliminary treatment, its transporta-
tion costs are high. Reed has been used to provide energy in
various parts of Europe, such as Estonia, Finland, The
Netherlands, Hungary, and Romania.'

The annual reed energy production potential is modest (for
instance, in Estonia, 292 GWh/year"), and therefore, it could
be used by blending with other types of biomasses, such as
woods. Douglas fir has been widely planted for 30 years in
Europe, especially in France and Germany, and nowadays,
this wood represents an emerging resource for sawing logs,
thinning logs, top logs, and sawmill chips. It is estimated that

*To whom correspondence should be addressed. Telephone: +372-
6203903. Fax: +372-6203901. E-mail: siim.link@ttu.ee.

(1) Ikonen, I.; Hagelberg, E. Read up on Reed!; Southwest Finland
Regional Environment Centre: Turku, Finland, 2007.

(2) Chantre, G.; Rozenberg, P.; Baonza, V.; Macchioni, N.; Le Turcq,
A.; Rueff, M.; Petit-Conil, M.; Heois, B. Ann. For. Sci. 2002, 59, 583—
593.
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the French annual harvest of Douglas fir will be around 6
million m® by the year 2015.2 In Europe as well as around the
world, the wood pellet production extends to the tens of
millions of tons per year.’

The gasification technology together with combined heat
and power production gives an opportunity to use fuels with
higher efficiency. The application of the integrated gasifica-
tion combined cycle (IGCC) is commonly considered to have
higher efficiency compared to the Rankine cycle.

The char conversion stage, following the pyrolysis step in
the gasification process, is generally much slower than the
pyrolysis itself and is therefore the rate-determining step.*
High char reactivity is needed to obtain higher energy outputs
from the reactors.’

Gasification rates are influenced by a number of process
variables, such as particle size and size distribution, char
porosity and pretreatment, mineral content of char, and
temperature and partial pressures of the gasifying agents.®

Several studies have focused on the influence of the wood
type in the CO, gasification process. In general, the mineral
matter content, composition, and its catalytic properties
explain the differences of reactivity among the fuels.” The
presence of inorganic constituents in chars plays an important

(3) Bioenergy International. Bioenergy International 2009, 6, 9.

(4) Cetin, A.; Gupta, R.; Moghtaderi, B. Fuel 2005, 84, 1328-1334.

(5) Zanl R.; Sjostrom, K Bjornbom, E. Fuel 1996 75 545-550.

(6) Liliedahl, T.; S]oslrom K. Fuel 1997, 76, 29-37.

(7) Barrio, M.; ngel, B.; Risnes, H.; Henriksen, U.; Hustad, J. E.;
Serensen, L. H. Progress in Thermochemical Biomass Conversion; IEA
Bioenergy: Comnwall, U.K., 2001; Vol. 1, pp 32—46.

pubs.acs.org/EF
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Table 1. Analysis and Characterization of the Biomass Samples

proximate analysis, on a dry basis (wt %)

ultimate analysis, on a dry basis (wt %)

moisture  ash  volatile matter fixed carbon N C H S Cl (@] gross calorific value (MJ/kg)
R 5.40 3.21 80.26 16.53 0.44 47.36 5.66 0.19 nd 43.14 20.41
DF 7.74 6.73 72.28 20.99 0.63 48.49 4.85 0.05 nd 39.25 19.12
PP 5.89 0.22 83.29 16.49 0.32 50.49 5.85 0.15 nd 4297 19.13
R800 6.90 16.01 6.73 77.25 1.72 59.19 1.23 nd nd 21.85 nd
DF800 6.47 20.80 9.54 69.66 1.45 56.71 0.92 nd nd 20.12 nd
PP800 8.60 4.08 7.11 88.81 1.03 64.13 1.19 nd nd 29.57 nd

role in oxidation kinetics because of their catalytic effects.
Sodium, potassium, and calcium, which are commonly pre-
sent in biomass, show a significant activity as gasification
catalysts.®"1° It was shown that alkali metals are approxi-
mately 10 times more active at catalyzing the char gasification
than alkali earth metals."" According to Kannan et al.,'? the
catalytic effect of potassium was reduced by the reaction with
silica to form silicate during pyrolysis but catalysis of gasifica-
tion by Ca does not appear to be significantly reduced by
silica. The CO, gasification rate depends upon the silicon
content in the parent fuel and, when the silicon content is low,
also the sum of K and Ca contents. The gasification rate
dependency upon parent fuel silicon content was also dis-
cussed by Moilanen.'* Experimental and theoretical studies
made by Serensen et al.'* have shown that the reactivity of
char is dependent upon the silicon as well as the potassium
contents and the form of the potassium compound. As can be
seen in the literature, the catalytic effect of mineral matter
content on biomass char reactivity is mainly related to alkali/
alkali earth metals versus silicon content.

On top of the conventional proximate, ultimate, and ash
chemical analyses, there are several analytical techniques to
determine the physical characteristics of a material, such as N,
and CO, adsorption techniques for surface area and porosity
determination.

Reed and woods are renewable energy sources and are
considered to be CO,-neutral. In addition, fuel alternatives,
such as biofuel use, save otherwise depleting resources of fossil
fuels. The usage of residues originating from the reed treat-
ment processes as the roof material and as the energy source,
together with the wood residue, serves the goals of the
European Union policy for wastes and environment. The
present work focuses on the characterization of the chars
from reed and two wood chars (Douglas fir and pine).

2. Experimental Section

2.1. Materials. The samples selected for the investigation were
the following: pelagian reed, coming from the west coast shore-
lines of Estonia and the islands of Estonia, and commercial

(8) Figueiredo, J. L.; Moulijn, J. A. Carbon and Coal Gasification:
Science and Technology; Springer: New York, 1986; p 291.

(9) Jintgen, H. Fuel 1983, 62, 234-238.

(10) Wood, B. J.; Sancier, K. M. Catal. Rev.—Sci. Eng. 1984, 26,233~

279.

(11) Risnes, H.; Serensen, L. H.; Hustad, J. E. Progress in Thermo-
chemical Biomass Conversion; IEA Bioenergy: Cornwall, U.K., 2001; Vol.
1,pp 61—-72.

(12) Kannan, M. P.; Richards, G. N. Fuel 1990, 69, 747-753.

(13) Moilanen, A. Thermogravimetric characterisations of biomass
and waste for gasification processes. Ph.D. Thesis, VIT Technical
Research Centre of Finland, Espoo, Finland, 2006.

(14) Serensen, L. H.; Fjellerup, J.; Henriksen, U.; Moilanen, A.;
Kurkela, E.; Winther, E. An evaluation of char reactivity and ash
properties in biomass gasification. Fundamental Processes in Biomass
Gasification; ReaTech: Roskilde, Denmark, 2000; p 87.
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Table 2. Ash Chemical Analysis, Expressed as Oxides, of the Biomass
Samples (wt %)

R DF PP R800 DF800
K>,0 5.87 4.13 7.66 3.28 4.74
Na,O 8.39 1.48 1.31 2.27 1.36
CaO 2.90 10.90 37.30 4.07 9.64
MgO 1.37 4.90 9.08 1.46 7.73
SiO, 73.70 55.50 11.20 83.42 51.92
AlLOs 11.60 5.00 0.86 13.73
Fe,05 1.09 7.24 4.83 1.44 6.61
Cl 0.56 0.73 0.99 0.19 0.36

pine pellets and Douglas fir wood chips, both originating from
the area of Munich in Germany.

The reed, Douglas fir wood chip, and pine pellet samples, as
well as their char samples (hereafter referred as R, DF, and PP
and char samples R800, DF800, and PP800) were analyzed and
characterized regarding their proximate and ultimate composi-
tion analyses, gross calorific value, and ash chemical analysis (in
all cases, the oxidation for the ash chemical analysis was
performed at a temperature of 600 °C) in accordance with
American Society for Testing and Materials (ASTM) methods,
as shown in Tables 1 and 2. Because of the relatively low char
yield of pine pellets in the pyrolysis experiments, the proximate
analysis of pine pellet char was performed by a SDT Q600
thermogravimetric analyzer (TGA). In these TGA experiments,
first the sample was heated 20 °C min~' from ambient tempera-
ture to 105 °C in nitrogen gas flow of 90 mL min~" to determine
the moisture content. Then, the temperature was increased with
the heating rate of 50 °C min~' to 900 °C, where it was kept for 7
min to determine the sample volatile content. After this, the
temperature was lowered to 600 °C in 20 min, which, after the
100 mL min~ " of air flow, was initiated to determine the ash
content.

After each direct reactivity measurement of the char sample,
the gasification residue remained. Because of the limited amount
of the gasification residue (some milligrams), the ash content of
this residue was determined applyin% the Setaram TGA appa-
ratus. The heating rate of 10 °C min~ ' to 600 °C and the air flow
rate of 50 mL min~" were used. The ash content was calculated
according to the mass loss data. Because of the insufficient
amount of gasification residue of the pine pellet sample, the ash
content determination was not performed.

2.2. Pyrolysis. An atmospheric fixed-bed reactor was used to
prepare the char samples. The R, PP, and DF parent samples
were heated with a heating rate of 20 °C min~' to 800 °C and
held isothermally for 15 min before cooling to ambient tem-
perature. The methodology together with a detailed description
of the system has been reported elsewhere.'® Nitrogen was used
as a carrier gas with a flow rate of 1 L min™" in all pyrolysis
experiments.

2.3. Surface Area and Porosity. Nitrogen adsorption iso-
therms at —196 °C and carbon dioxide isotherms at 0 °C were
obtained from all of the char samples by a volumetric technique
using a Quantachrome Autosorb-1 instrument. Prior to surface

(15) Link, S.; Arvelakis, S.; Spliethoff, H.; De Waard, P.; Samoson,
A. Energy Fuels 2008, 22, 3523-3530.
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area analysis, all of the char samples were outgassed at 280 °C
overnight under vacuum to ensure complete removal of surface
contaminants. Because of the pressure limitation of the instru-
ment, the maximum relative pressure of 0.03 is obtained when
CO, isotherms at 0 °C were recorded (Pco,”™ = 3484.8 kPa at
0° 2 The adsorption uptake data at partial pressures of N from
107" to 1 were requested to obtain full N, isotherms. The specific
Brunauer—Emmett—Teller (BET) surface areas from the N,
isotherms of the char samples are determined over the partial
pressure (P/P,) range, where the BET equation has the highest
correlation coefficient (at least 0.9999).'%!'” For most non-
microporous samples, the commonly accepted range of P/P,
for the BET equation is from 0.05 to 0.3 (N, isotherms).
However, because of the highly microporous nature of the char
samples, the relative pressure range of the isotherms for BET
surface area determination requires adjustment. Therefore, the
BET surface areas were, in this work, defined at significantly
lower relative pressure P/P, values, down to 0.01—0.05.

The porosity values presented in this work were calculated
using the N, adsorption isotherms of the char samples. The
microporosity of the char samples was determined using the
Dubinin—Radushkevich (DR) model.!” The mesoporosity of
the char samples was determined by subtracting the DR micro-
porosity value from the total porosity at an isotherm rela-
tive pressure of P/Py = 0.95. The macroporosity of the char
sample was calculated by subtracting the total porosity at
relative pressure P/Py = 0.95 from the porosity value at relative
pressure P/Py=0.99.

The pore size distribution (PSD) of the char samples is
determined from the N, adsorption isotherms at —196 °C and
from the CO, adsorption isotherms at 0 °C using density
functional theory (DFT).'$!° The PSDs of the char samples
are reported according to the classification of the International
Union of Pure and Applied Chemistry (IUPAC), which defines
micropores as pores less than 20 A, mesopores as pores in the
range of 20—500 A, and macropores as pores above 500 A.

2.4. Char Reactivity Measurement. The Deutsche Montan
Technologie (DMT) high-pressure thermogravimetric appara-
tus (HPTGA) operating at atmospheric pressure was applied in
the char reactivity tests. At first, the sample was held in the
reactor under He gas flow. Then, the desired reaction tempera-
ture was selected, and the reactor was heated to the target
temperature (reactivity tests were performed at 750, 800, 850,
and 900 °C). After the reactor reached the target temperature,
the sample holder was lowered to the preheated reactor. A
steady sample mass was achieved in 150—300 s (phase I), after
which a gasification agent CO, with the flow rate of 1 L min~"
was introduced to the reactor (phase I1). A schematic diagram
together with the detailed description of the system is reported
elsewhere.?

2.5. Reactivity Data Analysis. A typical HPTGA mass loss
curve is shown in Figure 1. The M, represents the initial mass of
the char; M(¢) is the mass of the char at time #; and M;is the mass
of the residue.

Different definitions are used for determination of reactivity.”
In this work, the reactivity results are presented in the figures as
the char gasification rate as a function of char conversion. The
char gasification rate in units of min~' at any particular con-
version value is defined as shown in eq 1

r = dx/de )

(16) Brunauer, S.; Emmett, P. H.; Teller, E. J. Am. Chem. Soc. 1938,
60, 309-319.

(17) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and
Porosity; Academic Press: London, UK., 1982.

(18) Lastoskie, C.; Gubbins, K. E.; Quirke, N. J. Phys. Chem. 1993,
97, 4786-4796.

(19) Lozano-Castello, D.; Cazorla-Amoros, D.; Linares-Solano, A.
Carbon 2004, 42, 1233-1242.

(20) Whitty, K.; Backman, R.; Hupa, M. Carbon 1998, 36, 1683—-1692.
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Figure 1. Typical HPTGA weight-loss curve.

Table 3. Char Yield (wt %)

R800 DF800 PP800

dry 19.73 29.35 17.27

daf 15.75 23.02 15.67

Table 4. Specific BET Surface Areas (m* g~ ")

N, CO,

R800 357 435

DF800 316 398

PP800 485 536
where r is the reaction rate

X = (My—M(1)/ (M, — My) (2)

3. Results and Discussion

3.1. Material Characterization. The PP exhibited relatively
low ash content (0.22 wt % on a dry basis), and the ash
contained mainly calcium oxide (37.3 wt %), which corresponds
t0 0.08 wt % in parent fuel (see also Tables 1 and 2). The DF had
the highest ash content (6.73 wt % on a dry basis) and the
highest potassium oxide content in parent fuel (0.28 wt %). The
ash content of the reed was 3.21 wt % (on a dry basis), and the
ash consisted mainly of'silica (73.7 wt %), which corresponds to
2.37 wt % from the parent material, compared to the 3.74 wt %
for the DF sample.

3.2. Char Yields. The char yields of the R, DF, and PP
samples shown in Table 3 were calculated on a dry and ash-free
(daf) basis. The DF exhibited the highest char yield on both dry
(29.35 wt %) and daf bases (23.02 wt %) compared to reed
(19.73 wt % on a dry basis and 15.75 wt % on a daf basis) and
PP (17.27 wt % on a dry basis and 15.67 wt % on a daf basis)
char yields. The results of the char yields during pyrolysis
calculated on dry and daf bases refer to a higher volatile content
of the R and PP in parent materials compared to the DF sample.

3.3. Specific Surface Area and Porosity. Both N»- and CO»-
specific BET surface areas of all chars tested shown in Table 4
are quite comparable. The Ny-specific BET surface areas range
from 316 to 485m? g~ !, and the CO,-specific BET surface areas
range from 398 to 536 m> g~ . The specific BET surface area is
clearly higher for the PP800 char sample compared to the other
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Table 5. Porosities Obtained from N, and CO, Isotherms (mL g™ ")

DR CO, microporosity DR N, microporosity N, mesoporosity N, macroporosity N, total porosity
R800 0.203 0.137 0.033 0.031 0.200
DF800 0.190 0.121 0.039 0.017 0.176
PP800 0.257 0.184 0.038 0.010 0.231
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Figure 2. DFT/Monte Carlo differential pore volume distribution.
DFT kernel used: N, at —196 °C on carbon.

studied chars. In the literature, Matsumoto et al.*' report that
the cedar char N»-specific BET surface area is 184 m”> g~ ', and
Zhou et al.?* report that the pine tree char N,-specific BET
surface area is 379 m” g~ '. Other studies also suggest that the
N,-specific BET surface areas of other types of wood chars are
in the same range of area values if compared to our N»-specific
BET surface areas presented in Table 4. However, all of the
CO»-specific BET surface areas are slightly higher compared to
N,-specific BET surface areas.

The porosity values in Table 5 show that the chars tested
are mostly microporous. Approximately 80% of the pores in
the char account for the micropores (pore sizes below 20 A),
and only about 15% account for the mesopores (pore sizes
from 20 to 500 A). The results in Table 5 also show that the
DR CO, microporosity is slightly higher than the DR N,
microporosity.

The results of DFT PSD analysis for R800, DF800, and
PP800 chars are shown in Figures 2 and 3. The results clearly
indicate that the PSDs of all chars presented are all quite
similar and are, therefore, completely independent of the
char origin, whether it is reed or wood. The CO, DFT PSD
analysis also shows that the super-micropores (pores smaller
than 8 A) in these chars are not available in the N, DFT
analysis plot presented in Figure 2. It seems quite evident
that the use of both adsobates, N, and CO,, is needed when
adsorption characteristics of carbonaceous samples with
significant microporosity are investigated.'>

3.4. Char Reactivity. The series of the char reactivity
measurement tests of the studied chars were performed at
750, 800, 850, and 900 °C. The weight signal curve shifts
downward (phase I; see also Figure 1), and the increase in
sample weight at the beginning of phase II was likely due to
the buoyancy effect resulting from the change in the reactor
feed gas.

(21) Matsumoto, K.; Takeno, K.; Ichinose, T.; Ogi, T.; Nakanishi, M.
Fuel 2009, 88, 519-527.

(22) Zhou, Z. L.; Shi, D. J.; Qiu, Y. P.; Sheng, G. D. Environ. Pollut.
(Oxford, U. K.) 2010, 158, 201-206.

(23) Della Rocca, P. A.; Cerrella, E. G.; Bonelli, P. R.; Cukierman,
A. L. Biomass Bioenergy 1999, 16, 79-88.
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Figure 3. DFT/Monte Carlo differential pore volume distribution.
DFT kernel used: CO, at 0 °C on carbon.
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Figure 4. Char gasification reactivity of R800.

The reaction rates versus char conversion of the RS800,
DF800, and PP800 samples at the different gasification tem-
peratures are shown in Figures 4—6. The reaction rate of R800
was constant until the conversion rate of 40% and then declined.
The reaction rate of DF800 at gasification temperatures of 850
and 900 °C decreased until the conversion rate of 40—50%, then
remained constant until the conversion rate of 60—70%, and
then declined. The reaction rates of PP800 were constant, with
the exception at the beginning in the temperature of 900 °C
experiment, until the conversion rates of 60—70%, and then the
reaction rate decreased.

It could be seen that the wood chars exhibited higher
reactivity than the reed char. For instance, the reaction rate of
PP800 was approximately 4 times higher between the conver-
sion rates of 20 and 40% compared to that of R800. The
reaction rate of DF800 was 3 times higher compared to R800.
The clear distinction of the reaction rates between DF800 and
PP800 is seen at the gasification temperature of 900 °C.

As expected, the char reaction rates increase with the
increase of the temperature. The reaction rate of the R800
sample was enhanced 3 times between the conversion rates of
20 and 40%, while the temperature was increased by 50 °C,
and for woods, the rate increased 2 or 3 times depending
upon the fuel and gasification temperature.
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Figure 6. Char gasification reactivity of PP800.

The conversion rate versus time of the gasification tests are
shown in Figures 7—9. PP800 exhibited the shortest gasifica-
tion time in all cases, and R800 exhibited the longest
gasification time. When the gasification temperature was
increased by 50 °C, the gasification proceeded faster, from
the temperature level of 750 to 800 °C, 3.2—3.5 times, from
800 to 850 °C, 3.1—3.6 times, and from 850 to 900 °C,
2.4—2.8 times. The conversion rate versus gasification time
supports the order of the reactivity rate values as discussed
above.

The R800 and DF800 samples have a higher ash content
compared to the PP800 char sample, as well as higher alkali/
alkali earth metal, chlorine, and silicon contents.

The interaction between the compounds present in mineral
matter could inhibit the catalytic effect of the alkali/alkali earth
metals, which could lead to the compound in which, for
instance, potassium is totally inactive.>* The catalytic deactiva-
tion reaction only depends upon time and not so much the
temperature and pressure. At high conversion, the catalyst
seems to lose its contact with carbon and, consequently, its
activity.”® The deactivation process of catalysts takes place
already in the pyrolysis step, which is, in our study, so-called
slow pyrolysis and continues in the gasification step.

According to Zevenhoven-Onderwater et al.?® the next
processes are expected to take place: (1) The formation of
calcium, potassium, magnesium, sodium, and aluminum
silicates during thermal treatment is expected. (2) High silica
content of reed and Douglas fir chars yielded potassium
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Figure 9. Conversion rate versus time of the gasification tests of
PP800.

silicates, whereas high silica and high chlorine contents gave
potassium silicate formation combined with the release of
HCI and the formation of K,COj3 did not occur. (3) In the
case of the pine pellet, which is low in silica content, K,CO3
was formed during the gasification (known as a better
catalyst, for instance, compared to sodium and calcium
carbonates®’). The formation of KCI was expected as well.
The formation of silicates reduces the amount of available
alkali and alkaline earth metal taking part in the solid—gas
reaction on active sites. According to Radovic et al.,*® the

(24) van Heek, K. H.; Miihlen, H.-J. Fuel 1985, 64, 1405-1414.

(25) Moilanen, A.; Miihlen, H.-J. Fuel 1996, 75, 1279-1285.

(26) Zevenhoven-Onderwater, M.; Backman, R.; Skrifvars, B.-J.;
Hupa, M. Fuel 2001, 80, 1489-1502.

(27) Sutton, D.; Kelleher, B.; Ross, J. R. H. Fuel Process. Technol.

2001, 73, 155-173.
(28) Radovi¢, L. R.; Walker, P. L., Jr.; Jenkins, R. G. Fuel 1983, 62,

849-856.

6537



Energy Fuels 2010, 24, 6533-6539 - DOI:10.1021/ef100926v

blind
pore \

through

\
closed pore

—~—

isolated pore
Figure 10. Types of pores.

Table 6. Residue Yield of Char Gasification at 850 °C (%)

dry basis daf basis
R800 15.62 0.80
DF800 20.26 0.09
PP800 1.96 nd

Table 7. Total Residue Yield after Pyrolysis and Char Gasification
with a Gasification Temperature of 850 °C (%)

dry basis daf basis
R800 3.08 0.17
DF800 5.94 0.02
PP800 0.34 nd

reactivity is rather dependent upon carbon active sites than
total surface area. van Heek et al.** have concluded that the
extension of total surface area could not be alone the
dominating factor, which is more likely to be the qualities
of the surface, such as activity and accessibility, which give
the possibility of blockage areas by minerals.

The initial increase in the reaction rate in the case of R800
and DF800 could be associated with the increase of the
surface area as well as active sites in the early phase of
gasification. The maximum in the reaction rate considering
porosity is thought to arise from two opposing effects,
namely, the increase in the reaction surface area as the
micropores grow and their declines as the pores collapse
progressively at their intersection (coalescence).” The de-
crease in the reaction rate is affected by the deactivation of
catalysts, and therefore, less active sites are available along
the process as well.

The 20% higher Si and 3.0 times lower alkali, alkali earth,
and iron contents of R800 compared to the DF800 char
sample could enhance the interaction between the mineral
matter compound more toward inhibiting the catalysts and
active sites available for the solid—gas reaction, and there-
fore, the reactivity of R800 is lower compared to that of
DF800.

Our results indicate that PP800 is more reactive compared
to R800 and DF800, despite the fact that the pine pellet
contains over 5 and 15 times less elements acting as catalysts
(K, Na, Ca, Mg, and Fe) compared to reed and Douglas fir
wood chips, respectively. The ash content of pine pellet char
is 4%, and according to the parent material ash chemical
analysis, it contains mainly Ca and K as well and is not rich in
silicon. Therefore, according to the results, the higher po-
rosity of PP800, together with the structure of pores, K and
Ca contents of mineral matter are seen to be the reason for
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Figure 11. Sample of the gasification residue of PPE0O.
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Figure 12. Arrhenius plots when gasifying the chars in CO, (rates
taken at 50% conversion).

the highest reactivity among the studied chars. K and Ca did
not form the silicates but rather compounds bound to the
carbon matrix acting as the active site. The steady reaction
rate of PP800 along the gasification process can be attributed
to the pores opened at both ends (through pore), as shown in
Figure 10.° The gasification agent reacts with the char
material on the pore walls and consumes the material, but
the total and active surface areas together did not change
along the process significantly. The evolution of the total
surface area of studied chars along the gasification process
needs further investigations.

The results of the residue yields, i.e., ash and unconverted
carbon, in the char gasification tests at the temperature of
850 °C and the total residue yields calculated from the initial
parent material mass after the conversion because of py-
rolysis and gasification are shown in Tables 6 and 7. PP800
exhibited the lowest residue yield after char gasification on a
dry basis (see also Table 6). The residue yield from the gasifica-
tion of DF800 was higher by 4.6% compared to the R800 yield,
but if calculated on a daf basis, then R800 exhibited a 9 times
higher residue yield compared to DF800. Accordingly, it can be
seen that DF800 reached a higher carbon conversion during
gasification compared to R800, indicating that DF800 is more
reactive compared to R800.

The total residue yield shown in Table 7 is calculated over
the pyrolysis and gasification steps. A lower total residue
yield of DF800 on a daf basis indicates better carbon
conversion to a gaseous substance along the pyrolysis and
gasification steps compared to R800. It could be considered

(29) Struis, R. P. W.J.; von Scala, C.; Stucki, S.; Prins, R. Chem. Eng.
Sci. 2002, 57, 3581-3592.
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Table 8. Gasification Activation Energies at 50% Conversion

(kJ/mol)
activation energy
R800 199
DF800 208
PP800 229

that there is almost no carbon left in the gasification residue
for PP800 (see also Figure 11), and therefore, the total
residue yield on a daf basis is principally almost zero.

For the activation energy determination in the gasification
reaction, it is necessary to know when the process is in a
kinetically controlled regime (see also Figure 12). The acti-
vation energies of the chars tested as shown in Table 8 were in
the range of 199—229 kJ/mol. According to Barrio et al.,*!
most values of the activation energy for different biomasses,
gathered from different studies, for CO, gasification are in
the range of 196—250 kJ/mol, which is in good agreement
with our results.

4. Conclusions

The gasification time reaching the conversion rate of 100%
was the longest for reed char and the shortest for pine pellet
char under the same gasification conditions (the chars were
produced under the same conditions as well), indicating the
highest reactivity of pine pellets among the studied samples.
When the gasification temperature was increased by 50 °C, the
duration of the process was shortened by a factor of 2—3.

The chars of reed, Douglas fir wood chips, and pine pellets
showed different reactivity under CO, gasification conditions.
In general, the R800 samples exhibited a lower reactivity
compared to both DF800 and PP800.

The distinctions in reactivity can be explained by the
differences in the mineral matter content, internal surface
area, active sites, and nature of the porous structure. The pine
pellet char had the highest internal surface area. It could
be considered that PP800 has pores opened at both ends, as
described above, and the gasification agent reacts with the

(31) Barrio, M.; Hustad, J. E. Progress in Thermochemical Biomass
Conversion; IEA Bioenergy: Cornwall, U.K., 2001; Vol. 1, pp 47—60.
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char material on the pore walls. Because of the reaction, the
mass of char material declines but the surface area remains
almost constant along the process, until the amount of the
material decreased in such an amount that the surface area
decreased together with the mass of the char at the end of the
process. The results of this study imply that the highly
microporous structure together with a higher internal surface
area and number of active sites and low Si content of the pine
pellet char had a stronger impact on the gasification reactivity
than the alkali/alkali earth metal contents of the Douglas fir
wood chip and reed chars. The activity of alkali/alkali earth
metals on gasification catalysis was inhibited by high Si
content in the case of Douglas fir wood chip and reed chars,
and the higher Si content and lower alkali, alkali earth, and
iron contents together for the reed char are expected to be a
main reason for the lower gasification reactivity compared to
the Douglas fir wood chip char.

The reed char sample exhibited the lowest carbon conver-
sion during gasification, together with the longest process
time, and pine pellets exhibited the highest carbon conversion
to the gaseous substances, together with the shortest reaction
time as well. For pine pellets, it could be considered that
almost all carbon was converted to a gaseous product.

On the basis of our results, pine pellets would be preferred as
the fuel source compared to reed and Douglas fir samples. Pine
pellets show higher reactivity, which means a smaller size of the
reactor requirement at the same output, and lower ash amount
removal from the reactor to save on otherwise high ash land-
filling costs. On the other hand, a high reed ash fusion tempera-
ture allows for the use of reactor temperatures of 1000 °C and
above, resulting in higher reactivities than shown in this study
and enhanced thermal cracking of tar evolved in the gasification
process. The melting behavior of the ash remaining after co-
gasification of different biomasses, i.e., reed and woods, needs
further investigation.
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