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Abstract 
 

The thesis deals with various ways of utilization of biomass. Chapter 1 
compares three biomass types: birch wood Betula sp., marine brown alga 
Fucus vesiculosus, and terrestrial moss Pleurozium schreberi, as precursors for 
preparation of biosorbents for removal of copper ions from diluted water 
solutions. Small sample doses (0.5 g/100ml) of the biosorbents prepared from 
alga and moss enabled more than 90 % removal of Cu (II) ions from diluted 
water solutions (5-20 mg/l). The sample from birch wood was less effective. 
The maximum sorption capacities (Xm) determined from the experimental 
equilibrium isotherms by applying the Langmuir model showed that the alga 
had the best copper-binding ability (Xm = 23.4 mg/g), followed by the moss 
(Xm = 11.1 mg/g), and the sawdust (Xm = 4.9 mg/g). The performance of the 
biosorbent prepared from birch was not satisfactory. The regeneration of the 
sorbents from alga and moss was performed using diluted HCl as eluent. No 
visible damages or performance losses were detected after five sorption-
desorption cycles. 

 
Chapter 2 deals with MnOx-Pd/Alumina-La catalysts for abatement of the 
emissions from wood combustion. Of primary interest is the calcination 
temperature used in preparation of the catalysts. Several catalysts are prepared 
using various calcination temperatures, 500, 600, 700 and 800 oC for 4 h in air 
and their activities and stabilities are compared. The activity tests were 
performed using gaseous mixtures containing combustibles representative for 
the flue gases from wood combustion, carbon monoxide (2500 ppm), methane 
(200 ppm) and naphthalene (50 ppm). The catalytic oxidation tests were 
performed in presence of 10 % O2, 12 % H20, 12 % CO2 and N2 (balance). The 
concentrations of the components in the gaseous mixture and the total flow of 
the mixture correspond to those in the flue gases from combustion (gas flow 
2.5 l/min corresponding to a space velocity of approximately 20000 h-1). In 
presence of the catalysts carbon monoxide (CO) and naphthalene (C10H8) 
ignite almost simultaneously in the interval 150-200 ºC and are totally 
converted at temperatures a little above 200 ºC. The light-off temperatures of 
methane (CH4) are in the interval 600-650 ºC, and total conversion is reached 
at around 700 ºC. The most suitable calcination temperature for the catalysts 
prepared here is 700 ºC. Lower temperatures, 500 and 600 ºC, seem to result in 
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formation of less stable catalysts. The catalysts calcined at higher temperature, 
800 ºC, have stable performance in repeated tests, but lower activity. 
 
Chapter 3 presents results from literature study on corrosion and deposit 
formation in combustion of biofuels. Contributing to understanding the 
reasons for corrosion and the methods for its abatement are the primary 
goals. The scope is limited to deeper insight of the role of chlorine and 
alkali in combustion of biomass and the possibilities for hampering their 
corrosive effects. The role of additives decreasing the corrosion and deposit 
formation as well as the effect of water and the prospective for availability 
of low-chlorine biofuels have also been examined. 

 
 
 
 
 
 
 
 
 
 
 
Keywords: Biosorption; Heavy metals; Cu(II) ion; Water treatment; 
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Chapter 1 

Summary of paper I 

1. Introduction  
 
Utilization of biomass from forestry and agricultural wastes as a fuel or a raw 
material for production of sorbents is steadily increasing, particularly in 
countries rich in forest and in agricultural countries with vastly available 
biomass by-products. Numerous studies have been devoted to preparation of 
low-cost high quality sorbents for purification of water. [Basso et al., 2002; 
Han et al., 2006; Karthikeyan et al., 2006; Khosravi et al., 2005; 
Vijayaraghavan et al., 2005]. 
 
Biosorption is an ability of certain types of biomass to bind heavy metals, such 
as Cu, Hg, As, Zn, Pb, Cd, from very dilute aqueous solutions [Abu Al-Rub et 
al., 2006; Aksu and İşoğlu, 2005; Basso et al., 2004; Davis et al., 2003; 
Figueira et al., 2000; Gupta et al., 2006; Herrero et al., 2006; Holan and 
Volesky, 1995; Kaewsarn, 2002; Kratochvil and Volesky, 1998; Lodeiro et al., 
2004; Matheickal and Yu, 1999; Nuhoglu et al., 2002; Schiewer and Wong, 
2000; Schmitt et al., 2001; Veit et al., 2005; Vilar et al., 2005; Wong et al., 
2000]. It is particularly the cell wall structure of certain algae, fungi, mosses, 
woody biomass and bacteria which was found to be responsible for this 
phenomenon [Basso et al., 2004; Cochrane et al., 2006; Davis et al., 2003; 
Erickson and Miksche, 1974; Gellerman et al., 1975; Herrero et al., 2006; 
Kälviäinen et al., 1985; Miksche and Yasuda, 1978; Lodeiro et al., 2004; 
Schiewer and Wong, 2000].  
 
The aim of the present work is to compare the performance of biosorbents 
prepared using three different types of biomasses, a) sawdust from birch wood, 
Betula sp., b) terrestrial moss, Pleurozium schreberi, c) marine brown alga, 
Fucus vesiculosus, for removal of Cu(II) ions from diluted aqueous solutions. 
Of particular interest is the suitability of birch as a precursor for preparation of 
biosorbents, because this type of biomass is largely available in Sweden. To 
test the feasibility of regenerating the biosorbents, some sorption-desorption 
tests were also conducted with the samples showing the best performances 
using diluted HCl as eluent. 
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Chapter 1 

2. Conditioning and some properties of the 
biomass samples used as biosorbents 
 

The conditioning of the biomass was done according to the following steps: 
 

• Before use the biomass samples were washed several times with 
deionised water to remove dirt from the raw materials, 

• The marine alga and moss were also soaked with a 1 M HCl solution for 
4 h to eliminate encrustations of CaCO3 on the cell walls and other 
impurities that could interfere in the biosorption tests.  

• Afterwards, the alga and moss were washed several times with 
deionised water.  

• All the samples were dried at 60 °C to constant weight.  
• Fractions of particle size in the range between 0.5 and 1 mm were 

selected for the metal uptake experiments  
 
The ash contents of the three biomasses were determined according to ASTM 
standards. The contents of the major biopolymer constituents i.e., holocellulose 
(cellulose + hemicellulose), lignin, and solvent extractive components were 
assessed by applying the TAPPI standard methods. In addition, titration of the 
samples with sodium ethoxide was carried out applying Boehm’s method. The 
results are presented in Table 1. 

 
Table 1. Chemical characterization of the marine algae, moss, and birch wood 
sawdust  
Biomass type Alga Moss Sawdust  
Ash (wt%, mf) 18.70 10.50 0.30 
Extractives (wt%, mf): 23.41 18.62 4.60 
Holocellulose (wt% mf) 76.49 81.24 74.40 
Lignin (wt% mf) 0.10 0.14 21.00 
Acidic groups (mmol/g biomass) 2.46  1.87 0.52 
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3. Copper biosorption experiments 
 
The sorption tests were performed by contacting weighed amounts of biomass 
sample (0.01 – 2.5 g) with 100 ml of copper ion solutions with initial 
concentrations in the range 5-20 mg/l in 250 ml-glass flasks. The slurries were 
stirred in a thermostatic bath at 200 rpm using magnetic stirrers at room 
temperature (22 ± 1°C). The sorption was performed at pH 5.5. The pH value 
was selected based on reported results indicating that high sorption of copper 
ions is attained for pH between 5 and 7 (Gupta et al., 2006; Kaewsarn , 2002; 
Nuhoglu et Oguz, 1995; Volesky and Holan, 1999). The pH range chosen for 
the sorption is also based on avoiding metal precipitation. Once equilibrium 
was attained, the solutions were separated from the biomass by filtration 
through a plastic filter and the concentrations of Cu(II) ions in the filtrates 
were determined by atomic absorption spectrophotometry.  

 

For the kinetic experiments, 0.2 g of each type of biomass was contacted with 
100 ml of the metal ion solutions of initial concentration between 5 and 20 
mg/l, keeping the same conditions as described above. For each concentration, 
samples were periodically withdrawn and the slurries were filtered as already 
described. The depleted metal solutions were then analysed to assess the metal 
concentration decay. 

 
Equilibrium isotherms of Cu(II) ions for the three biomasses were obtained 
using sample doses of 0.2 g /100 ml solution and a range of initial metal 
concentrations between 5 and 50 mg/l. The general procedure depicted above 
was followed, applying the same experimental conditions. The suspensions 
were stirred for the time required to attain equilibrium, as determined from 
kinetic measurements. 
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Chapter 1 

4. Results 
 

Dosage curves 
 
The amount of metal ions adsorbed at equilibrium per unit mass of the 

biosorbent was determined according to the following equation (Yang and 
Volesky, 1999): 

( )
m

CCv
q ei

e
−

=       (1) 

 
where qe is the metal uptake at equilibrium, in mg metal / g of the biosorbent, v 
is the liquid sample volume (l), Ci the initial concentration of metal in the 
solution (mg/l), Ce the equilibrium concentration of the metal in the solution 
(mg/l), and m the amount of the biosorbent sample on a dry basis (g). 
 
Figures 1 to 3 illustrate the effect of the sample dose on the amount of Cu(II) 
ions sorbed at equilibrium for the three samples of biomass selected for the 
study, using different initial Cu(II) ion concentrations (5, 10, 20 mg/l). 
Minimum doses of 0.2 g/100 ml of the alga removed more than 90% of the 
copper ions from all the solutions.  

 
At constant initial concentration of Cu(II) ions, increasing the sample dose 
provides a greater surface area and larger number of sorption sites and hence 
enhancement of metal ion uptake.  
 
The dose of birch sawdust needed to attain the same results is much higher, 
than for alga and moss, particularly at higher concentrations of Cu(II) ion.  
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Figure 1. Effect of the sample dose on the equilibrium sorption of copper for 
brown marine alga, moss and birch wood sawdust using an initial metal 
concentration of 5 mg/l, pH = 5.5, T = 22 ºC, t = 6 hours. Solid lines only to 
guide the eyes. 
 

 
Figure 2. Effect of the sample dose on the equilibrium sorption of copper for 
brown marine alga, moss and birch wood sawdust using an initial metal 
concentration of 10 mg/l, pH = 5.5, T = 22 ºC, t = 6 hours. Solid lines only to 
guide the eyes. 
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Figure 3. Effect of the sample dose on the equilibrium sorption of copper for 
brown marine alga, moss and birch wood sawdust using an initial metal 
concentration of 20 mg/l, pH = 5.5, T = 22 ºC, t = 6 hours. Solid lines only to 
guide the eyes. 

 
Kinetics of copper ion sorption  
 
Figure 4 shows typical kinetic curves for the biosorpion of Cu(II) ions for the 
three biomass types, at a representative metal concentration (10 mg/l).  

 
Figure 4. Effect of the contact time on Cu(II) ions sorption for the brown 
marine alga, the moss and the birch wood sawdust using an initial metal 
concentration of 10 mg/l, pH = 5.5, T = 22 ºC, dose = 0.2g/100ml. Solid lines 
only to guide the eyes. 
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As seen, the biosorption increased sharply at contact times less than 1h and 
slowed down gradually as equilibrium was approached. The results also 
indicate that for alga and moss, equilibrium was attained for a contact time 
between 1 and 2 hours for the particle size of 0.5 – 1 mm used in our 
experiments. 
 
Equilibrium sorption isotherms  

 
The equilibrium sorption isotherms for Cu(II) from water on alga, moss and 
birch sorbents are comparatively illustrated in figure 5. The amount of metal 
ions sorbed at equilibrium per sample mass unit, qe, is represented as a function 
of the equilibrium metal ion concentration, Ce. The figure shows that the 
amount of Cu(II) sorbed increases as the concentration in equilibrium increases, 
up to a saturation point.  

 
Figure 5. Equilibrium isotherms of Cu(II) ions onto brown marine alga, moss 
and birch wood sawdust. Initial concentrations of Cu(II) ion = 5-50 mg/l, pH 
= 5.5, T = 22 ºC, t = 5 hours. 
 
The Langmuir equation was used to calculate the maximum sorption capacity 
(Xm) and (K) the Langmuir constant. The Langmuir model assumes monolayer 
biosorption onto a surface with a finite number of identical sites and the model 
is described by the following general form of the Langmuir equation: 
 

e

em
e KC

KCXq
+

=
1        (2) 
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The constants, Xm and K are evaluated from the linear plot of the Langmuir 
isotherm: 

m

e

m
ee X

C
KX

qC +=
1/         (3) 

 

Ce (mg/l) and qe (mg/g) in eq. (2) denote the equilibrium Cu(II) ion 
concentration and the amount of Cu(II) ions sorbed at equilibrium per sample 
mass unit, respectively, Xm is the maximum sorption capacity (mg/g) and K the 
Langmuir constant (l/mg). 

 
The linear plots of Ce/qe versus Ce in Figure 6 show that the isotherms for the 
three biomasses were well fitted by the Langmuir model. High correlation 
coefficients were obtained in all of the cases (r2 > 0.997). The Xm and K 
parameters were determined from the slope and the intercept of the lines. The 
estimated parameters are summarized in Table 2.  
 
Table 2. Langmuir model parameters estimated for copper biosorption onto the 
brown marine alga, the moss, and the birch wood sawdust. 
Biomass type Xm (mg/g) K (l/mg) 
Alga 23.4 1.01 
Moss 11.1 1.15 
Sawdust 4.9 0.20 

 

 
Figure 6. Langmuir plots for the equilibrium copper biosorption onto brown 
marine alga, moss and birch wood sawdust. Comparison between the 
experimental data (points) and model predictions (lines); initial concentrations 
of Cu(II) ion = 5-50 mg/l, pH = 5.5, T = 22 ºC, t = 5 hours. 
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Differences in the metal-binding capacity of these biomasses may be attributed 
to differences in cell wall constituents, providing different surface functional 
groups responsible for metal biosorption [Basso et al., 2002; Basso et al., 2004; 
Davis et al., 2003). The estimated Xm values for copper uptake by the alga, 
birch wood saw dust and moss biosorbents appear to be, in general, consistent 
with the acidic groups of the samples (Table 1). Metal uptake by the alga 
possessing the largest content of acidic groups led to the highest Xm, followed 
by the moss, whereas the lowest Xm was estimated for the birch, which 
exhibited the smallest amount of acidic groups. 

 
Reuse of the biosorbents 
 
Five consecutive sorption-desorption tests were made in order to show the 
reusability of the biosorbents after using dilute HCl solution as eluent. 
 
The slurries were stirred for the time required to reach the equilibrium at 
pH = 5.5, 200 rpm and 22 oC. After the sorption process, the metal-loaded 
biomasses were washed with deionised water to remove any unsorbed metal 
ions and dried at room temperature. Afterwards, desorption of Cu(II) ions was 
performed by contacting the saturated sorbents with HCl solution (100 ml, 
0.1 M). The percentage of metal ions desorbed at equilibrium per mass unit of 
sorbent and the loss of performance were determined according to the 
following equations: 
 
% Recovery = (qed / qea) 100         (3) 
Loss of performance  =  recovery 1st cycle – recovery 5th cycle     (4) 
 
In equation 3, qed is the amount of metal ions desorbed at equilibrium in mg/g 
and qea is the metal uptake at equilibrium in mg/g, for each cycle. 

 
Results from desorption experiments for the alga and moss biosorbents using 
0.2 g of the alga and moss biomasses with 100 ml of 20 mg/l Cu(II) solution 
initial concentration in the sorption experiments are summarized in Table 3.  
 
Most of the metal ions were eluted from the marine alga and moss biosorbents 
in the first hour. The results for birch wood sawdust are not shown because it is 
not an efficient sorbent and it was not possible to reach equilibrium in the 
desorption step. 
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The results in Table 3 indicate that the alga and moss biosorbents may 
repeatedly be used for Cu(II) ion sorption without significant losses in their 
sorption performance. No visible damages to the samples were detected after 
the 5 sorption-desorption cycles. 
 
Table 3. Desorption of Cu(II) ions from the saturated brown marine alga and 
moss, using an initial metal concentration of 20 mg/l, T = 22 ºC, dose = 
0.2g/100ml solution, and 100 ml HCl (0.1M) as eluent agent. 
Biomass 
type 

Cycle Amount of 
Cu(II) adsorbed 
(mg/g) 

Amount of 
Cu(II) desorbed 
(mg/g) 

Recovery 
(%) 

Performance 
loss (%) 

Alga 1 15.20 14.59 96 
 5 13.68 12.89 94 

2 

Moss 1 8.71 8.20 94 
 5 7.25 6.40 90 

4 

 

5. Conclusions  
 

Marine brown alga (Fucus vesiculosus), terrestrial moss (Pleurozium 
schreberi) and Birch wood sawdust (Betula sp.) have been studied as raw 
materials for preparation of low-cost biosorbents for removal of Cu(II) ions 
from aqueous solutions. The sorption isotherms of Cu(II) ion onto the three 
biosorbents are well described by the Langmuir model. The maximum sorption 
capacity, in decreasing order, is as follows: marine alga (23.4 mg/g) > moss 
(11.1 mg/g) > birch wood sawdust (4.9 mg/g). The sorption capacities of the 
studied biosorbents seem to correlate well to their amounts of surface acidic 
groups.  
 

Kinetic studies show that the rate of metal uptake by the tested biosorbents was 
good even at low initial metal concentrations. The biosorption onto the alga 
and the moss was fast with 90 % of the total sorption occurring in an interval 
of 1 to 2 hours, at initial concentrations of the copper ions of 5, 10 and 20 mg/l.  

Desorption of the saturated biomasses could be performed in 1 hour with 
diluted HCl as eluent agent, without damage or loss of performance after five 
sorption-desorption cycles. Consequently, alga and moss biomasses can 
conveniently be used as potential biosorbents in removal of Cu(II) ions from 
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aqueous media. By contrast, sawdust from birch wood is found less effective 
for this purpose.  
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Papers II and III 
 

1. Introduction  
 

1.1 Background 
 

Energy has been universally recognized as an important factor in the economic 
development and generation of wealth. During the past two decades the 
environmental degradation has become more visible motivating the increase 
use of renewable energy sources (Lantz and Feng, 2006; Talukdar and Meisner, 
2001).  
 

1.1.1. Emissions from small-scale combustion of 
wood 
 
Wood burning was the predominant house heating method in Sweden, until less 
than 100 years ago. It was largely replaced with oil burning in the 1950s, and 
revived during the 1970s due to the oil crises as well as the environmental 
awareness and the necessity to decrease the emissions of greenhouse gases 
today. 
 
The use of biomass has grown very rapidly in the recent years and it is 
expected to increase. New technologies for biofuels burning have entered the 
market during the last 10 years. Modern biomass boilers are energy efficient 
and with low emissions. 
 

1.1.2. Smoke constituents 
 
The composition of the emissions from biomass burning depends mainly on the 
appliances used for combustion, the fuels, and combustion conditions. 
 
Table 1 list the most common chemical compounds found in smoke from 
biomass combustion [Kjällstrand et al., 2000; Kjällstrand and Petersson, 2001; 
Oros and Simoneit, 2001a, 2001b; Simoneit 2001]. 
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Table 1. Chemical compounds found in smoke from biomass combustion. 
Chemical species presence in the smoke 

Carbon dioxide 
Carbon monoxide 

Methane 
Naphtalene 

Benzene 
Hydrochloric acid 

Formic acid 
Methoxyphenols 

Pyrene 
 
Hazardous combustion products, such as polycyclic aromatic compounds 
(PACs), volatile organic compounds (VOCs), various hydrocarbons (HC) and 
carbon monoxide (CO) are mainly formed at temperatures of 700-900 oC and 
their concentrations decrease with improved combustion conditions 
[Kjällstrand et al., 2000; Oros and Simoneit, 2001a, 2001b; Simoneit, 2001]. 
Heat storage in water tanks makes it possible to run the boiler at high effect and 
to reduce the emissions. 
 

1.1.3. Catalytic oxidation of the emissions from 
biomass combustion  
 
In correctly installed well-functioning biomass boilers the combustion is almost 
complete and the emissions of carbon monoxide, methane, VOCs and PACs 
are minimal [Olsson et al., 2003a, 2003b]. A supplementary solution is to 
incorporate a catalytic system to oxidize the unburned compounds to CO2 and 
water at moderate temperatures. 
 
Catalysts intended for abatement of emissions from biomass combustion are 
found among those which are being developed for other applications such as 
oxidation in lean-burn engines and removal of industrial solvents; these 
catalysts are mainly based on noble metals. High conversion of unburned 
compounds using catalysts and thus very low emissions for biomass-fired 
boilers equipped with such catalysts have already been demonstrated [Berg, 
2001; Carnö, 1997; Ferrandon, 2001; Ferrandon and Björnbom, 2001]. 
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Nevertheless, the implementation of catalysts in small-scale biomass 
combustion poses some special problems and challenges, such as: 
 

• Varying temperature conditions, 
• Ash and particulate deposition on the catalytic surface, 
• Catalyst inefficiency during the start-up phase. 

 
Noble metal catalysts 
 
Noble metals are widely used for controlling exhaust gas emissions such as 
VOCs, PACs and CO, due to their high activities and good sulphur poisoning 
resistance [Shelef et al., 1978]. Pd and Pt catalysts are among the most 
commonly used for total oxidation of combustible gases from biomass 
combustion [Ferrandon, 2001; Ferrandon and Björnbom, 2001; Courty and 
Chuvel, 1996; Burch and Hayers, 1995; Kummer, 1980; Satterfield, 1991]. 
 
Metal oxide catalysts 
 
The high costs of precious metals and their limited availability have motivated 
the search for substitutes. Metal oxide catalysts are a less expensive alternative 
to noble metal catalysts for total oxidation [Peña O´Shea et al., 2007; Machida 
et al., 1989]. They have high activities but they are less active than noble metal 
catalysts at low temperatures. Metal oxide catalysts are also more susceptible to 
poisoning by sulphur compounds than noble metals, however they may be used 
in higher concentrations [Ferrandon, 2001; Peña O´Shea et al., 2007].  
 
Combination of metal oxides and noble metals 
 
Catalysts based on combinations of metal oxides and noble metals merit more 
attention, since they possess the advantages of both components in the catalysts. 
Of interest for practical applications are catalysts containing low concentrations 
of expensive noble metals, preferably not more than 0,5 mol %, while the 
concentration of the metal oxides may vary in the range of 5-20 mol % in the 
washcoat, often 10 % / Al2O3 [Ferradon et al., 2001; Peña O’Shea et al., 2007; 
Tsuji and Imamura, 1993].  
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Hydrothermal stabilisation of the catalysts with addition of La 
 
Elevated temperatures and thermal fluctuations cause thermal damages in the 
catalysts. Addition of a stabiliser may inhibit the sintering effects. Lanthanum 
appears to be one of the best additives for inhibiting the sintering of the Al2O3 
washcoat [Ferrandon and Björnbom, 2001; Burtin et al., 1987; Church et al., 
1993; Ferrandon, 2001, Peiyan et al., 1995; Ozawa et al., 1996; Béguin et al., 
1991; Bogdanchikova et al., 1998; Church et al., 1993; Fuentes et al., 2000; 
Hoost and Otto, 1992; Jiang et al., 2004; Mokhnachuk et al., 2007; Ozawa et al., 
1990, 2004a, 2004b; Pecchi et al., 2004; Schaper et al., 1983; Yang et al., 
2001].  
The stabilisation depends on various factors such as: 
 

• Preparation method, particularly the dispersion of La in the Al2O3 
washcoat [Ferrandon, 2001; Ferrandon and Björnbom, 2001].  

• La loading: the optimum concentration of La to be added into the Al2O3 
depends mainly on the preparation method and the utilisation conditions, 
particularly the temperature [Béguin et al., 1991; Schaper et al., 1983]. 
Low content of La is usually sufficient to preserve the Al2O3 against 
thermal sintering at temperatures below 1050 oC [Béguin et al., 1991],  

• Presence of water: La is particularly adapted for water containing 
atmospheres [Béguin et al., 1991; Schaper et al., 1983]. The effect of 
water on the sintering becomes less pronounced as the amount of La 
introduced increases [Ferrandon and Björnbom, 2001]. 

 
Besides the thermal stabilisation effect on the Al2O3 support, La has been 
proven to be very effective for increasing the dispersion and stabilising the 
particle size of Pd in the catalysts [Chou et al., 1995]. 
 

1.1.4. Scope of the work 
 
The present study was part of the activities within the STEM Project 20605-1, 
“Efficient Biofuel Combustion”, 2005. The research was focused on the 
oxidation catalysts for abatement of the emissions from biomass combustion.  
 
The synthetic gas mixtures used for the activity tests of the catalyst contained 
some of the main compounds emitted from biomass combustion CO, CH4, 
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C10H8, H2O, O2 and N2. Monolithic catalysts based on a mixture of manganese 
oxide and palladium supported on alumina were tested here. 
 
 

2. Experimental 

2.1. Mixed metal oxide – noble metal catalysts 

2.1.1. Preparation of the catalysts 

Several monolithic catalysts, MnOx-Pd/Alumina-La, were prepared and 
calcined at different temperatures to be tested in the laboratory. Of particular 
importance was to select the most suitable temperature for calcination of the 
catalysts to be used in preparation of full-scale catalysts that are going to be 
tested in a commercial 25 KW wood-fired boiler at Ved och Sol Teknik, 
Vedsol AB for a period of 1-2 years. We had to repeat experiments with a full-
scale catalyst, prepared by M. Ferrandon, and used 2 years at the company 
without being deactivated. Since the producer of alumina could deliver very 
similar but not exactly the same product, as previously used for preparation of 
the washcoat, we had to perform some laboratory tests before preparation of 
the full-scale catalysts.  

The catalysts used in this work typically contained components: 

• Support: cordierite monoliths 
• Washcoat: γ-Alumina/γ-Alumina-La 
• Active phases: MnOx and Pd 

 

Reagents 

• γ-Alumina: PURALOX SCFa-200, Sasol, Germany, 
• Alumina doped with 3 % Lanthanum: PURALOX Sba-140/L3, Sasol, 

Germany, 
• Urea: H2N CO NH2, for analysis, M= 60.06 g/mol, Merck, Germany, 
• Manganese (II) nitrate tetrahydrate: Mn(NO3)4•3H2O, for analysis, 

purity > 98.5 %, M = 251.01 g/mol, 
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• Palladium (II) nitrate aqueous solution: Pd(NO3)2 + aq, 16.27 % Pd, 
Heraeus, Germany 

• Monolithic Cordierite: 2MgO•Al2O3•5SiO2, supplied by Corning 

Cell density Size 
400 CPSI 2.0 cm * 2.2 cm 

The monolithic support for the laboratory scale catalysts was in the form of 
cylinders. The diameter of the monoliths fit the internal dimensions of the 
reactor used to test the catalysts.  

 

2.1.2. Activity tests of the catalysts and analyses 

The activity tests were performed using mixtures of combustible gases 
representative for flue gases from wood combustion, such as carbon monoxide, 
methane and naphthalene, in presence of nitrogen, steam and carbon dioxide. 

The flow of every gaseous component was adjusted by means of electronic 
mass-flow controllers (MFC). The catalyst was inserted in the middle of the 
heated zone of the reactor, figure 1 and the activity test were performed using a 
space velocity of the gaseous mixtures 20 000 h-1. 

 

Figure 1. Laboratory equipment used for the activity tests 
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During the activity tests the temperature of the furnace was increased from 
100 to 800 ºC at a heating rate of 3 ºC/min.  

The contents of methane and naphthalene in the leaving gases were determined 
using a gas chromatograph (GC), equipped with a flame ionisation detector 
(FID). Carbon monoxide was analysed by a non-dispersive infrared 
spectrophotometer.  

 

2.2. Results and Discussion 

2.2.1. Activity tests of the catalysts using 
mixtures of CO and CH4 

 

Carbon monoxide 

Table 2 shows the gas mixture used in the laboratory activity tests for oxidation 
of CO and CH4: 

Table 2. Composition of the gaseous mixture for the tests 

Component Concentration 
O2 10 % 

H2O 12 % 
CO2 12 % 
CO 2500 ppm 
CH4 200 ppm 
N2 Balance (66 %) 

The concentrations of the components in the gaseous mixture and the total flow 
of the gaseous mixture correspond to those in the flue gases from wood 
combustions (gas flow 2, 5 l/min corresponding to a space velocity of 
approximately 20000 h-1). Table 3 shows the temperature for 50 % conversion 
(also called light-off temperature) (T50%) for CO in presence of fresh catalysts 
calcined at different temperatures. The conversion temperature (T50%) varied 
between 160 and 230 ºC and increased with increasing the calcination 
temperature (see also Figure 2). 
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Table 3: Temperatures for 50 % conversion of CO, T50%, for different 
calcination temperatures of the catalysts, Tcalc

Tcalc (ºC) T50% (ºC) 
500 168 
600 193 
700 216 
800 233 

Figure 2: CO conversion over fresh catalysts calcined at different temperatures, 
Tcalc.  

The oxidation of carbon monoxide occurs at low temperatures, between 150 
and 250 oC for all catalysts. The catalyst calcined at 500 oC gives the best 
performance. 
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Methane 

Table 4 and Figure 3 show the influence of the calcination temperature of the 
catalysts on the catalytic activity for oxidation of methane Best performances 
were obtained with the catalysts calcined at 600 ºC and 700 ºC.  

Table 4: Temperatures for 50 % conversion of CH4, T50%, for different 
calcination temperatures of the catalysts, Tcalc

Tcalc (ºC) T50% (ºC) 
500 660 
600 580 
700 570 
800 630 

Figure 3: Methane (CH4) conversion for different calcination temperatures, 
Tcalc, of the catalysts. 
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Influence of the presence of water  

One of the tests with Tcalc = 500 ºC enabled to check the influence of the 
presence of water in the gas mixture. During this experiment a suddenly 
insufficient supply of water caused increased conversion (Figure 4).  

Figure 4: CH4 conversion over a catalyst calcined at 500 ºC with temporarily 
insufficient water supply 

The flue gases obtained in combustion of biomass always contain water, thus, 
this phenomenon has not been further examined at this stage of the study. The 
effect of water is of importance, because the catalyst’s performance may be 
worsened in presence of large amounts of steam in the flue gases. 

Some tests were performed to examine the influence of the water in the 
gaseous mixtures (figures 5 and 6). 
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Figure 5: Influence of water on the CO conversion in presence of a catalyst 
calcined at 600 ºC. 

 
Figure 6: Influence of water on the CH4 conversion in presence of a catalyst 
calcined at 600 ºC 
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The absence of water in the gas mixture has positive effect on the oxidation of 
CO and CH4. CH4 conversion was more affected by the presence of water than 
the oxidation of CO. The complete oxidation of CH4 was obtained at 670 oC, 
for a catalyst calcined at 600 oC, when water vapour is present, while 550 oC 
was required for complete oxidation in absence of water (an increase by 120 oC 
for CH4 and 35 oC for CO). In the experiments without water total conversion 
was obtained much faster than in water-containing atmosphere. In practise 
water vapour can not be fully avoided since the wood fuel contains hydrogen 
that forms vapour during the combustion. However the flue gas from a dried 
wood fuel may be more suitable for catalytic treatment than flue gas from a wet 
wood fuel.  
 
Lahousse and co-authors suggest that the adsorption of water on the active sites 
of the catalysts decreases the catalyst activity. Thus decreased CH4 or CO 
conversion may be explained by a competition of CH4 and CO with water for 
the active sites [Lahousse et al., 1998]. The decrease of catalyst temperature in 
presence of water is another cause for lower conversion of the combustibles.  
 

2.2.2. Activity tests of the catalysts using 
mixtures of CO, CH4 and C10H8  

In this part of the study the experiments were performed with a gas mixture 
containing carbon monoxide (CO), methane (CH4) and naphthalene (C10H8) in 
presence of carbon dioxide and steam (Table 5). 

Table 5: Composition of the gas mixture for the activity tests  

Component Concentration 

O2 10 % 

H2O 12 % 

CO2 12 % 

CO 2500 ppm 

CH4 200 ppm 

C10H8 50 ppm 

N2 Balance (66 %) 
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The conversion of the combustible components as a function of the gas inlet 
temperature for a catalyst calcined at 500 ºC is shown in Figure 7. 

Carbon monoxide and naphthalene have approximately the same light-off 
temperature, close to 200 ºC. Both gases are totally converted at approximately 
250 ºC. Methane is much more difficult to oxidize; the light-off temperature for 
this gas is much higher, above 610 ºC, and the oxidation reactions occur more 
slowly and at higher temperature. 

 
Figure 7: CH4, CO and C10H8 conversion for Tcalc= 500 ºC 

The light-off temperatures (temperature for 50 % conversion) of carbon 
monoxide for catalysts calcined at different temperatures, Tcalc, are shown 
bellow (Table 6). 

Table 6: Temperatures for 50 % conversion of C10H8, T50%, for different 
calcination temperatures, Tcalc, of the catalysts. 

Tcalc (ºC) T50% (ºC) 
500 186 
600 182 
700 174 
800 203 
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Naphthalene conversion is shown in Figure 8. Again, the catalysts calcined at 
700 and 600 ºC have best performance, while the catalyst calcined at 800 ºC 
has the worst performance. 

Figure 8: Influence of Tcalc on naphthalene, C10H8, conversion 
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Stability of the Catalyst 

The catalysts with best performances (with Tcalc 600 ºC and 700 ºC) were tested 
in several consecutive experiments (Figures 9-11). 

Figure 9: Methane conversion in consecutive activity tests (1st, 2nd, 3rd) over 
catalyst with Tcalc= 600 ºC 
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Figure 10. Carbon monoxide conversions in consecutive tests (1st, 2nd, 3rd) over 
catalyst with Tcalc 600 ºC 

The catalysts calcined at 600ºC seem to lose their activity in repeated tests. 
This is shown also with the temperature for 50 % conversion of carbon 
monoxide and methane, table 7. 

Table 7: T50 for CO and CH4 in repeatedly performed oxidations over a 
catalyst calcined at 600 ºC 

Tcalc (ºC) T50% (ºC) CO T50% (ºC) CH4

600  (1st) 180 593 
600  (2nd) 193 627 
600  (3rd) 195 660 

The loss of activity is more apparent for methane. 

The catalyst calcined at 700 ºC seems to have the best performance in repeated 
experiments (Figure 11). Thus a full-scale catalyst is prepared using calcination 
temperature of 700oC. The stability of this catalyst is going to be tested in 
wood-fired boiler at the industrial company Ved och Sol Teknik, Vedsol AB 
for a period of 1-2 years.  
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Figure 11: Methane conversion in consecutive activity tests (1st, 2nd, 3rd) over 
catalyst with Tcalc= 700 ºC 

 
Figure 12: Methane conversion in consecutive activity tests (1st, 2nd) over a 
catalyst with Tcalc= 800 ºC 
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The catalyst calcined at 800 ºC seems to have very stable performance in 
repeated experiments (Figure 12). But compared to the catalyst calcined at 
700 oC, the oxidation reactions occur more slowly and at higher temperature. 

 

3. Conclusions 

The most suitable temperature for calcination of the Pd/MnOx catalysts 
prepared in this study seems to be 700 ºC. 

Lower temperatures for calcination, for example, 500-600 ºC, seem to result in 
formation of less thermally stable catalysts. The performance of the catalysts 
calcined at these temperatures worsened after several laboratory tests at higher 
temperature. 

The catalysts calcined at higher temperature, 800ºC, had lower activity as fresh 
catalyst, however, the performance of the catalyst was stable in repeated 
activity tests. 

The influence of the observed effect of water in the gaseous mixture leading to 
worsened catalytic conversion of the combustibles was not studied in detail at 
this stage of the project. The presence of water is, however, important in 
biomass combustion; water is introduced with the fuel and it is generated in the 
oxidation reactions. Hence the flue gases always contain steam. Drying of the 
flue gases before contact with the catalysts does not seem feasible and it was 
beyond the scope of the present study. Higher contents of moisture may worsen 
the performance of the catalysts. 

 

The results obtained in this part of the work were presented respectively as an 
oral presentation and a poster at: 

1. International Scientific Conference of Mechanical Engineering, Santa Clara, 
Cuba, 9-11 November 2004 (paper II). 

2. EuropaCat-VII, Seventh European Congress on Catalysis, Sofia, Bulgaria, 
28 August -1 September 2005 (paper III). 
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Abstract 
 
The chapter presents the most probable reasons for corrosion and slagging in 
biofuels combustion. Small-scale combustion (in the scale for a single house) 
and utilisation of cereals as biofuels are of major interest in the study, however, 
our literature study includes also data concerning both district-heating boilers 
and large-scale combustion, because the rich literature concerning larger-scale 
combustion offers data of great value for “beginners in the field”. 
Discrepancies between the existing experimental data are also addressed.  

Methods for preventing corrosion in large-scale combustion and other related 
systems are not always suitable for use in small-scale. Addition of sulphur or 
removal of “troublesome” inorganic constituents by washing the fuel is less 
suitable for small-scale domestic application. The decrease of chlorine content 
of the cereals used as biofuels already under the growing stage by decreasing or 
avoiding utilisation of chlorine-containing fertilizers is promising. 

Use of additives such as kaolin (clays) or calcium carbonate to decrease the 
volatility of alkali and the formation of deposits, seems to be more suitable for 
abatement of slagging and corrosion problems in small-scale combustion. 

Optimisation of the combustion installations, the construction materials, the 
conditions for combustion, and particularly the temperature profile in the 
installations has great potential. 
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1. Introduction 
 
1.1. Renewable energy sources 
 
Utilisation of CO2-neutral fuels and other environmentally friendly energy 
sources is of great interest today. Renewable fuels based on biomass, biofuels, 
are of particular interest in countries rich in biomass [Brus et al., 2005, 2004; 
Demirbas, 2006, 2005; Faaij, 2006; Lund, 2007; Goldemberg, 2006; Lindström 
et al., 2007; Lundholm et al., 2005; LRF/Lantmännen, 2004; LRF/Lantmännen 
i Skaraborg, 2004; Murphy and McKeogh, 2004; Obernberger et al., 2006; 
Pavlas et al., 2006; Rönnbäck et al., 2005]. 
 

1.2. Biofuel constituents related to corrosion, 
slagging and deposits formation 
 
Corrosion, slagging and deposit formation in thermochemical treatment of 
biofuels are closely related to the inorganic material in the biomass. The 
content of inorganic compounds varies largely in the biomass. While it may be 
almost neglected in some types of wood, high concentrations of inorganics are 
present in herbaceous materials causing serious problems in biofuels utilisation. 
 
The main inorganic components in biomass are silica (Si), potassium (K), 
sodium (Na), calcium (Ca), magnesium (Mg), phosphorous (P), zinc (Zn), 
chlorine (Cl), and sulphur (S), as well as a number of trace elements, including 
transition and heavy metals. Generally the most abundant ash-forming 
constituents are calcium and silica, SiO2, followed by potassium, sulphur and 
chlorine-containing compounds, depending on introduced contaminants e.g. 
through soil, harvesting, handling etc.  
 
The presence of moisture (usually 8-15 % in air dry material) is essential for 
the utilisation of biofuels. It affects the energy output, the environmental 
effects and the corrosion damages.  

 43



Chapter 3 

Alkali in biomass 
 
The main alkali metals in biomass are potassium and sodium. The content of 
alkali metals in biomass varies with the biomass types, properties of the soil, 
type of fertilizers used during the growing, rainfalls, time of harvesting, etc., 
hence the fuel properties may vary significantly. Potassium is a macronutrient 
for plants and is more abundant in younger, actively developing tissues than in, 
for example, mature stem wood [Hadders and Olsson, 1997; Hadders et al., 
2001; Sander, 1997; Wei et al., 2005; Öberg and Sundlöf, 2005]. 
 
The behaviour of the alkali materials during combustion of biomass is related 
to the mobility of this species and is of major importance in deposit formation 
and corrosion problems [Baxter et al., 1998; Nielsen et al., 2000b].  
 
In biofuels 80-90 % of the biologically occurring potassium is in the form of 
mobile (water soluble and ion exchangeable) species, making it more 
susceptible to vaporisation during combustion [Baxter et al. 1998; Dayton et al. 
1999; Miles et al. 1996]. Non-biologically occurring alkali is principally 
present as simple salts, originating from contaminants or additives with low 
mobility.  
 
Calcium in biomass has much lower mobility than potassium, as well as lower 
vapour pressure at combustion temperatures. Consequently calcium will not be 
vaporised, and will therefore mainly be present in the bottom ash [Baxter et al., 
1998; Demirbas, 2005].  
 
Most of the potassium is released into the gas phase during combustion and it 
may be present as potassium chloride (KCl) and hydroxide (KOH). Once in the 
gas phase, alkali compounds (particularly KCl) may condense on colder 
surfaces in the boiler the heat transfer zone, or on fly ash particles decreasing 
their melting point temperature, contributing to deposit formation and fouling 
in the boiler.  
 
Most of the fly ash particles erode rather easily, due to high concentrations of 
chemically active compounds such as those containing alkali, phosphorus and 
chlorine. Bottom ash is enriched in compounds with high melting point such as 
silicon, calcium and sulphur [Baxter et al., 1998; Demirbas, 2005; Di Blasi et 
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al., 1999; Michelsen et al., 1998; Nielsen et al., 2000a, 2000b, 1999; 
Obernberger et al., 2006; Wiselogel et al., 1996; Wang, 1995]. 
 
Chlorine in biomass  
 
It is know that chlorine plays an important role in various corrosion processes 
and also contributes to the formation of deposits. 

The content of chlorine in biomass depends on [Björkman and Strömberg, 1996, 
1997; Davidsson et al., 2002a, 2000b; Riedl et al., 1999; Zintl and Strömberg, 
2000]: 

• Closeness to the sea 
• Leaching of the soil by rain water 
• Use of chlorine-containing fertilizers, particularly potassium chloride-

based fertilizers 
• Salting of the biofuels to prevent freezing during the winter season 

 
The use of chlorine-containing fertilizers and the salting may be limited; 
however, the closeness to the sea cannot be prevented. 
 
The mobility of alkali (particularly potassium) is facilitated and increased in 
presence of chlorine. Chlorine often determines the amount of alkali vaporized 
during the combustion and the deposit formation and corrosion damages. 
Alkali sulphates are formed if sufficient amount of sulphur is present. In 
absence of sulphur, most of the alkali compounds form chloride in the flue 
gases. In absence of chlorine, i.e. in combustion of stem wood, alkali 
hydroxides (particularly potassium hydroxide) are formed [Jiménez and 
Ballester, 2007; Baxter et al., 1998; Michelsen et al., 1998; Nielsen et al., 
2000b; Åmand et al., 2006]. 
 

1.3. Biomass energy and biomass conversion 
technologies 
 
The solar energy which is stored in plants through the photosynthesis process is 
recovered when the biomass is burned directly or after conversion to liquid and 
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gaseous fuels [Demirbas and Balat, 2006; Levin et al., 2007; Mosier et al., 
2005, Ryu et al., 2006]. 
 

1.3.1. Biomass combustion. General  
 
Combustion is the oldest and most mature process converting biomass into 
energy. Under ideal conditions the organic part of the fuel is oxidized into the 
gaseous products CO2 and H2O. [Bilbao et al., 2001; Di Blasi et al., 1999; 
Grotkjær et al., 2003; Nusbaumer, 2003; Obernberger et al., 2006; Ryu et al., 
2006; Spearpoint and Quintiere, 2001; Yang et al., 2005]. The following major 
stages may be distinguished in biomass combustion [Obernberger et al., 2006; 
Zanzi et al., 1996]:  
 

• Drying. 
• Pyrolysis, involving thermal decomposition of the solid fuel to 

transform it into volatile gases and solid product char. 
• Secondary pyrolysis and combustion of the volatile pyrolysis gases  
• Combustion of the char, which is of particular importance because this 

stage dominates the total conversion time. 
 
The combustion steps may be presented in the scheme in figure 1: 

 
Figure 1. Principal steps in biomass combustion [adapted from Obernberger et 
al., 2006]. 
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The time for each step depends on the fuel properties and the combustion 
conditions. In continuous combustion appliances the consecutive steps occur 
simultaneously in different places in the furnace.  
 
The moisture content may vary between 8 and 50 wt % for air dried and freshly 
cut logs, respectively. After proper seasoning, the water content is reduced to 
about 20 – 8 wt %. At approximately 500 oC about 85 % of the fuel has been 
transformed into gaseous pyrolysis products, carbon monoxide, carbon dioxide, 
methane, ethane, ethylene, steam and tar. The combustible gases and tar, 
formed after drying, are often called smoke. If the temperature is high enough 
and sufficient amount of oxygen is present, the smoke burns. If the smoke does 
not burn it may deposit in the flue gas ducts and the chimney or be expelled as 
air pollution into the atmosphere. Unburned smoke also implies a less efficient 
appliance because smoke contains much of the biomass energy. Char, the 
remaining solid solid residue contains mainly carbon, but some hydrogen and 
oxygen are also present. Char burns with formation of mostly carbon dioxide 
[Obernberger et al., 2006; Zanzi et al., 1996]. 
 
A major combustion parameter is the excess air ratio (λ > 1), which describes 
the ratio between the available amount of air and the stoichiometric amount of 
air (λ = 1). The combustion reaction may be described by the following 
equation if fuel constituents such as N, K, Cl, etc., are neglected [Nusbaumer, 
2003], and λ = 1.03: 
 
CH1.44O0.66 + 1.03 (O2+3.76N2)  →   

→  intermediates (C, CO, H2, CO2,CmHn, etc)  → 
→ CO2 + 0.72 H2O + (λ-1)O2 + λ 3.87N2 - 439 kJ/kmol 

 
where CH1.44O0.66 is the average composition of the organic material in biomass 
i.e. wood, straw, or similar material. 
 
Various pollutants may be formed in combustion:  
 

• Unburnt pollutants: carbon monoxide, unburned hydrocarbons, tar, soot, 
unburnt carbon, ammonia, hydrogen cyanide etc.  

• Pollutants from complete combustion: nitrogen oxides (NOx) mainly due 
to presence of nitrogen in the fuel 

• Ash particles, sulphur dioxide, hydrochloric acid, etc. 
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2. Corrosion and deposit formation in biomass 
combustion. 
 

2.1. Corrosion in combustion of biomass fuels 
 
Generally super-heater alloys are composed by iron and some additives such as 
chromium, nickel, molybdenum, beryllium, niobium, manganese and/or 
tungsten that improve its resistance to corrosion. Under normal conditions a 
protective oxide layer consisting of Cr2O3 and a non-protective α-Fe2O3 layer 
cover the surface of these alloys. Both oxides are soluble in each other, tending 
to form a solid protective oxide solution, (CrxFe1-x)2O3 [Blomberg et al., 2004; 
Segerdahl et al., 2002].  
 
Gases, molten salts, or other types of electrolytes, which create the conditions 
for starting the electrochemical phenomena, usually initiate the corrosion 
process. High temperature corrosion, however, may be caused by oxidation, 
sulphidation or halogenation taking place without galvanic initiation. Corrosion 
is often combined with erosion which removes the protective oxide layer 
[Blomberg et al., 2004]. 
 

2.1.1. General 
 
Corrosion in combustion of bio-fuels such as straws, grasses, cereals or 
municipal solid waste is a great challenge today due to the increasing use of 
these fuels to reduce emissions of greenhouse gases that contribute to climate 
changes, decrease the dependence on oil import and reduce the excessive use of 
electricity [Demirbas, 2005; Faaij, 2004; Frandsen, 2005; Jenkins et al., 1998; 
Nussbaumer, 2003]. 
 
Ash-related problems in biomass combustion units 
 
Solid fuels generally contain considerable amounts of ash-forming elements, 
which clearly distinguish them from liquid and gaseous fossil fuels. Large 
amounts of bottom ashes and fly ashes (coarse fly ashes and aerosols with 
particles with a diameter < 1 µm) may cause problems. 
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Appropriate dust separation devices may be applied to meet current dust 
emission standards for medium and large-scale applications. Such devises are 
not economically affordable for small-scale applications. 
 
The problems caused by ash-forming constituents are mainly related to deposit 
fomation, slagging and corrosion. Slagging on the grate or in a burner may 
disturb the combustion process and in extreme cases even damage the 
equipment. Deposit formation reduces the efficiency of heat transfer and thus 
of the whole combustion unit, causing unexpected plant shutdowns for deposit 
removal and boiler cleaning. Furthermore, deposits may be corrosive and may 
thus reduce the lifetime of the installation.  
 
Corrosion problems have usually been found in large-scale combustion of 
biomass and some types of coals [Baxter et al., 1998; Bryers, 1996; Harb and 
Smith, 1990; Wang et al., 1997]. Traditionally biomass-fired boilers have not 
suffered great high-temperature corrosion problems in the super heater tubes 
while the temperature of the heat transfer surfaces was kept low (400 – 450 oC); 
however the need to increase the efficiency and raise the steam temperatures, 
have contributed to severe ash deposition and corrosion problems when 
biomasses such as straw, grasses or cereals are used [Andersson et al., 2004; 
Baxter et al., 2005, 1998; Blomberg et al., 2004; Hansen et al., 2000; Harb and 
Smith, 1990; Lindström et al., 2006; Lundholm et al., 2005; LRF/Lantmännen, 
2004; LRF/Lantmännen i Skaraborg, 2004; Michelsen et al., 1998; Nielsen et al. 
2000a, 2000b, 1999]. 
 
Corrosion in small-scale combustion has largely been overlooked and 
neglected in Sweden mainly due to large use of wood, which has low corrosion 
potential. However, severe corrosion, slagging and deposit formation in small-
scale combustion of cereals have recently been experienced in Sweden 
(Ericsson, 2005; Lindström et al., 2006; Olsson et al., 2004; Rönnbäck et al., 
2005). There are, however, plenty of incentives to use cereals as biofules 
[LRF/Lantmännen, 2004; LRF Ländsförbund i Skaraborg, 2004]: 
 

• Low cost  
• Stable price 
• Use of land resources 
• Ashes may be used as fertilizers 
• No contribution to the greenhouse effect 
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2.1.2. Combustion of “problematic” fuels 
 
Ashes formed during combustion of “problematic bio-fuels” such as straw, 
herbaceous fuels, bark, cultivated fuels or some other kinds of fast-growing 
biomasses, contain high concentrations of alkali metals, specially potassium, 
and chlorine which raise the risks concerning high-temperature corrosion 
[Baxter et al., 1998; Di Blasi et al., 1999; Michelsen et al, 1998; Nielsen et al., 
2000b]. 
 

2.1.2.1. Behaviour of inorganic compounds as 
function of temperature 
 
The inorganic part of the fuel is well known to cause severe deposition and 
corrosion problems (Michelsen et al., 1998; Nielsen et al. 2000a, 2000b, 1999). 
Even the best quality biofuel (such as wood with very low ash content) may 
cause corrosion in the boiler if rather high steam temperatures are aimed at. 
The formation of deposits on the heat transfer tubes is a serious problem (figure 
2). The inner layer of the material condensed on the metal surface may act as a 
glue or collector of fly ash particles. [Michelsen et al., 1998; Nielsen et al., 
2000a].  

 
Figure 2. Deposits formed on heat transfer tubes 
 
The effect of the deposits depends mainly on their composition, thickness and 
porosity as well as on the composition of the flue gases and the temperature 
conditions. 
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2.1.2.2. Effect of temperature on ash behaviour 
 
If the temperature close to the metal surface is lower than 400 oC the corrosion 
reactions will take place in solid-solid phase and the corrosion rate will be slow. 
If the temperature is higher than 490-520 oC, molten or partially molten phases 
(composed of various salts and their mixtures) in the deposits may cause fast 
corrosion reactions [Andersson et al., 2004; Baxter et al., 1998; Blomberg et al., 
2004; Liu et al., 2006].  
 
In experiments with a 10 MW wheat straw-fired stoker boiler, Michelsen and 
co-authors observed serious problems with deposits on the heat transfer 
surfaces and enhanced corrosion at temperatures above 520 oC. Chromium and 
iron were removed from the alloy leaving a metal phase enriched in nickel; 
Higher chromium contents in to the alloy had little or no effect on the corrosion 
resistance [Michelsen et al., 1998]. 
 
Figure 3 shows the effect of temperature on the formation and transformation 
of some inorganic compounds containing potassium, chlorine, sulphur, silicon 
and oxygen in flue gases from wheat straw combustion. The complex 
transformations of the inorganic compounds are difficult to predict and control 
[Michelsen et al., 1998]. 

 
Figure 3. The thermodynamically stable species of potassium in combustion of 
wheat straw, λ=1.35. 
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2.1.2.3. Corrosion associated with chlorine and 
sulphur-containing compounds 
 
The corrosion in biomass boilers may be divided into three different types: 
 

a. Corrosion on the heat transfer surfaces (convection zone) 
b. Corrosion in the burner 
c. Corrosion in the chimney 

 
As expected, the corrosion phenomena in the different boiler sections are 
different and need to be treated separately. 
 

a) Corrosion on the heat transfer surfaces 
 
The flue gases containing Cl2, HCl, H2O, KCl, NaCl and SO2 in oxidizing 
environments may cause accelerated corrosion of the metal alloys in the boiler; 
this process is usually known as active corrosion, it is strongly affected by the 
conditions [Baxter et al., 1998; Nielsen et al., 2000b].  
 
Oxidizing conditions 
 
Under oxidizing conditions, steels are oxidized to the thermodynamically stable 
oxides and form a dense and smooth protective oxide scale that blocks the 
diffusion of oxygen and other species to the metal. Chlorine has, however,  the 
ability to diffuse through and destroy the protective oxide layers, presumably 
through cracks and pores, where it reacts with the chromium and iron to form 
volatile metal chlorides [Liu et al., 2006; Michelsen et al., 1998; Nielsen et al., 
2000b].  
 
The materials corrode faster at high temperatures, since the metal chlorides 
formed are generally volatile (vapour pressure > 10-4 atm) and possess low 
melting and boiling point, as Table 1 shows. Note that the melting and boiling 
points of all chloride species, especially FeCl3, are lower than the temperatures 
found in most of the boilers convection zone, usually 600 – 700 oC. The 
oxidation and chlorination rates may be accelerated in presence of liquid 
chlorides. At higher temperatures the species will even boil and evaporate 
[Chang and Wei, 1991; Ihara et. al., 1981; Nielsen et al., 2000b]. 
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Table 1. Melting point (Tm), boiling point (Tb) and temperature at which the 
chloride vapour pressure equals 10-4 atm (T4) for common metal chlorides 
 
Chloride Tm (oC) Tb (oC) T4 (oC) 
FeCl3 303 315 167 
FeCl2 676 1023 - 1012 536 
NiCl2 1030 (sublimes) 607 
CrCl2 820 1120 741 
CrCl3 1150 1300 611 
 
If the flue gases contain O2, HCl and Cl2, metal chlorides and oxides are 
initially formed. The possible reactions are shown below [Chang and Wei, 
1991; Ihara et. al., 1981; Nielsen et al., 2000b; Strafford et al., 1989]: 
 
nM (s) + m/2 O2 (g)  →  MnOm (s)         (1) 
M (s) + Cl2 (g)  →  MCl2 (s)         (2) 
M (s) + 2HCl (g)  →  MCl2 (s) + H2 (g)        (3) 
M (s) + 2 HCl (g) + ½ O2  →  MCl2 (s) + H2O (g)      (4) 
MCl2 (s) + HCl (g) + ¼ O2  →  MCl3 (s) + ½ H2O (g)      (5) 
1/m MnOm (s) + n HCl (g)  →  n/m FeClm (s) + H2O (g)      (6) 
 
where M is Fe, Cr, Ni. 
 
In reaction (1) M2O3 and M3O4 are formed, MO may also be formed if the 
temperature is high enough. If the flue gases contain Cl2 (g) and HCl (g), metal 
chlorides are formed by reactions 2 to 6.  
 
If the flue gases contain HCl (g) and oxygen (4, 5) the oxy-chlorination forms 
initially MCl2 and subsequently MCl3 (if M is Fe, FeCl2, ferrous and FeCl3, 
ferric chlorides). Ferric chloride has a low melting point (303 oC) and is very 
volatile (T4 is 167 oC) and therefore it will be present as gas in normal 
combustion conditions, consequently being responsible, to a large extent, for 
the high corrosion rates in such gas mixtures. 
 
Thus the solid metal chlorides formed on the surface of the steel have high 
vapour pressure and melting and evaporation take place in the metal-scale 
interface through reactions 7 and 8: 
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MClx (s)  →  MClx (l)          (7) 
MClx (s,l)  →  MClx (g)          (8) 
 
The volatile metal chlorides may diffuse from the surface of the metal out to 
the flue gas and react with the oxygen, leading to the oxidation of metal 
chlorides to metal oxides that provide no protection against further attack (9-
11): 
 
MCl2 (g) + ¾ O2 (g)  →  ½ M2O3 (s) + Cl2 (g)       (9) 
2/3 MCl3 (s) + ½ O2 (g)  →  1/3 M2O3 (s)+ Cl2 (g)    (10) 
MCl2 (g) + 2/3 O2 (g)  → 1/3 M3O4 (s) + Cl2 (g)     (11) 
MCl2 (g) + ¼ O2 (g) + H2O (g) → ½ M2O3 (s) + 2 HCl (g)   (12) 
 
In reactions 9 to 12 chlorine and HCl are generated and may participate again 
in reactions with the metal surface and thus a cycle is formed. 
 
The active oxidation taking place via reactions 1 to 11 is usually presented 
schematically as figure 4 shows. 
 

 
Figure 4. Schematic representation of the corrosion process in presence of 
chlorine 
 
This corrosion cycle creates a continuous transport of metal from the surface to 
the zone with higher oxygen partial pressure generating metal oxides. These 
oxides may be protective or non-protective depending on the Cl2 and HCl 
concentrations in the flue gas. The net reaction is (13): 
 
4M (s) + 3O2 (g)  →  2M2O3 (s)        (13) 
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The corrosion rate depends on the HCl concentration in the flue gas, too. 
Nielsen and co-authors found that a continuous non-porous oxide layer is 
formed when no HCl is present. At low HCl concentration i.e. 0.1 vol %, Fe2O3 
(hematite) is formed, but the oxide scale is still non porous. At 0.2 vol % HCl, 
a non-continuous and porous oxide layer is formed, at 0.8 vol % HCl, the Fe2O3 
layer is completely disintegrated and a Fe3O4 (magnetite) porous and non-
continuous oxide layer is formed. With high concentration of HCl, i.e. 2 %, all 
oxide layers are destroyed and the corrosive gases have access to the Fe and 
FexOy layers [Nielsen et al., 2000b]. 
 
Reducing conditions 
 
Under reducing conditions (low oxygen content), where oxides layers will be 
discontinuous or absent, the rate of corrosion depends on the grow of the 
chloride layer; if it is fast enough to compensate the devolatilization of chloride, 
according to reaction 2, which is strongly dependent on the temperature.  
 
At low temperatures the formation of chlorides is faster than the de-
volatilization and the metal may be protected, higher temperatures favour the 
devolatilization of the chlorides and corrosion [Chang and Wei, 1991; Nielsen 
et al., 2000b].  
Under reducing conditions, HCl may act synergistically with CO to attack the 
oxide layer according to reactions 14 and 15, generating metal chlorides with 
low melting point [Harb and Smith, 1990]: 
 
Fe2O3 (s) + 2HCl (g) + CO (g)  →  
    FeO (s) + FeCl2 (s) + H2O (g) + CO2 (g)   (14) 
Fe3O4 (s) + 2HCl (g) + CO (g)  →   
   2FeO (s) + FeCl2 (s)+ H2O (g) + CO2(g)   (15) 
 
HCl in the flue gas can also increase other types of corrosion, e.g. sulfidation 
by creating microcracks and pores in the protective oxide layer and allowing 
gases such as H2S to come into contact with the metal surface [Harb and Smith, 
1990; Nielsen et al., 2000b]. 
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Effect of presence of sulphur 

Of particular interest is the effect of the presence of sulphur in the system. The 
literature data concerning the effect of sulphur are at first sight controversial. It 
is known that S may cause corrosion; however, there is also evidence for 
hampering effects of S on the corrosion in biomass combustion.  

Sulphur may protect the combustors from corrosion due to formation of 
deposits containing sulphates with higher melting points that are easily 
removed with the bottom ash [Jiménez and Ballester, 2007; Åmand et al, 2006]. 

However, accelerated corrosion has also been observed in presence of SO2 and 
particularly in synergy with NaCl, leading to formation of HCl and other 
compounds with high corrosion potential. Sulfation of deposited alkali 
chlorides is reported to be responsible for enhanced corrosion [Fujikawa and 
Maruyama, 1989; Gotthjälp et. al., 1997; Hiramatzu et al., 1989, Nielsen et al. 
2000b; Shinata et al., 1987]. 

If sufficient amount of sulphur is present, alkali chlorides may react with 
gaseous SO2 and form potassium sulphates [Jiménez and Ballester, 2007; 
Strafford et al., 1989; Åmand et al, 2006]. The sulfation of the alkali deposits 
may be described by reactions 16 and 17 which were found to be responsible 
for the initiation of the active corrosion mechanism [Gotthjälp et al., 1997; 
Nielsen et al. 2000b]. The reactions lead to the formation of HCl and Cl2 too, 
compounds with high corrosion potential [Michelsen et al., 1998; Nielsen et al., 
2000b].  
 
2KCl (s) + SO2 (g) + ½ O2 (g) + H2O (g)  →  K2SO4 (s) + 2HCl (g)  (16) 
2KCl (s) +SO2 (g) +O2 (g) → K2SO4 (s) +Cl2 (g)     (17) 
 
The HCl formed may easily reach the metal surface and form metal chlorides 
(FeCl2 or CrCl2), reactions 2 – 4 or be oxidized to Cl2, reaction 18. 
 
2HCl (g) + ½ O2 (g)  →  Cl2 (g) + H2O (g)     (18) 
 
The chlorine formed in reactions 17 and 18 may react with the metal surface 
and form metal chlorides by reaction 2. After sulfation the corrosion 
mechanism proceeds in the same way as described above. 
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Accelerated corrosion has been observed in presence of SO2, when NaCl is 
present in the fuel, either as a contaminant or organically associated. Synergy 
was found between NaCl and SO2 leading to formation of HCl [Nielsen et al., 
2000b]. Also in presence of both, aggressive flue gases (HCl and SO2 under 
oxidizing conditions) and ash deposits consisting of KCl and K2SO4, 
(commonly found in straw–fired power plants) SO2 was found to increase the 
corrosion synergistically [Michelsen et al., 1998; Nielsen et al., 2000b]. 
 
Corrosion reactions involving molten Cl species. Low melting 
point eutectics 
 
Pure potassium chloride has a melting point of 774 oC but may form low 
melting-point eutectics with other substances. The presence of molten phases 
increases the corrosion rates. The reasons are [Nielsen et al., 2000b]: 
 

• In liquid phase, chemical reactions are faster than in solid-solid phase, 
• The liquid phase may act as an electrolyte and create a pathway for 

electrochemical attack. 
 
Table 2 summarizes some low melting point eutectics that potassium and 
sodium chloride can form with a variety of chemical species [Cha and Spiegel, 
2004; Grabke, 1989; Grabke et al., 1995; Michelsen et al., 1998; Nielsen et al., 
2000b; Shinata, 1987]: 
 
Table 2. Eutectic melting temperatures for binary systems  
Chemical species present in the eutectic  ~ Te(oC) 
KCl / FeCl2 355 
KCl / FeCl3 202 
KCl / CrCl2 470 
KCl / CrCl3 750 
NaCl / FeCl2 372 
NaCl / FeCl3 151 
NaCl / CrCl2 437 
NaCl / CrCl3 568 
KCl / K2SO4 694 
KCl / K2CrO4 650 
KCl / K2Cr2O7 367 
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At normal boiler temperatures the corrosion will be self-sustaining in hot zones 
because metal chlorides formed by Fe or Cr with Na/KCl are highly volatile, 
however they will condense and generate deposits and corrosion in the heat 
exchanger zone and the colder ducts [Karlsson et al., 1990]. 
 
Karlson and co-authors found that in deposits composed of mixtures of KCl 
with Fe, Fe2O3, Cr2O3, and the metal alloy, respectively, in presence of flue 
gases containing SO2 and O2, the Fe2O3 and Fe react with the flue gas at 
temperatures as low as 310 oC. The authors suggested that the corrosion is 
caused by the presence of liquid FeCl3 obtained through reaction 19 [Karlsson 
et al., 1990]: 
 
Fe2O3 (s) + 6 KCl (s, l) + 3 SO2 (g) + 3/2 O2 (g)  →   
   → 2 FeCl3 (s, l, g) + 3 K2SO4 (s)    (19) 
 
The FeCl3 produced may react with the SO2 and O2 and form Fe2(SO4)3 (s) 
through reaction 21: 
 
2 FeCl3 (s, l, g) + 3 SO2 (g) + 3 O2 (g)  →  Fe2(SO4)3 (s) + 3 Cl2 (g)  (20) 
 
The overall reaction is: 
 
2 Fe2O3 (s) + 12 [K, Na]Cl (s, l) + 12 SO2 (g) + 9 O2 (g)  →  
   →  4 [K, Na]3Fe(SO4)3 (s, l) + 6 Cl2 (g)    (21) 
 
Similarly, for an iron alloy with no protective oxide layer: 
 
2 Fe (s) + 6 [K, Na]Cl (s, l) + 6 SO2 (g) + 6 O2 (g)  →  
   →  2 [K, Na]3Fe(SO4)3 (s, l) + 3 Cl2 (g)    (22) 
 
Chlorine is formed in reactions 20 – 22. It may attack the unprotected metal 
surface by reaction 2 and form metal chlorides that will then evaporate and 
initiate the corrosion cycle again. 
 

b) Corrosion in the burner 
 
The temperatures in the combustion zone may be around 1100 to 1300 oC. The 
obtained corrosive gases will be ejected from the burner with the flue gases. 
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The contact time between the flue gases and the burner is thus much shorter 
than in the heat transfer zone, therefore, the corrosion reactions in the burner 
are less important than in the heat transfer zone. 
 
The corrosion in the burner may be classified as a mix of dry erosion of the 
protective oxide scale, caused by the ash in the turbulent environment existing 
in the burner and to a lesser degree, corrosion caused by alkali salts. 
 

c) Corrosion in the chimney 
 
The temperature in the chimney is usually maintained between 120 – 110 oC, to 
avoid condensation of water, but it may also be lower. In well-designed 
installations the temperature is kept around this optimum. 
 
The flue gases usually contain corrosive gases such as HCl, H2SO4 SO2 and 
corrosive solid particles such as KCl. In installations where the chimney is not 
insulated, condensation may occur, and the corrosive flue gases may easily 
attack and destroy the chimney within weeks [Rönnbäck et al, 2005]. 
 
Rönnbäck and co-authors observed serious corrosion problems in chimneys 
(made of acid resistant steel type SS142562) using oats as fuel. Typical damage 
caused by chloride corrosion was observed in the chimney after 3 weeks use. 
The chimney was exposed to increased dampness concentration in each cycle 
under a total of 800 cycles. Presence of chlorine, sulphur and phosphor was 
found by SEM/EDX analysis near the pits; a pH around 2 and high 
concentration of chlorine in the condensates were also found [Rönnbäck et al, 
2005]. 
 

2.1.2.4. Effect of combustion conditions and 
moisture content in the fuel 
 
It is important to understand the behaviour of the steel in presence of H2O and 
O2 because bio-fuels contain water and it is also formed during combustion. 
Furthermore, the lifetimes of Cr-rich steels used in oxygen- and steam-
containing environments are reduced due to the chromium volatility. It was 
demonstrated that that the exposure of FeCrNi alloys in H2O/O2 environments 
results in chromium evaporation at temperatures as low as 600 oC [Asteman et 
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al., 2004a, 2004b; 2002a, 2002b, 2000, 1999, Ebbinghaus, 1993; Jacobson et 
al., 2005; Liu et al., 2006; Opila et al. 2007; Segerdahl et al., 2002; Yamauchi 
et al., 2003].  
 
Vaporisation of Cr2O3 (s) in the form of CrO3 (g) has been reported during 
oxidation of chromium-iron alloys at high temperatures (over 1000 oC) and 
high oxygen pressures reaction 23. The Cr-O-H system has been studied 
extensively [Asteman et al., 2002a, 1999; Ebbinghaus, 1993; Jacobson et al., 
2005, Graham and Davis, 1971; Grimley et al., 1961; Opila et al. 2007; 
Yamauchi et al., 2003]: 
 
½ Cr2O3 (s) + ¾ O2 (g)  →  CrO3 (g)      (23) 
 
The partial pressure of the CrO3 (g) is very low at normal boiler temperatures, 
i.e. at 1000 oC it is ~ 10-11 atm, and the mass loss can not be completely 
attributed to this process. 
 
High volatile oxy-hydroxides, CrO2(OH)2 and CrO2(OH), have been 
experimentally identified as contributing to Cr2O3 degradation during high-
temperature exposure to (H2O + O2) environments. In the case of Cr 
hydroxides, CrO2(OH)2 (g) or CrO2(OH) (g) are formed by reactions 24 and 25, 
resulting in poor protective properties of the oxide scale and rapid corrosion 
[Asteman et al., 2004a, 2004b, 2002a, 2002b, 2000, 1999; Fryburg et al., 1977; 
Graham et al., 1971; Jacobson et al., 2005; Kim and Belton, 1974; Liu et al., 
2006; Segerdahl et al., 2002]. 
 
½ Cr2O3 (s) + ¾ O2 (g) + H2O (g)  →  CrO2(OH)2 (g)    (24) 
 
½ Cr2O3 (s) + ½ O2 (g) + ½ H2O (g)  →  CrO2(OH) (g)    (25) 
 
Both CrO2(OH)2

+ and CrO2(OH)+ ions were observed using mass spectrometry 
conducted at 1100 oC [Fryburg et al., 1977]. It was uncertain whether both 
gaseous species were formed by reaction of water vapour and oxygen with 
Cr2O3 (s) or whether CrO2(OH)+ was formed as a fragment during the 
ionisation of CrO2(OH)2. Research on volatilization of Cr2O3 (s) in 
atmospheres containing water and oxygen at temperatures between 1300 and 
1500 oC, found results consistent with CrO2(OH)2 (g) formation [Kim and 
Belton, 1974]. 
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Figure 5 presents the vapour pressure of CrO3 (g) produced by the reaction 
between Cr2O3 (s) and 21% O2 / 79% Ar as well as the vapour pressure of 
CrO2(OH)2 (g) produced by the reaction of Cr2O3 (s) with 21% O2 / 10% H2O 
(g) / 69% Ar. The figure shows that the addition of 10% water vapour 
considerably enhances the volatility of the Cr2O3 [Jacobson et al., 2005]  
 
According Ebbinghaus CrO2(OH)2 (g) is the dominant vapour specie above 
chromium-containing materials exposed to oxygen and water vapour across a 
wide range of temperatures, as shown in figure 6 [Ebbinghaus, 1993]. 

 
Figure 5. Vapour pressure of Cr2O3 (g) in different environments 

 
Figure 6. Equilibrium partial pressures of volatile Cr-O-H species calculated at 
P(H2O): 0.5 bar and P(O2): 0.5 bar based on the data of Ebbinghaus. 
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Asteman and co-authors studied three different stainless steels in three different 
gaseous atmospheres (dry O2, O2 + 10% H2O and O2 + 40% H2O) at 600 oC, 
and 0.5 cm/s gas velocity. They made the following observations [Asteman et 
al., 2004a, 2004b, 2002a, 2002b, 2000, 1999; Segerdahl et al., 2002]: 
 

• In dry oxygen the sample mass increased slowly during the experiments 
and a thin, smooth chromium-enriched oxide covered the metal surface, 

•  In O2 + 10% H2O a very small mass increase was registered, the oxide 
scale was quite thin and the vaporization only depleted the chromium in 
the outer part of the oxide,  

• In O2 + 40% H2O the outer part of the oxide was almost completely 
depleted in chromium at the oxide/gas interface. A large increase in the 
mass was registered (30 times more than in dry O2 after 15 days 
exposure time), corresponding to breakaway corrosion. An iron-rich 
non-protective porous scale replaced the protective oxide. 

 
Thus if high-temperature exposure and H2O/O2 environments tend to destroy 
the protective oxide scales, the rate of evaporation of the protective oxides is of 
major importance.  
The rate of Cr2O3 (s) evaporation is increased with increasing gas velocity. The 
ability of the alloy to withstand oxidation in H2O/O2 environments is related to 
the capability of the alloy to compensate the losses of Cr from the oxide 
evaporation [Asteman et al., 2004a, 2004b, 2002a, 2002b, 2000; Segerdahl et 
al., 2002].  
 
When steels are exposed to gaseous atmosphere at low gas velocities the 
chromium evaporation does not affect the protective oxide layers. At a certain 
critical gas velocity, the protective chromium-rich oxide scale is destroyed and 
replaced with a porous Fe2O3 non-protective scale [Asteman et al., 2004a, 
2004b, 2002a, 2002b]. 
 
The oxide film thickness is also affected by the water vapour concentration. In 
dry O2 the oxide film is thicker than in steels exposed to H2O/O2 environments 
and high gas flow rates [Asteman et al., 2004a, 2004b, 2002a, 2002b, 2000, 
1999; Segerdahl et al., 2002].  
 
Liu Li and co-authors found that the corrosion rate of both iron and chromium 
oxides at 600 oC in presence of NaCl deposits is accelerated in presence of 
water vapour. The moisture reacts with the salt deposits and oxides on the 
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surface producing macro and micro pores in the protective oxides facilitating 
the penetration of HCl and Cl2 to the metal [Liu et al., 2006].  
 
 

3. Major methods for abatement of corrosion 
and deposit formation in combustion of biomass 
 

Conventional methods 

The corrosion may be decreased by conventional methods:  

• Proper design of the combustion installations, 
• Utilisation of corrosion-resistant construction materials, 
• Proper conditions in the combustion installations 

The conventional methods are important but not sufficient for abatement of 
corrosion in biomass combustion. It may be necessary to remove or to modify 
the constituents in biomass contributing to corrosion, fouling, slagging and 
formation of deposits.  
 

Cultivation factors 

The effects of the cultivation factors have been studied in attempts to explore 
the possibilities for growing biofuels with lower contents of compounds 
causing corrosion and deposits [Di Blasi et al., 1999; Hadders et al., 2001; 
Hadders and Olsson, 1997; Sander, 1997]. 

It has been shown that the cultivation factors such as type of soil or 
geographical location usually have limiting effects on the chemical 
composition and the properties of the biofuels. The time between harvesting 
and baling of the fuel also has effect on the composition, if the biofuel is 
subjected to rainfalls during this period. The use of chlorine-free fertilizer in 
growing of cereals and other biomass types that are going to be used as biofuels, 
is of importance too [Davidsson et al., 2002b; Di Blasi et al., 1999; Gustavsson, 
2004, 2005; Hadders et al., 2001; Sander, 1997; 2002]. 
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Selection of type of biofuels 

The type of biofuel has strong effect on its corrosion. Woody biomass, 
particularly stem wood has low content of inorganic materials and low contents 
of alkali and chlorine and thus low corrosion potential. The herbaceous 
biomass types are rich in inorganic materials with high contents of alkali and 
chlorine and thus high corrosion potential [Baxter, 1998, 2005; Bryers, 1996; 
Demirbas, 2005, 2003; Frandsen, 2005; Gustavsson, 2004, 2005; Hansen et al., 
2000; Jenkinz et al., 1998; Nielsen et al., 2000; Nyström, 2004; Olsson et al., 
2004; Riedl et al., 1999; Rönnbäck et al., 2005; Sander, 1997].  

When possible and economically affordable, problems with corrosion and 
deposit formation may be avoided by selection of woody biomass as biofuel. 
Among the herbaceous biomasses, biofuels with less corrosion potential may 
also be selected. The contents of chlorine and potassium differ between various 
parts of the plants. Grains have a much lower content of ash, K, Ca, Si and Cl 
than straw. It is therefore expected that the tendency to slagging and fouling 
will be lower in combustion appliances using grains as instead of straw or the 
whole crop. 
 

Selection of the conditions in the combustion installation  

The conditions for thermochemical treatment are of great importance for the 
formation of deposits and corrosion problems. Due to the great variety among 
the combustion appliances as well as in the type and the properties of the 
biomass fuels it is beyond the scope of this thesis to examine exhaustively the 
effect of the treatment conditions on the corrosion and the deposit formation. 
Selected observations related to the behaviour of the inorganic compounds in 
the formation of deposits will, however, are shortly presented here. 

The conditions governing the diffusion and the thermophoresis of fly ash 
particles and aerosols formed during combustion are essential for formation of 
deposits. Hampering their effect may decrease the corrosion. 

Various mechanisms are assumed to be involved in the formation of deposits 
[Kaufmann et al., 2000; Nusbaumer, 2003]: 

• Thermophoresis, 
• Brownian diffusion 
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• Electrophoresis 
• Inertial impaction 
• Gravity settling 

Thermophoresis is caused by the temperature gradient in the flue gases near 
cooled walls. Particles in the transitions zone are attracted by the cool surface 
of the wall due to the non-uniform energy distribution among the surrounding 
molecules. This is the most probable mechanism for formation of deposits in 
biomass combustion [Kaufman et al., 2000]. 

Brownian diffusion is another important mechanism for deposit formation in 
combustion of biomass. 

Electrophoresis governs the mobility of the particles smaller than 0.1 µm. It is 
influenced by the electrostatic forces of the surroundings particles or surfaces, 
which in the combustion system are rather too weak to have significant effect 
on the deposit formation. 

Inertial impaction and gravity settling may be neglected due to the small 
particle size of the deposit-forming material. 

The types of fuel, combustion temperatures, gas flow rates, particle sizes, and 
residence times have strong effect on the formation and the properties of the 
deposits. The large variety in the combustion systems does not motivate closer 
analysis of the influence of these variables; however, they have great potential 
for hampering corrosion [Blomberg et al, 2004; Jiménez and Ballester, 2005; 
Kaufman et al., 2000; Wei et al., 2005]. 
 

Removal of constituents in the biofuels enhancing corrosion 
and deposit formation 

Compounds with high corrosion and deposit-forming potential may be 
removed by leaching (washing) with water. It has been shown that even rain 
may significantly decrease the content of water-soluble potassium chloride in 
biomass and thus the problems related to corrosion and deposit formation in 
combustion. The efficiency of this method is not questioned; however, the 
technical and economical aspects of washing the fuels prior to combustion need 
careful analysis [Davidson et al., 2002; Sander, 1997]. 
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Addition of sulphur 

According to some authors addition of sulphur may prevent or at least decrease 
corrosion, while according to other authors, the presence of sulphur may 
contribute to corrosion. 

The hampering effects of sulphur on corrosion in biomass combustion are a 
result of the formation of: 

• Dense layers of sulphates on the surface of the metals, that in some 
cases may protect the metal surface from further corrosion 

• Alkali sulphates in the ash may be removed with the bottom ash. Bottom 
ash has much lower corrosion potential than the volatile alkali chlorides, 
which form deposits leading to worsened function of the whole 
combustion installation, particularly the heat transfer surfaces and also 
accelerating the corrosion [Grabke et al., 1995; Hansen et al., 2000; 
Jiménez and Ballester, 2005; Pettersson et al., 2004]. 

 

Indicators for corrosion 

It has been proposed that when the molar ratio of S/Cl or 2S/(K+Na) in the fuel 
is greater than 4, corrosion caused by chlorine may be negligible. The term 
(K+Na) expresses the amount of “available” alkali in the mineral part of the 
fuel. This ratio gives only an orientation that may be far away from reality 
[Krause, 1986].  
 
According to other authors the ratio (2S) / (M+Cl), where M is K or Na, may 
also be used as an indicator for the corrosion potential of the fuels, particularly 
for biomass. Biomass with low corrosion potential has high values of the above 
ratio. The value of the corrosion indicator for herbaceous biomass types, such 
as straw, is less than 1, while for some woody biomass types it may be close to 
20. It is considered that a value above 10 is required for low corrosion potential 
of the fuel [Obernberger and Thek, 2004]. 
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Co-firing of biomass with coal and peat  

Co-firing of biomass with coal or peat is a technology which has been used in 
order to increase the utilization of renewable fuels as well as to “balance” the 
properties of the fossil fuels and biomass. 

In co-firing the alkali chlorides in biomass react with sulphur dioxide, SO2, 
from coal or peat and form sulphates that contribute to hampering the corrosion 
[Baxter, 2005; Demirbas, 2003; Hansen et al., 2000; Sander, 1997]. 
 

Use of additives preventing or hampering corrosion 

Various additives, such as kaolin, dolomite and others, have been used to 
improve the combustion properties of biomass and to prevent or hamper 
corrosion, slagging and deposit formation. The aim of using additives is usually 
to transform the potassium chloride and/or hydroxide gases formed during the 
combustion into compounds, which are less “mobile” and more stable at higher 
temperatures and may be removed from the combustor with the bottom ash 
instead of contributing to the formation of low temperature-melting materials, 
fly ash and deposits. Additives also contribute to raising the melting point of 
the bottom ash, preventing the formation of slaggs that cause serious problems 
and shutdowns in combustion facilities [Aho, 2001; Aho and Silvenni 2004; 
Lindström et al., 2007; Natarajan et al., 1998; Steenari and Lindqvist, 1998; 
Wei et al., 2005; Öhman and Nordin, 1998, 2000; Öhman et al., 2004a, 2004b, 
2004c, 2005]. 

Kaolin has shown good properties as an additive. Addition of kaolin leads to 
formation of high-temperature-melting aluminosilicates in the bottom ash 
instead of low-temperature melting chlorides or silicates in the fly ash, which 
may form deposits [Punjank and Shadman, 1988; Tran et al., 2005; Wei et al., 
2005]  

Kaolin belongs to the group of clay minerals, whose most common mineral is 
kaolinite, Al2Si2O5(OH)4.  When kaolin is heated it releases water at 450-600 oC 
and an amorphous mixture of alumina and silica, called meta-kaolinite, is 
formed: 

Al2Si2O5(OH)4 (s) →  Al2O3·2SiO2 (s)+ H2O (g)     (26) 
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The reactions binding gaseous KCl to aluminosilicates, which are of greater 
concern in combustion of biomass, may be presented as follows [Punjak and 
Shadman, 1988; Tran et al., 2005; Wei et al., 2005; Åmand et al., 2006]: 

Al2O3·2SiO2 (s) + 2KCl (g)+ H2O (g)  →  K2O·Al2O3·2SiO2 (s)+ 2HCl (g) (27) 

K2SO4 and KOH in the flue gases may also be captured by kaolin, though not 
as efficiently as the capture of KCl. While KCl needs water to react with meta-
kaolinite, K2SO4 and KOH do not [Tran et al., 2005]: 

Al2O3·2SiO2 (s) + K2SO4 (g)  →  K2O·Al2O3·2SiO2  (s) + SO3 (g)  (28) 

Al2O3·2SiO2 (s) + 2 KOH (g)  →  K2O·Al2O3·2SiO2  (s) + H2O (g)  (29) 

The equilibrium constants of the potassium capture reactions decrease with 
increasing temperature. Thus, the higher the temperature the lower conversion 
of potassium and kaolin at equilibrium [Tran et al., 2005]. 
 

Is it sulphur or aluminosilicates that hamper the corrosion in co-firing? 

An interesting assumption has recently been made concerning co-firing of 
biomass and coal. In co-combustion it has so far been considered that it is the 
sulphur from coal that hampers the corrosion caused by biomass.  

It has recently been suggested that the aluminosilicates in the coal and sludge 
may also significantly contribute to preventing corrosion in large-scale co-
firing installations (Aho and Ferrer, 2005; Åmand et al., 2006). Though co-
firing is not applied in small-scale combustion, utilisation of additives 
containing aluminosilicates, such as kaolin, may perhaps be of interest for 
abatement of corrosion in small-scale combustion too.  
 

Removal of hydrochloric acid from the flue gases 

Hydrochloric acid in the flue gases may cause corrosion problems in the 
chimney, and if it is released in the atmosphere it may also cause 
environmental problems.  

Attempts have been made at removal of HCl from the flues gases by absorption 
with alkali compounds such as limestone [Jenkins et., al, 1996; Partanen et al, 
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2005a, 2005b, 2005c; Turns et al., 2003] and sodium bicarbonate. The Swedish 
company Specialkemi Väst AB, Göteborg, (www.specialkemi.se/affarside.htm) 
recommends removal of HCl and SO2 from the flue gases by sodium 
bicarbonate using a method industrially applied in Japan, Italy, Germany, and 
France (TACUMA CO., LTD, www.takuma.co.jp). 
 

Chlorine-free fertilizers 

The content of chlorine in biofuels may significantly be decreased already 
during growth [Davidsson et al, 2002; Gustavsson, 2005; Sander, 1997]. The 
content of chlorine, which plays a key role in corrosion, reflects the nutrient 
composition of the soil rather than the plant physiology. The levels of chlorine 
required for optimal plant growth are usually far less than those made available 
by nutrients. This should be kept in mind when growing energy crops or 
selecting biomass for combustion. 

Figure 7. Release of alkali in pyrolysis of straw from wheat (w) and oats (o) 
grown with potassium chloride (wheat: wCl and oat: oCl) and potassium 
sulphate (wheat: wSO4 and oat: oSO4) as fertilizers.  

Replacement of chlorine-containing fertilizers with chlorine-free fertilizers 
may minimize the content of chlorine in the biofuels (Davidsson et al., 2002; 
Sander, 1997). 
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Though potassium chloride causes severe corrosion problems in combustion of 
herbaceous biofuels it is still used as a potassium fertilizer because it is 
economically preferable to, for example, potassium sulphate. 

Figure 7 shows that the mobility of the alkali (the release of alkali at high 
temperatures) is higher in the samples fertilized with chlorides compared to the 
samples fertilised with sulphates. Fertilizer containing chlorine increases the 
content of chlorine in the plants and thus the mobility of alkali in thermal 
treatment. 
 

4. Abatement of corrosion in small-scale 
combustion of biomass. Concluding remarks 

The experience accumulated in abatement of corrosion in various systems is of 
great value for abatement of corrosion in small-scale combustion of biomass. 
Selection of the most suitable methods needs, however, further research in the 
field. 

Not all methods for preventing corrosion in large-scale combustion and other 
related systems are suitable for use in small-scale. Addition of sulphur, co-
firing, or removal of “troublesome” inorganic constituents by washing the fuel 
is less suitable for small-scale domestic application. 

Use of additives such as kaolin (clays) and Ca-containing compounds 
decreasing the volatility of alkali and the formation of deposits seems to be 
more suitable for small-scale combustion. 

The decrease of chlorine content of the cereals used as biofuels already under 
the growing stage by avoiding chlorine-containing fertilizers (Davidsson et al., 
2002; Gustavsson, 2004, 2005) is also promising. 

Optimisation of the combustion installations, the construction materials, the 
conditions for combustion, and particularly the temperature profile in the 
installations and the moisture content of the biofuels have a great potential. 
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Overall conclusions 
 
Marine brown alga (Fucus vesiculosus), terrestrial moss (Pleurozium 
schreberi) and birch wood sawdust (Betula sp.) have been studied as precursors 
for preparation of low-cost biosorbents for removal of Cu(II) ions from 
aqueous solutions. The sorption isotherms of Cu(II) ion onto the three 
biosorbents are well described by the Langmuir model. Birch wood does not 
seem suitable as a precursor for preparation of biosorbents. The sorption 
capacities of the studied biosorbents seem to correlate well with their amounts 
of surface acidic groups. Regeneration of the saturated biomass samples may 
be performed using diluted HCl as eluent, without damage or loss of 
performance after five sorption-desorption cycles. 

Activities and stabilities of catalysts based on Pd/MnO supported on La-
stabilized alumina were tested for oxidation of combustibles representative for 
flue gases from wood combustion, carbon monoxide, methane and naphthalene 
in presence of oxygen, water, carbon dioxide and nitrogen. The concentrations 
of the gaseous components correspond to those in the flue gases from 
combustion. Of primary interest is the temperature suitable for calcinations of 
the catalysts. The results obtained in this study suggest that 700 ºC is the most 
suitable calcination temperature. Lower temperatures, 500 and 600 ºC, seem to 
result in formation of less thermally stable catalysts. The catalysts calcined at 
higher temperature, 800 ºC, have stable performance in repeated activity tests; 
however, lower activity compared to the catalysts calcined at lower 
temperatures.  
A short presentation of possible reasons and mechanisms for corrosion and 
slagging in biofuel combustion is made. Of primary interest is small-scale 
combustion of non-woody biofuels. Methods for preventing corrosion in large-
scale combustion and other related systems are often less suitable for use in 
small-scale. Addition of sulphur or removal of “troublesome” inorganic 
constituents by washing the fuel is less suitable for small-scale domestic 
applications. Use of additives such as kaolin and Ca-containing compounds 
decreasing the volatility of alkali and the formation of deposits, as well as the 
use of chlorine-free fertilizers seem to be more suitable for small-scale 
combustion. Optimisation of the combustion installations, the construction 
materials, the conditions for combustion, and particularly the temperature 
profile in the installations and the moisture content of the biofuels have great 
potential. 
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