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Abstract 

The purpose of this study was to investigate the role of aldehydes in two industrial sectors; biomass combustion and 

pulp and paper industry. Aldehydes are formed as unwanted intermediate compounds during biomass combustion, 

however in pulp and paper industry formaldehyde could be an important end product when treating the waste gas 

streams. Biomass fuels are the major renewable energy sources used in industries due to their environmental 

benefits. Emissions from biomass combustion depend on the composition of fuel and combustion conditions.  

In this work, emissions from the combustion of various solid biomass fuels in industrial scale boilers have been 

studied by a literature survey. It was observed that formaldehyde and acetaldehyde were the predominant 

intermediate compounds formed during biomass combustion. European Union directives 1999/30/EC and 

2008/50/EC provide limiting values for the emissions from biomass boilers to protect human health. Aldehydes are 

unregulated pollutants that are toxic in nature and can cause adverse effects to human health and the environment.  

Black liquor is formed in pulp and paper industry during wood processing. Black liquor contains organic matter 

which can be used as an important biomass fuel in the recovery boiler. Pulping and bleaching processes of a pulp 

mill release hazardous compounds like methanol and methyl mercaptan. These compounds are commonly treated by 

incineration in a boiler. Incineration converts the waste stream to carbon dioxide and water thus increasing the 

greenhouse gases.  

Currently research is in progress to develop alternative ways for utilizing methanol containing waste gas streams, by 

converting them to other valuable compounds. In this regard catalytic oxidation has become a very promising 

technology. This is an environmentally friendly way to treat these emissions and in addition it has a positive 

economic impact on the pulp mill. This route is in experimental level and needs further research for its application in 

industrial scale.  Formaldehyde is a very useful compound as it can be further utilized in a number of industries for 

the production of other compounds.  
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1 INTRODUCTION 

Aldehydes are a group of organic compounds containing a carbonyl group, and 

formaldehyde is the simplest compound of this group. Aldehydes occur naturally 

combined with other functional groups in plants and microorganisms. Aldehydes can be 

prepared by using different methods; the commonly used route (of preparation) is 

alcohol oxidation. Formaldehyde and acetaldehyde have a great importance in industries 

as they are highly reactive and take part in various reactions.  

This work is a literature survey to study the role of aldehydes in the processes of two 

industrial sectors; biomass combustion and pulp and paper industry. Biomass fuels are 

among the major renewable energy sources that are used in the energy consumption of 

industrial and domestic utilities. The most essential way of using biomass fuels is 

through combustion. Biomass combustion provides environmental benefits by reducing 

the amount of criteria pollutants. Various pollutants are emitted during biomass 

combustion depending on the composition of the fuel and combustion conditions.  

Functional groups present in the biomass fuels are responsible for the formation of 

various intermediate compounds. Aldehydes are one of the intermediate compounds 

formed during biomass combustion. In this work, the emissions from different solid 

biomass fuels in industrial scale boilers have been studied using the information existing 

in the literature. Formaldehyde and acetaldehyde are found to be predominant 

intermediate compounds formed during biomass combustion.  

Aldehydes are possible new products in pulp and paper industry and thus it is the other 

industrial sector studied in this work. During the processing of wood in pulp and paper 

industry black liquor which is composed of pulping reagents, by-products and degraded 

lignin is formed. Black liquor is an important biomass fuel in pulp and paper industry. 

Recovery boiler is used to burn the organic mass present in the black liquor for energy 

production and recovering the used chemicals from black liquor. Burning black liquor 

in a recovery boiler produces heat and steam for electric power generation.  
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Pulping and bleaching processes of the pulp and paper industry release toxic pollutants. 

Methanol and methyl mercaptan are the hazardous compounds formed along with other 

pollutants during the various processes in pulp and paper industry. Different techniques 

are used to control the emissions of these malodorous compounds. The most commonly 

used technique is collecting these compounds from different process steps and burning 

them in an incinerator or boiler. This treatment process converts methanol and methyl 

mercaptan to carbon dioxide and water. Due to the high operating costs and the 

byproducts formed, the burning of these gases is not a good option.  

An alternative way is to convert the waste gas streams like methanol and methyl 

mercaptan to other valuable products by catalytic oxidation. This is an environmentally 

friendly way of utilizing the waste streams as it reduces the greenhouse gas emissions.  

Aldehydes have valuable role in pulp and paper industry; they could be important end 

products when utilizing chemically the waste gas streams originating from the pulp mill. 

Formaldehyde is the valuable compound that can be produced by using methanol and 

methyl mercaptan as feed compounds in selective partial oxidation reactions. This route 

of treating the waste stream is in an experimental level. In this work the current status of 

research done in this area and the recent findings are studied.  
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PART 1: ALDEHYDES AS UNWANTED INTERMEDIATE 

PRODUCTS IN BIOMASS COMBUSTION 

2 BIOMASS FUELS IN ENERGY PRODUCTION  

Energy needs are increasing rapidly in our modern society and at the same time the 

existing energy resources are limited. In this scenario biomass has become a major 

renewable energy source which can compete with fossil fuels. Biomass consists of 

carbon, hydrogen and oxygen and has a high energy content. (Isahak et al. 2012) 

Biomass accounts approximately 14% of the energy consumption in both domestic and 

industrial sectors and biomass utilization for energy production has gained worldwide 

interest (Demirbas 2004, Nussbaumer 2003). By using biomass as a fuel for power 

generation it provides environmental benefits since it is renewable and carbon dioxide 

(CO2) neutral fuel.  Biomass absorbs carbon dioxide during the growth and emits it 

during combustion (Demirbas 2004). The fuels used for heat and power generation are 

mostly combustible residues and wastes from the forest and agricultural activities 

(Permchart et al. 2004).  

Combustion is the most essential way for biomass utilization; it can be done either by 

direct combustion or with the help of other pretreatment processes like pyrolysis, 

gasification, anaerobic digestion and alcohol production. Pretreatment can be applied to 

biomass for increasing its energy content before combustion. (Haykiri-Acma 2003) 

These processes transform the carbonaceous solid material into fuels with physico-

chemical characteristics allowing easy handling and transferability (Demirbas 2004). 

The most common way of biomass utilization for energy is through direct combustion 

(Haykiri-Acma 2003). Biomass is mainly composed of cellulose, hemicellulose, lignin 

and lipids, proteins, sugars, starches, water, hydrocarbons, ash and other compounds 

(Jenkins et al. 1998).  The composition of biomass fuels and the combustion conditions 

affect the emissions of biomass burning (Simoneit 2002).  
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Biomass feedstocks having up to 60% water can be used in biomass combustion 

(Nussbaumer 2003). The potential biomass fuel sources include wood, woody crops, 

agricultural wastes, herbaceous plants, wood wastes, bagasse, industrial residue and 

wastes, paper waste, municipal solid waste, saw dust, biosolids, grass, food processing 

waste, aquatic plants and algae wastes. Different types of biomass fuels are acquired 

from these potential sources with numerous variations in their composition. (Demirbas 

2004) The compositions other than carbon, hydrogen and oxygen lead to pollutant 

formation. Nitrogen is a source of NOx and similarly other constituents lead to ash 

components and particulate emissions. (Nussbaumer 2003) 

Due to different sources, biomass fuels can be found in different forms. Thus the 

biomass fuels can be classified with respect to different aspects as shown in Figure 1. 

On the basis of the origin, the biomass fuels can be classified as virgin wood, energy 

crops, agricultural residue, municipal solid waste, and industrial waste. Virgin wood 

includes woody biomass of all forms like logs, branches, bark and sawdust. Energy 

crops are grown to be used as fuels; it also includes short rotation energy crops like 

short rotation forestry and coppice, agricultural energy crops, grasses and non-woody 

energy crops like Miscanthus, switch grass, reed canary grass, rye, giant reed, and 

aquatic biomass like algae.  The residue obtained from agricultural crops and processes 

can be used as biomass fuel. It includes arable crop residue like stalks, straw and husks, 

organic material of excess production, animal manure and animal bedding. Municipal 

solid waste can also be used for energy production by direct combustion; it mainly 

includes paper, cardboard, wood, food, leather, textiles and yard trimmings. Industrial 

waste is also considered to be renewable in nature and it includes wastes from wood, 

pulp and paper, textile and food industries, and sewage sludge and waste oil. (Rosendahl 

2013) 
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Figure 1. Classification of biomass fuels with respect to origin (based on Rosendahl 

2013). 

According to the International Energy Agency (IEA) in 2000 biomass provided 

approximately 10% of the required primary energy. Non-Organization for economic 

cooperation and development (OECD) countries accounted for 85% of this primary 

energy mostly consuming fire wood, crop wastes, dung and charcoal. Wood is 

extensively used for energy purposes in both OECD and non-OECD countries. 

(Princeton University 2013) 

As mentioned earlier biomass typically consists of cellulose, hemicellulose, lignin, 

lipids, proteins, sugars, starches, water, hydrocarbons, ash and other compounds. 
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Cellulose is built from glucopyranose units linearly linked by one to four glycosidic 

bonds. Hemicellulose has a variable composition having five to six carbon 

monosaccharide units while lignin consists of polymers of phenyl propane in irregular 

shapes (Jenkins et al. 1998). Wood biomass contains 45-55 wt.% cellulose, 12-20 wt.% 

hemicellulose, and 20-30 wt.% lignin. (Hardy et al. 2012) Table 1 shows the general 

composition of some example biomass fuels. Cellulose and hemicellulose are the 

prominent compositions of biomass fuels while lignin is found in considerably smaller 

quantities. (Isahak et al. 2012) 

Table 1. General composition of various biomass fuels (Isahak et al. 2012). 

Biomass compared with other fuels tends to be highly oxygenated; 30-40% of biomass 

is oxygen. The main constitute of biomass is carbon which ranges between 30-60% 

depending on the ash content. Hydrogen accounts for 5 to 6% while nitrogen, sulfur and 

chlorine are present in less than 1% quantity and are responsible for the pollutant 

formation. In some biomass fuels the inorganic compounds like potassium and silica 

can also be found in large quantities. (Jenkins et al. 1998) Nitrogen present in the 

biomass fuel is the most important source of NOx emissions in power generation today. 

The amines and proteins present in biomass fuels lead to the formation of ammonia 

(NH3). (Lucassen et al. 2011)  

The elemental composition of some biomass fuels like brushwood, maize straw, wheat 

straw, rice straw and sorghum stalk is given in Table 2, which shows the moisture, ash, 

volatile matter and fixed carbon contents present in these fuels. Volatile matter is 

present in significant amounts in all the biomass fuels. Table 3 shows the basic 

Composition 
Empty fruit 

bunches 

Corn 

Stover 

Poplar 

aspen 

Wheat 

straw 

Cellulose (mf wt.%) 59.7 31.0 42.3 32.4 

Hemicellulose (mf wt.%) 22.1 43.0 31.0 41.8 

Lignin (mf wt.%) 18.1 13.0 16.2 16.7 
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components that are present in the example biomass fuels like carbon, hydrogen and 

nitrogen. (Wang et al. 2009)  

Table 2. Proximate analysis of the composition of biomass fuels (Wang et al. 2009). 

Biomass 

fuels 
Moisture (wt.%) Ash (wt.%) 

Volatile matter 

(wt.%) 

Fixed carbon 

(wt.%) 

Brushwood 9.8 ± 1.2 8.1 ± 0.7 61.9 ± 1.7 30 

Maize straw 7.3 ± 1.7 5.4 ± 0.6 69.0 ± 2.2 25.6 

Wheat straw 6.1 ± 0.8 5.9 ± 0.5 70.5 ± 0.9 23.6 

Rice straw 11.5 ± 1.9 8.8 ± 0.8 72.7 ± 3.2 18.5 

Sorghum 

stalk 
5.9 ± 0.6 6.4 ± 0.9 70.1 ± 2.5 23.5 

 

Table 3. Ultimate analysis of the elemental composition of biofuels (Wang et al. 2009). 

Biomass fuels Carbon (wt.%) Hydrogen (wt.%) Nitrogen (wt.%) 

Brushwood 46.2 ± 1.2 6.5 ± 0.7 1.0 ± 0.1 

Maize straw 44.6 ± 2.1 6.7 ± 1.0 0.5 ± 0.1 

Wheat straw 43.4 ± 0.7 6.3 ± 0.5 1.0 ± 0.1 

Rice straw 39.0 ± 1.4 6.5 ± 0.8 0.8 ± 0.1 

Sorghum stalk 46.5 ± 1.0 6.8 ±0.7 0.6 ± 0.1 

 

Biomass energy has become important due to the reduction in environmental concerns 

compared to fossil fuels. By co-firing biomass fuels with fossil fuels in conventional 

power plants it gives economic advantages and reduction in environmental risks.  

(Bridgewater et al. 2003) Various studies indicate that the combustion of biomass fuels 

reduces the amount of criteria pollutants but on the other hand is also responsible for the 

emissions of some unregulated pollutants like aldehydes (Gaffney et al. 2009).  
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3 BIOMASS COMBUSTION PROCESS 

Combustion is a complex process involving heat and mass transfer with chemical 

reactions and fluid flow. The most widely used method for converting biomass into 

energy is combustion. The chemical energy of the biomass fuel is converted into heat 

which is further transformed into various types of mechanical and electrical energies. 

The direct burning of biomass fuel is a common technique practiced around the world 

for cooking and space heating but is considered as less desirable due to the air pollution 

and the negative health impacts from incomplete combustion. (Jenkins et al. 2011) 

Combustion of biomass as shown in Figure 2 consists of consecutive heterogeneous and 

homogenous reactions. The main steps during combustion are (Nussbaumer 2003): 

1. Drying 

2. Devolatilization 

3. Gasification 

4. Char combustion 

5. Gas-phase oxidation 

 

Figure 2. Main reactions during combustion of biomass (Nussbaumer 2003). 
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Reaction time depends on size and composition of fuel, and combustion conditions. The 

consecutive reactions occur simultaneously in different sections of the furnace and for 

that reason it is useful to separate different process steps according to the pollutant 

formation. (Nussbaumer 2003) The chemical composition of the fuel is responsible for 

the type of emissions that results from the combustion of that fuel (Simoneit 2002). 

Variation in the composition of biomass makes the design of combustion systems 

difficult (Jenkins et al. 1998). 

Fuel composition and properties, and how they influence the products are important to 

know for a combustion process. A general combustion reaction equation of a biomass 

fuel can be presented by the following equation (Jenkins et al. 1998): 

Cx1Hx2Ox3Nx4Sx5Clx6Six7Kx8Cax9Mgx10Nax11Px12Fex13Alx14Tix15 + n1 H2O + n2 (1+e) (O2 

+ 3.76 N2) = n3 CO2 + n4 H2O + n5 O2 + n6 N2 + n7 CO + n8 CH4 + n9 NO + n10 NO2 + 

n11 SO2 + n12 HCl + n13 KCl + n14 K2SO4 + n15 C + ……  (1) 

The first reactant term represents the empirical formula of biomass fuel. The second 

term represents the moisture content of the fuel, and the third reactant term represents 

air which is very essential for the combustion reaction. The product part of the equation 

is very complex and the main products appear first. There are also some pollutants 

being emitted like carbon monoxide, hydrocarbons, and sulfur and nitrogen oxides 

along with chlorides, sulfates, carbonates and silicates. (Jenkins et al. 1998) 

The main parameter in biomass combustion is the excess air ratio, which is the ratio 

between the locally available air and stoichiometric amount of combustion air. The 

combustion reaction for biomasses can be expressed as (if fuel constituents such as N, 

K, Cl etc., are neglected) (Nussbaumer 2003): 

CH1.44O0.66 + λ1.03 (O2 + 3.76 N2)               intermediates (C, CO, H2, CO2, CmHn, etc.)                

             CO2 + 0.72 H2O + (λ-1) O2 + λ3.87 N2   (-439 kJ/kmol)                       (2)  
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where 

CH1.44O0.66 is the average composition of biomass, 

λ is the air to fuel ratio.  

Biomass combustion results in a variety of emission compounds that are distributed in 

the atmosphere and are responsible for various environmental impacts. Carbon 

monoxide (CO), methane (CH4) and volatile organic compound (VOC) emissions affect 

the oxidation capacity of troposphere while nitric oxide and VOCs lead to ozone 

formation. (Koppmann et al. 2005) 

The combustion pollutants can be categorized as (Nussbaumer 2003): 

1. Unburnt pollutants like CO, CxHx, poly aromatic hydrocarbons (PAH), tar, soot, 

unburnt carbon, H2, HCN, NH3 and N2O; 

2. Pollutant from complete combustion like NOx, CO2, and H2O; 

3. Ash and contaminants like ash particles, SO2, HCl, Cu, Pb, Zn, Cd, etc.  

 

3.1 Combustion parameters 

Biomass combustion consists of drying and preheating of fuel, release of volatile gases 

and combustion of gases and the remaining fuel. The thermal decomposition of biomass 

starts above 220
o
C. The decomposition of cellulose starts at 320 − 370

o
C, hemicellulose 

at 220 – 320
o
C, and lignin at 320 – 500

o
C. Pollutant emissions are very much affected 

by the combustion mechanism and conditions, furnace design and quality of fuel during 

biomass combustion. (Hardy et al. 2012) 

Variation in the combustion temperature changes the molecular adjustments and 

transformation of organic compounds present in the biomass fuels, which leads to the 

formation of different emission compounds (Simoneit 2002). The combustion 

conditions have a considerable effect on the emission rates. For example, Jenkins et al. 

(1998) compared biomass combustion under three different conditions; uncontrolled 
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combustion, controlled combustion and laboratory experiments. Results showed that 

controlled combustion has four times less emissions as compared to the others.  

 

3.2  Combustion characteristics of biomass fuels 

Biomass fuels possess high levels of moisture and ash contents which results in ignition 

and combustion problems (Demirbas 2004). The length of the ignition process depends 

on the type of the fuel used because the water content, density and amount of the fuel 

have an influence on the ignition time (Koppmann et al. 2005). Biomass fuels have low 

heating values, and also flame stability problems. These problems can be reduced by 

feeding high quality coal with the biomass fuels. Biomass is a very beneficial feedstock 

for combustion due to its high volatility and reactivity. (Demirbas 2004) Biomass 

combustion is a non-selective process and reduces the whole fuel into simpler products. 

Similarly biomass composition has a significant effect on the combustion behavior 

(Jenkins et al. 1998).   

Biomass can be used directly or along with some other primary fuels in the combustion 

systems. The peak temperatures of biomass fuels vary between 287
o
C and 302

o
C. 

Biomass fuels have large variations in their composition which causes variations in the 

emissions. Properties like specific heat, thermal conductivity and emissions vary with 

the change in the moisture content (composition), temperature and degree of thermal 

degradation. Moisture, volatiles, char and ash are the products of biomass thermal 

degradation. Volatiles include light hydrocarbons, carbon monoxide, carbon dioxide, 

hydrogen and moisture. (Demirbas 2004)  

High oxygen content and high organic volatile matter make biomass a potential source 

for large amounts of inorganic vapors during combustion. With the increase in hydrogen 

to carbon ratio, a large amount of fuel is lost during the pyrolysis stage of combustion. 

Biomass can loose up to 90% of its mass during the first stage of combustion; normally 

75% of the volatiles are lost during this stage of combustion. (Jenkins et al. 1998) 
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Products formed during combustion depend on the combustion temperature, heating 

rate, composition of biomass fuel, location of species within biomass and their 

properties and growth conditions, and also on the combustion environment (Demirbas 

2004). An ideal combustion system is the one which is highly efficient and which will 

also minimize the environmental impacts. The rate of emissions of various pollutants 

also depends on the fuel content, combustor design and operating conditions. The 

availability of the excess of air for combustion reduces the amount of unburnt 

pollutants. (Permchart et al. 2004) 
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4 POLLUTANT FORMATION 

In biomass combustion pollutant formation occurs for two reasons; incomplete 

combustion, and pollutants formed as a result of the composition of biomass fuels 

(Nussbaumer 2003). Carbon dioxide and water are formed as a result of complete 

combustion (Koppmann et al. 2005, Wang et al. 2009). Other pollutants formed during 

biomass combustion are particulate matter, carbon monoxide, hydrocarbons, oxides of 

nitrogen and sulfur, and some acidic gases like hydrogen chloride (HCl) are also emitted 

due to the presence of heavy metals in the biomass. Hydrocarbons and carbon monoxide 

along with other volatile organic compounds (VOCs) and polyaromatic compounds are 

formed due to incomplete combustion of biomass. The emissions of these species can be 

reduced by controlling the moisture level of the fuel and allowing excess air for 

combustion (Jenkins et al. 1998).   

Biomass fuels possess functional groups that can lead to undesired and harmful 

combustion emissions. There are also a number of intermediates like aldehydes and 

nitrogen containing compounds formed during combustion, which contribute to the 

harmful emissions. (Lucassen et al. 2011) The oxides of nitrogen and sulfur are formed 

due to the presence of nitrogen and sulfur in the fuel. NOx in combination with 

hydrocarbons forms photochemically ozone. For biomass fuels with high nitrogen 

concentration there is a decline in the conversion of N to NO. The reason for this is that 

the carbon present in the fuel competes for oxygen to form CO which leaves less 

oxygen available for NOx formation. (Jenkins et al. 1998) The decomposition of 

biomass fuel into different products depends on the structure of the compounds present 

in fuel, combustion conditions and ring structure of the compounds e.g. O- and N-

containing ring structure (Lucassen et al. 2011).  

The combustion emissions of three different biomass fuels (wood, short-rotation willow 

and switch grass) have been analyzed by Fournel et al. (2013). The elemental analysis 

of the used biomasses and the used combustion conditions are given in Table 4, which 

shows that biomass fuels have high oxygen and carbon content. For switch grass the 
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oxygen and carbon contents are almost the same. Table 5 represents the emissions from 

the combustion of these biomass fuels burned in a laboratory scale biomass pellet stove.  

Table 4. Characteristics and combustion conditions of three biomass fuels (Fournel et al. 

2013). 

Element Units Wood 
Short-rotation 

willow 
Switch grass 

Biomass composition 

Carbon wt.% dry basis 49.8 48.8 46.9 

Nitrogen wt.% dry basis 0.114 0.632 0.672 

Chlorine wt.% dry basis 0.001 0.004 0.014 

Sulfur wt.% dry basis 0.05 0.06 0.10 

Hydrogen wt.% dry basis 6.2 6.2 5.5 

Oxygen wt.% dry basis 43.875 44.204 46.814 

Moisture 

content 
wt.% wet basis 6.10 11.36 13.05 

Gross 

calorific 

value 

MJ/kg 17.9 18.0 18.7 

Combustion conditions 

Air flow rate m
3
/min 0.23 0.21 0.20 

Combustion 

rate 
kg/h 1.20 1.92 1.56 
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Table 5. The measured flue gas emissions from the combustion of three biomass fuels 

(Fournel et al. 2013). 

Gas species Wood (g/kg) 
Short-rotation 

willow (g/kg) 

Switch grass 

(g/kg) 

CH4 0.3012 0.0043 0.0000 

CO 21.8 17.4 2.41 

CO2 1949 1870 1610 

HCl 0.018 0.0000 0.016 

NH3 0.0016 0.0063 0.0007 

NO2 0.0066 0.1284 0.3616 

N2O 0.0000 0.0343 0.0000 

SO2 0.71 0.53 1.70 

Particulate matter formed during the combustion of biomass fuels consists of ash, soot, 

condensed fumes of oils and tars, VOCs and PAH compounds (Jenkins et al. 1998). 

Other compounds present in the particulate matter include alkanes, alkenes, aldehydes, 

ketones, fatty acids, fatty alcohols, methoxyphenols, monosaccharide derivatives, 

phytosterols, diterpenoids, triterpenoids and wax esters (Simoneit 2002). 

VOCs present in the emissions are due to two reasons, (1) cracking of organic fuel 

materials and (2) formation from organic compounds. Biomass combustion emits a 

large variety of oxygenated organic compounds during the smoldering phase of 

combustion. These compounds include alcohols, aldehydes, ketones, carboxylic acids 

and esters. (Koppmann et al. 2005) Hardy et al. (2012) have observed that VOCs 

emitted during the combustion of wheat straw, rape straw and wood biomass fuels 

include aldehydes, such as acetaldehyde, formaldehyde and propionaldehyde.  
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4.1 Effect of composition and combustion conditions on formation of 

gaseous emissions 

Reactions during biomass combustion lead to decomposition of biomass molecules. The 

composition is very important in predicting the output products from biomass 

combustion. Even the composition is helpful for favoring the formation of desired 

compounds. (Garcia-Perez 2008) The effect of different compounds present in the 

composition of biomass fuels can be investigated with the help of combustion models 

under different reaction conditions. These combustion models are helpful in predicting 

the emissions under realistic conditions. (Lucassen et al. 2011) The formation of 

gaseous emissions depends on the composition of fuel and the combustion conditions 

(Simoneit 2002). The variable composition of biomass is also responsible for the 

difficult design of combustion systems (Jenkins et al. 1998).   

Cellulose, hemicellulose and lignin are the major constitutes of biomass and produce 

different volatile compounds and char on combustion. Cellulose at temperatures less 

than 300
o
C decomposes into char, while at temperatures higher than 300

o
C reaction 

yields tarry anhydrosugars and volatile products. The burning of lignin yields phenols, 

aldehydes, ketones, acids and alcohols. The emissions from combustion of hard wood 

yield syringaldehydes and syringic acid along with other pyrolysis products.  (Simoneit 

2002)  

Hardy et al. (2012) have investigated the combustion of four biomass fuels i.e. wood, 

wheat straw, rape straw and miscanthus in a small biomass boiler. The operating 

conditions were the same for all the biomass fuels and the flue gas temperature was 

from 200 to 290
o
C. The gaseous emissions from these different biomass fuels were 

analyzed at the same temperature and the results are shown in Table 6. 
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Table 6. Concentration of pollutants in the emission of selected biomass fuels (Hardy et 

al. 2012). 

Parameter Wood Wheat straw Rape straw Miscanthus 

Flue gas temp 
o
C 210-225 220-240 200-225 240-290 

O2 % by vol 10-12 10-12 10-12 10-13 

CO, mg/m
3
 1230-2000 9250-14800 20300-37000 2200-3700 

NO, mg/m
3
 134-236 200-270 134-174 187-240 

HCl, mg/m
3
 22 53 15 5 

The results gained by Hardy et al. (2012) show that the combustion was performed in 

similar ranges of temperature and excess air, the concentration of CO and NO in the 

emissions were considerably different depending on the type of fuel used. The highest 

concentration of CO was found during the combustion of rape straw; it ranged from 

20300 to 37000 mg/m
3
. High concentration of CO was also measured in the emissions 

from the wheat straw combustion (9250 – 14800 mg/m
3
). The lowest concentration of 

CO was found during the combustion of wood. Similarly NO concentration in the 

emissions varied for all types of biomass fuels used. The highest concentration for NO 

was observed during the combustion of wheat straw (200 – 270 m
3
) and the lowest 

during the combustion of rape straw (134 – 174 m
3
).  

Wang et al. (2009) have analyzed the emissions from the combustion of different 

biomasses i.e. brushwood, maize straw, wheat straw, rice straw and sorghum stalk. 

Based on their analysis results the concentration of emissions depends on the 

combustion conditions. In the initial stage of combustion the concentration of the 

emissions was found to be 1.5 – 6.0 times higher than in the later stage of combustion. 

Similarly it was also observed that the nature of the emission stream varies with the 

combustion system and the type of fuel used.  
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4.2 Formation of intermediate compounds in biomass combustion 

As mentioned earlier biomass fuels are composed of carbon, hydrogen, chlorine, 

sulphur, nitrogen and organics. Biomass combustion converts the contents of fuel into 

carbon dioxide and small amount of carbon monoxide, water vapor, hydrogen chloride, 

chlorine gas, sulfur dioxide, sulfur trioxide, nitrogen monoxide, nitrogen dioxide and 

nitrogen gas. At high temperature the organics are decomposed into lower molecular 

mass species. These lower molecular mass species meet with oxygen and hydroxyl 

radicals to form intermediate compounds such as aldehydes, ketones, alcohols, and 

acids. These intermediates are emitted as products of incomplete combustion (PICs) 

from the flame zone. (Gavrilescu 2008) 

Effective use of biomass fuels in an environmentally friendly way is desirable. Biomass 

fuels have high oxygen contents. As already mentioned earlier, the combustion of these 

oxygen containing fuels reduces particulate emissions but also possesses the potential of 

producing toxic intermediate compounds like formaldehyde and acetaldehyde. (Yang et 

al. 2007) Formaldehyde and acetaldehyde are the predominant intermediate compounds 

formed during the biomass combustion (Singh et al. 2004). They are also formed during 

thermal decomposition of cellulose along with other aldehydes (Isahak et al. 2012). 

Singh et al. (2004) carried out measurements in the Pacific troposphere to study the 

oxygenated volatile organic compounds present in the atmosphere and estimated the 

global sources for the emission of these compounds. Large numbers of compounds were 

found during the measurements, containing acetaldehyde, propionaldehyde and 

formaldehyde. It was assessed that the sources for the emissions of aldehydes are 

biomass and fossil fuels combustion. 
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5 FORMATION OF ALDEHYDES DURING BIOMASS 

COMBUSTION 

Aldehydes are organic compounds having a carbonyl (C=O) functional group. The 

carbonyl functional group is attached with at least one hydrogen atom and the other 

bond may be occupied with any other functional group like the alkyl or aryl substituent. 

The oxygen atom of the carbonyl group has higher electronegativity than the carbon 

atom which makes the carbonyl group polar and responsible for the higher boiling 

points of aldehydes as compared to alkenes of the same size. (Reusch 2013) 

Aldehydes can be found in nature combined with other functional groups. They can also 

be found in plants and microorganisms. The synthesis of aldehydes can be produced in a 

number of ways using different reactions like oxidation of alcohols, Friedel-Craft 

acylation, hydration of alkynes, glycol cleavage, and ozonolysis of alkenes. (Reusch 

2013) Aldehydes are also formed as a result of various industrial processes, incomplete 

combustion and vegetation (Cerqueira et al. 2013, Obwald et al. 2011). Other sources of 

aldehydes are biogenic emissions and photochemical oxidation of hydrocarbon 

precursors that are naturally emitted (Zhang et al. 1999). 

Biomass combustion is a great potential source for the formation of oxygenated 

intermediate compounds as the oxygen present in the fuel increases the formation of 

such intermediates (Obwald et al. 2011). Lignin, a primary biomass component contains 

functional groups such as phenolic compounds, hydroxyl, carboxyl, and carbonyl 

groups along with ester and ether bonds. During the biomass combustion lignin 

decomposes into aldehydes, especially formaldehyde. The decomposition occurs 

without any catalyst. (Osada et al. 2004) Similarly in another study by Koppmann et al. 

(2005) during the combustion of wood biomass the poly-saccharides and functional 

groups of lignin and hemicellulose decomposed into aldehydes. This decomposition 

occurs during the initial stage of combustion at temperatures less than 100
o
C. Similarly 

the thermal decomposition of cellulose yields compounds including 
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hydroxyacetaldehyde, levoglucosan, furfural and other aldehyde compounds like 

formaldehyde (Isahak et al. 2012). 

Zhang et al. (1999) studied the emissions from combustion of different biomasses like 

wheat residue, maize residue, fuel wood and brush wood. Formaldehyde and 

acetaldehyde were formed in high concentrations during the combustion. Other 

aldehydes formed during the combustion of biomass include propionaldehyde, croton 

aldehyde, isobutyraldehyde, isovaleraldehyde, vale aldehyde, hex aldehyde, benz 

aldehyde, o-tolualdehyde, p-tolualdehyde, and m-tolualdehyde. The quantities of these 

aldehydes are however very low as compared to formaldehyde and acetaldehyde.  

Formaldehyde (CH2O) is the simplest aldehyde; it has two hydrogen atoms bound with 

the carbonyl group. It is found in the atmosphere as a result of the decomposition of 

hydrocarbons. It can also be found in indoor places as a result of combustion. It is a 

very reactive compound, under combustion conditions it decomposes or may react with 

other species. (Vandooren et al. 1986) Formaldehyde is an important intermediate 

compound formed during the incomplete combustion of fossil fuels, biomass burning, 

industrial processing and vegetation emissions. It is also formed during the 

photochemical degradation of methane and non-methane VOCs. (Kormann et al. 2003)  

Acetaldehyde (C2H4O) is used as an intermediate during various industrial synthetic 

processes like in the production of acetic acid, acetic anhydride, ethyl acetate, butyl 

aldehyde etc. It can also be used as a solvent in rubber production, tanning leather, 

paper industry, as preservative and flavoring agent, denaturant for alcohol and in fuel 

composition. Acetaldehyde can be produced by using different reaction pathways 

including partial oxidation of ethanol and ethylene, hydration of acetylene, and ethanol 

dehydrogenation. The most commonly used method is ethanol dehydrogenation; it 

requires only one reactant that can be formed from abundant products. 

(Neramittagapong et al. 2008)  

Characterization of emissions from birch wood combustion identifies a large number of 

aldehydes in the emission sample. Formaldehyde is found to be the most abundant 
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among the volatile aldehydes with an emission factor of 422 mg/kg of the biomass fuel.  

(Hedberg et al. 2002) Wang et al. (2009) studied the combustion of brushwood, maize 

straw, wheat straw, rice straw and sorghum stalk, acetaldehyde was found in the 

gaseous emissions and it accounted for 6.5−7.3% of the total volatile organic 

compounds. 

 

5.1 Effect of fuel composition on formation of aldehydes 

Emission patterns of aldehydes depend on the type of fuel and combustion appliance 

used (Cerqueira et al. 2013). Hedberg et al. (2002) measured the emissions from birch 

wood combustion in a wood stove. In another study McDonald et al. (2000) analyzed 

the emissions from the combustion mixed hardwood (oak, cottonwood, birch and aspen) 

in a wood stove. Schauer et al. (2001) studied the combustion of pine, oak and 

eucalyptus in a fireplace. Emission factors of aldehydes during the combustion of birch 

wood, hard wood, pine, oak, and eucalyptus are presented in Table 7.   

Table 7. Emission factors of aldehydes during combustion of birch wood, hard wood, 

oak, pine, and eucalyptus biomass fuels (Hedberg et al. 2002, McDonald et al. 2000, 

Schauer et al. 2001). 

Compound 
Birch wood 

(mg/kg) 

Hard 

wood 

(mg/kg) 

Oak 

(mg/kg) 

Pine 

(mg/kg) 

Eucalyptus 

(mg/kg) 

Formaldehyde 422 246 759 1165 599 

Acetaldehyde 86.3 360 823 1704 1021 

Propionaldehyde 7.6 96 453 255 155 

Butyraldehyde 1.5 36 62 96 31 

Combustion of mixed hard wood produces 10 times higher amounts of propionaldehyde 

and 30 times higher amounts of butyraldehyde than that produced from birch wood. 

Similarly the combustion of oak, pine, and eucalyptus gives the highest emissions of 

aldehydes compared to birch wood and hard wood. The values presented in Table 7 
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show the variation in the aldehyde emissions for different types of fuels used. Fuel 

composition has a very significant effect on the aldehyde emissions. (Hedberg et al. 

2002) The major chemical composition of birch, oak, pine, and eucalyptus wood species 

is presented in Table 8 (Ragauskas ca. 2014, Bednar 1974). The composition of each 

fuel is different from the other as shown in Table 8. This difference in the composition 

of these fuels affects the formation of aldehydes. 

Table 8. Chemical composition of birch, oak, pine, and eucalyptus wood species 

(Ragauskas ca. 2014, Bednar 1974). 

Constitute Birch Oak Pine Eucalyptus 

Cellulose (%) 41.0 38.0 40.0 45.0 

Glucomannan (%) 2.3 

29 

16.0 3.1 

Glucuronoxylan (%) 27.5 8.9 14.1 

Polysaccharides (%) 2.6 3.6 2.0 

Lignin (%) 22.0 25.0 27.7 31.3 

Total extractives (%) 3.0 4.4 3.5 2.8 

 

Zhang et al. (1999) analyzed the emissions from the combustion of different biomass 

and fossil fuels. The emission ratios for formaldehyde and acetaldehyde in biomass 

combustion were found significantly higher compared to fossil fuels combustion. The 

effect of fuel composition and type of the fuel was quite evident from the difference in 

the values. As the emission ratio for formaldehyde in biomass combustion was in the 

range from 36×10
-6

 to 280×10
-6

 and for fossil fuels combustion the emission ratio was 

in the range from 2.7×10
-6

 to 83×10
-6

.    

Garcia-Perez (2008) studied the thermal decomposition of cellulose. In this study it was 

observed that the presence of ionic substances in the biomass composition increased the 

formation of hydroxyl-acetaldehyde. Further the acceleration in the formation of 

hydroxyl-acetaldehyde was affected by the presence Cl
-
 and SO4

2-
.  

Cerqueira et al. (2013) conducted experiments on a small scale appliance like a wood 

stove and a fire place to characterize the formaldehyde and acetaldehyde emissions 
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during the combustion of maritime pine, eucalyptus, cork oak, holm oak and Pyrenean 

oak wood species. Formaldehyde and acetaldehyde were the major carbonyl compounds 

found in the emissions of these woody biomass fuels. The amount of formaldehyde and 

acetaldehyde formed during the combustion of woody biomass fuels ranged from 653 to 

1772 mg/kg and 371 to 1110 mg/kg, respectively. During the analysis of the emissions 

from these biomasses it was observed that formaldehyde is dominant over acetaldehyde. 

The emission factors for the biomass fuels used during the study and also for other fuels 

are listed in Table 9.  

Table 9. Emission factors of formaldehyde and acetaldehyde from the combustion of 

various biomasses (Cerqueira et al. 2013). 

Biomass Burning appliance 

Formaldehyde 

emission factor 

(mg/kg biomass) 

Acetaldehyde 

emission factor 

(mg/kg biomass) 

Maritime pine Wood Stove 653 ± 151 371 ± 162 

Eucalyptus Wood Stove 1038 ± 66 534 ± 81 

Cork oak Wood Stove 1080 ± 48 749 ± 103 

Holm oak Wood Stove 988 ± 166 598 ± 143 

Pyrenean oak Wood Stove 1772 ± 649 1110 ± 454 

Jack pine Fireplace 356 105 

Cedar Fireplace 550 200 

Red oak Fireplace 242 102 

Green ash Fireplace 548 111 

Softwood Fireplace 113 301 

Hardwood Fireplace 178 450 

Hardwood Wood Stove 246 360 

Pine Fireplace 1165 1704 

Oak Fireplace 759 823 

Eucalyptus Fireplace 599 1021 

Birch Wood Stove 422 86 
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Musialik-Piotrowska et al. (2010) analyzed the air pollutants emitted from a retort boiler 

using pellets of wood, wheat and rape straws as fuel. High concentrations of 

formaldehyde, acetaldehyde and propionaldehyde were observed in the flue gases. 

Measurements were taken during the firing up of the boiler and after reaching its full 

capacity. Samples for analysis were collected from the measurement connections in the 

cleaning door and the sheet metal smoke conduit. The fuel pellets used in the boiler 

were about 5 kg and were ignited in a gas burner. The flow rate of the flue gas was 20 

dm
3
/h and the sampling time was 15–20 minutes. All the fuel pellets were combusted 

under the same conditions. The concentrations of aldehydes in flue gases are given in 

Table 10.  

Table 10. Concentration of aldehydes in flue gases from the combustion of wood, 

wheat, rape straw pellets in a retort boiler (Musialik-Piotrowska et al. 2010). 

Compound 

concentration 

(mg/m
3
) 

Wooden pellet Wheat straw pellet Rape straw pellet 

Firing 

up 

Optimum Firing up Optimum Firing up Optimum 

Formaldehyde 945 – 

1500 

200 – 570 296 270.5 461.0 380 

Acetaldehyde 394.6 412.5 97.1 41.1 142.0 204.4 

Propionaldehyde 4.9 3.1 2.02 0 4.0 5.4 

 

The highest concentration of formaldehyde was detected for combustion of wood pellets 

ranging from 945 to 1500 mg/m
3
 during the firing up stage of the boiler. During the 

peak conditions of the boiler the concentration declined to 200–570 mg/m
3
. For wheat 

and rape straw, the concentration of formaldehyde was much lower. Acetaldehyde 

concentration was the highest for wood pellets as it varied between 395 and 413 mg/m
3
. 

The concentration of acetaldehyde for rape straw was about two times lower than that 

for wood pellets and for wheat straw the concentration was below 100 mg/m
3
.
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Propionaldehyde was detected for all the fuels but in very low concentrations. 

(Musialik-Piotrowska et al. 2010) 

 

Hardy et al. (2012) investigated the concentrations of air pollutants during the 

combustion of wood, wheat straw and rape straw pellets, in a retort boiler with a 

maximum power of 15 kW. In the group of VOCs emissions the highest concentration 

of aldehydes, mostly having formaldehyde and acetaldehyde, were detected as shown in 

Table 11. All the measurements were performed during the boiler operating conditions 

when the outlet water temperature was 80
o
C. During the combustion of pellets the flue 

gas temperature ranged from 200 to 290
o
C. The concentrations of aldehyde found in 

emissions from wood combustion were higher than that of rape straw and wheat straw.  

Table 11. Aldehydes formation during combustion of selected biomass fuels in a retort 

boiler (Hardy et al. 2012). 

Biomass 
Aldehydes in total 

(mg/m
3
) 

Acetaldehyde 

(mg/m
3
) 

Formaldehyde 

(mg/m
3
) 

Wood 945 412 530 

Wheat straw 311.6 41 270 

Rape straw 589.3 204 380 

 

Musialik-Piotrowska et al. (2010) and Hardy et al. (2012) have used the same biomass 

fuels (wood, wheat straw and rape straw) in a retort boiler during their analysis. 

Findings in their work are quite similar as the highest concentrations for formaldehyde 

and acetaldehyde were found during the combustion of wood pellets. High 

concentrations of formaldehyde and acetaldehyde were also measured in the emissions 

from rape straw combustion. The lowest concentrations of formaldehyde and 

acetaldehyde were found during the combustion of wheat straw.  

Large industrial coal boilers are using biomass cofiring for increasing renewable energy 

and reducing greenhouse gases. As biomass is widely available, this procedure reduces 

capital costs and improves the efficiency of coal boilers with a low cost power. Freeman 
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et al. (2000) studied the pilot scale cofiring of pentachlorophenol-treated wood and 

creosote treated wood. Tests were conducted in a pulverized coal boiler to assess air 

toxics including formaldehyde and other VOCs. Aldehydes found in the emissions from 

the cofiring of 10% creosote wood and 10% pentachlorophenol-treated wood, are given 

in Table 12. (Freeman et al. 2000) 

Table 12. Aldehydes formed during the cofiring of creosote wood and 

pentachlorophenol-treated wood with coal (Freeman et al. 2000). 

Aldehydes 10% creosote wood 
10% pentachlorophenol-treated 

wood 

 Emission factor (g/MJ) 

Acetaldehyde 1.51E-06 7.42E-07 

Formaldehyde 9.41E-07 1.06E-06 

 Flue gas composition (dry ppb at 3% O2) 

Acetaldehyde 2.7 < 1.3 

Formaldehyde 2.4 2.6 

Propionaldehyde < 0.46 < 0.43 

 

5.2 Effect of combustion parameters on formation of aldehydes 

The organic components present in the emissions depend on the combustion 

temperature and the conditions like temperature rise, and increasing moisture content 

during the process. At temperatures between 250 and 500
o
C methane, aldehydes, 

methanol, furans and aromatic compounds are formed. At 350
o
C more than 50% of 

aldehydes are emitted mostly consisting of formaldehyde and acetaldehyde. Also with 

moisture the emissions of aldehydes increase. (Koppmann et al. 2005) 

Similarly when studying the combustion of maritime pine, eucalyptus, cork oak and 

Pyrenean oak woody biomass fuels in a typical wood stove, Cerqueira et al. (2013) 

observed that with the variation of operating parameters the aldehyde concentrations 

change. Figure 3 presents the time variation of aldehyde concentrations in diluted flue 
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gas during three consecutive tests. As shown in the figure the aldehyde emissions are 

higher during the first stage of combustion. The first stage of combustion was about 10 

minutes and during this stage the combustion temperature was increasing and fuel 

devolatilization was maximum thus giving rise to significant concentration of 

aldehydes. In the second stage, the chamber internal temperature was high and volatile 

organic compounds mixed and reacted efficiently with oxygen in vigorous flaming 

conditions which significantly dropped the concentration of aldehydes in the flue gas. 

The average ratio between the emissions of the first and the second stage of combustion 

was 2.3 for formaldehyde and 3.9 for acetaldehyde. 

 

Figure 3. Time variation of aldehyde concentrations during three consecutive 

combustion tests with holm oak wood (Cerqueira et al. 2013). 
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6 LEGISLATION REGARDING FLUE GAS 

EMISSIONS 

6.1 Legislation set by the European Union  

The European Union has developed different directives in order to regulate the 

emissions from biomass boilers. 1999/30/EC directive provides the limiting values for 

sulphur dioxide, nitrogen dioxide and oxides of nitrogen, particulate matter and lead 

present in the air. 2008/50/EC provides regulations regarding ambient air quality and 

cleaner air. In order to protect human health these directives include limits for emissions 

of contaminants in the atmosphere. The values are given in Table 13. (European 

Commission, 2008) These limit values are reduced because of the observed health 

impacts over different exposure times for example for PM was 40 µg/m
3
 (annual mean 

concentration) in January 2005 and was reduced to 25 µg/m
3 

in January 2010. 

(European Commission, 2014) 

Table 13. Pollutants limit values for the protection of human health (European 

Commission, 2008).  

Pollutant Averaging period 

8 hours 24 hours 1 year 

SO2 - 0.125 mg/m
3
 0.025 

NOx - 0.2 0.04 mg/m
3
 

PM - 0.05 mg/m
3
 0.02 mg/m

3
 

CO 10 mg/m
3
 5.7 mg/m

3
 1.14 mg/m

3
 

 

For biomass boilers the emission standards of EU do not include limits for NOx and PM 

such as PM2.5 and PM10, thus requiring more adequate tools to assure air quality 

regarding biomass boilers. For this purpose the EN 303-5 standard has been introduced 

by the European committee of standardization for boilers up to 300 kW. The emission 

limit values in this standard are given in Table 14. For boilers higher than 300 kW local 

regulations are applied with the consultation of the local authority and agreed emission 
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levels are set. The boiler efficiency is divided into three classes; Class 1 = 53% to 62%, 

Class 2 = 63% to 72%, and Class 3 = 73% to 82%. (European Commission, 1999) 

Table 14. Emissions limit values for biomass boilers up to 300 kW (European 

Commission, 1999). 

Nominal 

output 

(kW) 

CO (mg/m
3
 10% O2) OGC (mg/m

3
 10% O2) PM (mg/m

3
 10% O2) 

Class 

1 

Class 

2 

Class 

3 

Class 

1 

Class 

2 

Class 

3 

Class 

1 

Class 

2 

Class 

3 

< 50 15000 5000 3000 1750 200 100 200 180 150 

50-150 12500 4500 2500 1250 150 80 200 180 150 

150-300 12500 2000 1200 1250 150 80 200 180 150 

 

Europe has implemented a government strategy for limiting emissions that bring 

improvement and also has started an incentive program to support the development of 

new technologies. This helps in improving the biomass boiler designs, as new European 

boilers use staged combustors with high energy efficiency and very low emissions of 

PM, PM2.5 and carbon monoxide. (Handley et al. 2009) 

European emission standards regulate on the basis of heat output and feeding device. 

Regardless of the device type or fuel, all the units must meet the emission standards and 

all the manufacturers must produce clean units. European standards are more severe as 

the European requirements for heat output are about 0.05–0.02 lb/MMBtu. Based on the 

activity of national and local government the European emission regulation has lowered 

the limits. For example in Germany, maximum allowable limit for PM2.5 is dropped to 

0.02 lb/MMBtu. Such new regulations pose challenges to the manufacturer and require 

more research to achieve the best performance. (Handley et al. 2009)  

In the European Union legislation aldehydes are classified as non-regulated pollutants 

and therefore no limiting values are given for the emissions of aldehydes from biomass 

boilers.  
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7 HEALTH AND ENVIRONMENTAL IMPACTS OF 

ALDEHYDES 

Combustion processes lead to gaseous and particulate pollutants mainly carbon dioxide 

and water vapors along with other emissions which affect the air quality, human health 

and climate. Emissions from domestic and industrial combustion processes mostly 

consist of SO2 and particulate matter. Some emissions from these processes are very 

toxic and their exposures may cause thousands of deaths. (Gaffney et al. 2009)  

Biomass emissions have impacts on the global atmospheric chemistry and the 

biogeochemical cycles. Emissions of VOCs lead to the formation of ozone, which 

affects both the environment and health of people living in the surrounding area.  (Jaffe 

et al. 2004) Aldehydes can potentially form ozone which causes environmental 

concerns. Formaldehyde is very reactive and has a high tendency of ozone formation by 

photochemical oxidation. (Lowi et al. 1990)  

Aldehydes are toxic and their exposure in high concentrations causes adverse effects on 

human health and well-being. Aldehydes have the potential to form free radicals that 

can act as precursors of photochemical oxidants like ozone and peroxiacylnitrates.  

(Carlier et al. 1986) According to Clean Air Act Amendments in 1990 aldehydes were 

targeted as toxic compounds. Exposure to aldehydes can lead to mucosal membrane, 

eye irritation, genetic damage and cancer. (Zhang et al. 1999)  

Aldehydes cause the following risks to human health (Fracchia et al. 1999): 

1. Aldehydes are volatile and flammable, can be potential for fires and explosions.   

2. Possess noxious power which causes irritation and caustic injuries. 

3. Cause intoxication on inhalation. 

4. Cause allergies. 

5. Create carcinogenic activities to human body. 
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Acetaldehyde is one of the important toxic compounds present in air and has the ability 

to decompose into other toxics like formaldehyde (McEnally et al. 2005). Acetaldehyde 

in its pure form is flammable and undergoes auto polymerization when it comes in 

contact with air or moisture. It causes irritation to skin, eyes and respiratory tract. Also 

the high amount of acetaldehyde in blood increases the skin exposure, and 100% skin 

absorption is considered as a risk. On oral and inhalation exposure of acetaldehyde on 

animals the carcinogenicity of acetaldehyde was observed.  (Angerer et al. 2012) 

Acetaldehyde is also carcinogenic to humans when consumed in alcoholic beverages as 

ethanol converts to acetaldehyde which further oxidizes to acetate. Ethanol and 

acetaldehydes are both found to be carcinogenic in experiments conducted on animals. 

(IARC 2010) 

Aldehyde vapors cause irritation of eye, throat, nose, asthma, and pulmonary function. 

Controlled exposure of about 0.6─1.2 mg/m
3
 and 90 mg/m

3
 for formaldehyde and 

acetaldehyde, respectively, causes sensory irritation. Formaldehyde has carcinogenic 

effects on human health. High exposure levels of formaldehyde can cause 

nasopharyngeal cancers. Whilst inhalation bioassays in rats was observed at exposure 

level of ≥ 6.9 mg/m
3
, that showed nasal respiratory tumors. High tumors were observed 

at high exposure level of ≥ 12 mg/m
3
. (Kumar et al. 2011) According to a study by 

Winebrake et al. (2001) considerable amounts of deaths are caused by the toxic 

compounds present in air. Table 15 shows the number of expected deaths due to cancer 

from these toxic compounds in U.S.  

Table 15. Cancer risk estimates and annual cancer deaths caused by exposure to air 

toxics (Winebrake et al. 2001). 

Annual expected cancer deaths in the United States 

Pollutant (µg/m
3
)
-1

 1990 1995 2000 2010 

Acetaldehyde 2.2 × 10
-6 

5.3 3.6 2.8 3.0 

Formaldehyde 1.3 × 10
-5

 44 28 21 22 
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PART 2: ALDEHYDES IN PULP AND PAPER INDUSTRY 

8 PULP AND PAPER PROCESSING 

Pulp and paper industry uses wood and recycled fibers to produce pulp and paper. The 

raw materials mainly consist of cellulose fibers, wood, recycled paper and agricultural 

residues. The steps involved in the manufacturing of pulp and paper are as follows; 

(Rosenfeld et al. 2011) 

(1) Raw material preparation 

(2) Pulp manufacturing 

(3) Pulp bleaching 

(4) Paper manufacturing 

(5) Fiber recycling 

Raw material preparation includes debarking, chip making and depithing processes. The 

pulping process starts with the initial processing, washing and bleaching (Rosenfeld et 

al. 2011). Pulping process is the initial stage of paper making industry and is the main 

source of pollution in the industry (Pokhrel et al. 2004). Manufactured pulp is further 

used in the conversion to paper and card board as it is a source of cellulose. Pulp 

manufacturing involves mechanical, chemi-mechanical, thermo-mechanical and 

chemical technologies. (Rosenfeld et al. 2011) 

Chemical pulping uses cooking also called digesting for the manufacture of chemical 

pulp (Rosenfeld et al. 2011). Wood chips are cooked in aqueous solution of chemicals at 

high temperature and pressure which breaks the chips into fibers (Pokhrel et al. 2004).  

Amongst all the pulping processes chemical pulping is the most commonly used 

process. It dissolves the lignin present in the wood and yields 40 to 50 percent pulp. 

There are two types of chemical pulping i.e. sulfate pulping and sulfite pulping. Both of 

these types use different chemicals for dissolving lignin. Sulfate pulping also called 

Kraft pulping is the widely used method for pulping. (Brady et al. 1998) 
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The Kraft pulping process consists of the following three steps (Brady et al. 1998): 

(1) Digestion  

(2) Washing  

(3) Chemical recovery 

In digestion, the wood chips are cooked in white liquor. Heat for cooking is provided by 

steam which dissolves lignin and hemicellulose and leaves behind cellulose for holding 

fibers together. Pulp is then washed with water in the brown stock washing process. 

Washing removes the black liquor from the pulp and sends it to the chemical recovery 

process. (Brady et al. 1998) Figure 4 shows a simplified overview of the processes in a 

Kraft pulp mill (Mercer International Inc. 2012). 

 

 Figure 4. General flow diagram of a Kraft mill (Mercer International Inc 2012). 
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The key feature of Kraft pulping is chemical recovery or liquor recycling. The 

delignification reagents used in the process are sodium hydroxide and hydrogen sulfide. 

The delignification process takes place at 170
o
C and the time required depends on the 

amount of lignin removal. In this process both the lignin and polysaccharides are 

removed. Black liquor is composed of pulping reagents, byproducts and degraded 

lignin, and is send to the chemical recovering delignification. The delignification occurs 

in three phases (Helm 2000): 

(1) Lignin extraction 

(2) Bulk delignification 

(3) Residual delignification 

During lignin extraction lower molecular weight lignin and wood extractives are 

dissolved. These extractives are separated in the form of turpentine and tall oil fractions. 

Majority of the lignin is removed during the bulk delignification. The leftovers of lignin 

are removed in the residual delignification stage. (Helm 2000) 

Other side reactions that occur during Kraft delignification are as under (Helm 2000): 

(1) Lignin condensation 

(2) Lignin precipitation 

(3) Formation of smelly mercaptans and disulfide 

(4) Formation of methanol and formaldehyde 

Bleaching of the pulp is done to remove the remaining lignin from the digestion 

process. Lignin is transformed into an alkali-soluble form with the use of oxygen, 

hydrogen peroxide, ozone, per acetic acid, sodium hydro chlorite, chlorine and other 

chemicals. Bleaching is done using elemental chlorine, elemental chlorine free or totally 

chlorine free bleaching. After bleaching the pulp is dried for paper manufacturing. 

(Rosenfeld et al. 2011) 

Paper making consists of two parts; one is the stock preparation in which the pulp is 

treated to the required degree and the other step involves passing the treated pulp 
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through continuous moulds to form sheets (Pokhrel et al. 2004). Fibers and fillers are 

deposited on the pulp to produce paper and card board. Water from the pulp is removed 

with the help of hollow-heated cylinders. Chemical additives and pigments are added in 

order to get paper with specific properties and color. (Rosenfeld et al. 2011) 
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9 EMISSIONS FROM PULP AND PAPER INDUSTRY 

Wood pulping and manufacture of paper products generate a considerable amount of 

various pollutants depending on the type of pulping process used (Pokhrel et al. 2004). 

The materials used in the pulp and paper industry can lead to air, water and land 

pollution. The processing activities, mainly in the pulping and bleaching stages of 

production, release toxic pollutants. The emissions from the pulp and paper industry 

consist of a variety of Criteria Air Pollutants (CAPs) and Hazardous Air Pollutants 

(HAPs) including particulate matter (PM), nitrogen oxides (NOx), sulphur dioxides 

(SO2), carbon monoxide (CO), volatile organic compounds (VOCs), total reduced 

sulphur (TRS), adsorbable organic halides (AOXs), dioxins, and furans. (Rosenfeld et 

al. 2011) 

The emissions are generated during various stages. The main sources of pollution 

among the various process stages are wood preparation, pulping, pulp washing, 

screening, bleaching, and paper machine operations. Among the processes chemical 

pulping generates most of the pollutants. Various toxic compounds such as resin acids, 

unsaturated fatty acids, diterpene alcohols, juvaniones, and chlorinated resin acids are 

generated depending on the pulping process used.  (Pokhrel et al. 2004) 

PM is emitted from the recovery boiler, lime kiln, smelt dissolving tank, power boilers, 

wood chip yard, and dust from landfills (Rosenfeld et al. 2011, Bordado et al. 2002). 

NOx are generated in the lime kiln, recovery boiler, power boiler, gas turbine and brown 

stock washer. SOx are produced from the burning of sulphur containing compounds in 

the recovery boiler, lime kiln, power boiler, brown stock washer, and chip bins. CO is 

generated during the Kraft process, in the power boiler and the lime kiln. (Rosenfeld et 

al. 2011)  

VOCs are emitted from chip digesters, liquor evaporation and pulp drying. VOCs 

mainly consist of terpenes, alcohols, phenols, methanol, acetone, and chloroform. TRS 

includes malodorous compounds consisting of hydrogen sulfide, methyl mercaptan, 

dimethyl sulfide, and dimethyl disulfide. TRS compounds are generated in wood chip 
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digestion, black liquor evaporation, and in the chemical recovery boiler. AOXs are 

produced in the bleaching process as a result of the reaction between lignin and chlorine 

compounds. Waste streams from the bleaching process contain chlorine compounds and 

other organic compounds that form dioxins and furans. (Rosenfeld et al. 2011) The 

pollutants formed during various stages of pulp and paper making processes are shown 

in Figure 5. It shows that every stage generates various quantities, qualities and types of 

pollutants. (Pokhrel et al. 2004) 

Figure 5. Pollutants from various sources of Pulp and Paper industry (Pokhrel et al. 

2004). 
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According to the reports of the World Bank Organization (WBO) typical emissions 

from pulp and paper industry are presented in Table 16 (Rosenfeld et al. 2011). 

Table 16. Emissions from Pulp and Paper industry (Rosenfeld et al. 2011). 

Compounds Unit Emission Quantities 

Particulate matter kg/t 75 – 150 

Sulphur oxides kg/t 0.5 – 30 

Nitrogen oxides kg/t 1 – 3 

Volatile organic compounds kg/t 15 

Total reduced sulphur kg/t of Air Dried Pulp 0.3 – 3 

Biochemical oxygen demand kg/t of Air Dried Pulp 10 – 40 

Total suspended solids kg/t of Air Dried Pulp 10 – 50 

Chemical oxygen demand kg/t of Air Dried Pulp 20 – 200 

Adsorbable organic halides kg/t of Air Dried Pulp 0 – 4 

In the Kraft pulping process the TRS compounds are emitted at a rate of 0.3–3 kilogram 

per metric ton of air dried pulp (ADP). In sulfite pulping process the sulphur oxides are 

emitted at a rate ranging from 15 to over 30 kg/t while the other pulping processes, 

generate lower quantities. Wastewater is discharged from a pulp mill at a rate of 20–250 

cubic meters per metric ton of ADP which includes biochemical oxygen demand 

(BOD), total suspended solids, chemical oxygen demand (COD), chlorinated organic 

compounds and AOX. (Rosenfeld et al. 2011) 

Kauppinen et al. (1997) conducted a study to measure different compounds present in 

the emissions of pulp and paper industries in 13 different countries. The main 

contributions in measurements were done in Finland. Totally 246 compounds were 

found in all the measurements. Sulphur and chlorine compounds are mainly released in 

the pulp processing industries. Paper and paper board manufacture releases dust, 

formaldehyde, diphenyl and ammonia, while paper product industry releases ethyl 

acetate, ethanol, butanol and toluene.  

http://www.neilstoolbox.com/bibliography-creator/reference-journal.htm
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Hazardous compounds like methanol and methyl mercaptan were also observed in the 

emissions of these industries. The number of measurements in which these compounds 

were found is listed in Table 17 with respect to the industry type. Methanol and methyl 

mercaptan were mostly found in the pulp production process of these industries. Methyl 

mercaptan was also found in the non-production department of many industries. The 

non-production department performs transport and maintenance activities, and exposure 

can occur as a result of production processes and other specific jobs. (Kauppinen et al. 

1997) 

Table 17. Number of measurements in different pulp and paper industries (Kauppinen et 

al. 1997). 

Compound 
Pulp 

production 

Paper 

production 

Paper 

product 

manufacture 

Non 

production 

department 

Total 

Methanol 185 7 89 20 301 

Methyl 

mercaptan 
541 8 0 396 945 

 

9.1 Emissions from recovery boiler 

The recovery boiler is an important part of the Kraft pulping process and a potential 

source of TRS emissions. It recovers the chemicals used in the digestion of wood chips 

and burns the organic substances present in the spent liquor. After digestion the fibers 

are separated from the spent liquor. The concentration of the spent liquor is increased 

with the help of evaporators and the concentrated spent liquor is burned in the furnace. 

(Marson et al. 1990)  

The recovery boiler is one of the major emission sources in the Kraft pulp mill as the 

spent liquor is fired in the recovery boiler. Emissions from a recovery boiler mainly 

consist of SO2, NOx, TRS and particulates. The increase in the solid black liquor 

particles results in an increase in furnace temperature which reduces the sulphur 
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emissions. Typical emissions from a modern recovery boiler are shown in Table 18. 

(Vakkilainen et al. 2010) 

Table 18. Emissions from modern recovery boilers (Vakkilainen et al. 2010). 

Emission mg/Nm
3
 

SO2 100-800 

TRS <10 

NOx 100-260 

Dust 10-200 

 

SO2 emissions from a recovery boiler are very unsteady and have a large range of 

values. NOx emissions follow the same trend and vary between maximum and 

minimum. TRS emissions are not as high as others. Emissions from a recovery boiler 

depend on various variables like temperature during the combustion process, amount of 

air, composition of black liquor and other operation parameters. (Vakkilainen et al. 

2010) 

Black liquor burning in a recovery boiler causes severe air pollution problems as the 

recovery boiler emits TRS compounds but the emission level is generally below the 

accepted level. Improvements in the design of a recovery boiler lead to reduction in the 

TRS emissions. (Gavrilescu 2008) The flue gases from the recovery boiler and the vent 

gases from dissolving tanks account about 45% of the total reduced sulphur compounds 

from the mill (Järvensivu et al. 2000). 

Carbon dioxide is formed during combustion in a recovery boiler, which further reacts 

with sodium and sulphur in the black liquor to form sodium carbonate (Na2CO3) and 

sodium sulfate (Na2SO4). The sodium sulfate is reduced to sodium sulfide by the carbon 

present in the slag at the bottom of the furnace. (Marson et al. 1990, Nilsson et al. 2007) 

The smelt then flows into a tank where it is quenched and dissolved in water (Marson et 

al. 1990).  
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10 TURNING OF WASTE STREAMS INTO VALUABLE 

PRODUCTS 

To compete with the high energy costs and to lower the manufacturing costs at the 

pulping facilities, waste streams of the pulp and paper industry can be utilized to extract 

valuable chemicals and then reuse those chemicals for energy production and other 

purposes. A Kraft pulping line burns about half of the organic mass present in the feed. 

(Towers et al. 2007) Efficient utilization of waste streams is necessary for developing 

sustainability in pulp and paper industry to manufacture products in a cost efficient, 

environmentally friendly and socially sustainable manner. To meet the environmental 

regulations and have an increase in quality and diversity of the products the pulp and 

paper industry has made improvements to the process which decreases the energy use 

and environmental impacts. (Mockos et al. 2008) 

Wood pulping is an important way to convert wood into useful products. As mentioned 

earlier, the Kraft pulping is the most commonly used method and produces pollutants 

such as methanol and TRS compounds. These compounds are malodorous at low 

concentrations and toxic at high concentrations. To control the odor different techniques 

like washing, oxidation, absorption and adsorption are employed. (Sahle-Demessie et al. 

2009) Incineration is the commonly used method for treating emissions in pulp mills 

(Ojala et al. 2011). 

The waste gas streams are collected from various sources by widespread ducting to 

thermal oxidizers where these gases are burnt. Significant costs are associated with this 

method for controlling air pollution like capital cost, maintenance cost, cost for moving 

air to the incinerators, and cost for maintaining temperature in the incinerator. (Sahle-

Demessie et al. 2009) 

Methanol emissions from various sources of the Kraft mill are collected in condensate 

streams. These streams are then steam stripped to increase the concentration of 

methanol for incineration. The stripper overhead gas (SOG) is composed of 40-50% of 

methanol (weight %) and 1-5% of TRS compounds. The SOG then goes to an 
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incinerator, a kiln or a boiler for burning. (Burgess et al. 2002) Incineration converts the 

waste streams to carbon dioxide and water and in some cases significant amounts of 

carbon dioxide are produced (Wachs 1999, Burgess et al. 2002). Considering the 

operating cost and the by-products formed, the incineration is not a favorable option for 

treating the emissions in long run (Tao et al. 2006).  

As an alternative to incineration, the emissions that contain methanol and methyl 

mercaptan can be used as reactants for the production of other valuable chemicals. For 

this purpose the catalytic partial oxidation is a very promising technology. (Mouammine 

et al. 2013) It is desirable to convert these compounds into other valuable products in 

order to have a positive environmental impact by reducing the carbon dioxide emissions 

(Koivikko et al. 2011). This study is presented in more detail later in this work (Chapter 

10.3). 

Koivikko et al. (2011) utilized methanol and methyl mercaptan as feed compounds to 

produce formaldehyde. Methanol and methyl mercaptan can be found from the 

condensate streams of a pulp mill. Formaldehyde is the valuable compound that can be 

produced by using methanol and methyl mercaptan as reactants. It would also have a 

positive economic impact on the pulp mill. This method is in an experimental level and 

the possibility of utilizing the pulp mill waste stream is under study. The conversion of 

methanol and methyl mercaptan to formaldehyde also reduces the generation of 

greenhouse gases. About 80-85% of CO2 emissions are reduced that are generated by 

treating the waste streams in the incinerators (Burgess et al. 2002).   

 

10.1 Formation of VOC and TRS compounds in pulp mill processes 

Kraft pulp mills emit reduced sulphur compounds and methanol into the atmosphere. 

Hazardous air pollutants (HAPs) consists 95% of methanol in the emissions from 

chemical pulp mills (Das et al. 2001). Methanol constitutes up to 80% of the organic 

matter and most of the chemical oxygen demand (COD) from contaminated condensates 
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(Mockos et al. 2008). The malodor associated with the pulping process is caused by the 

emission of reduced sulphur compounds (Das et al. 2001). 

A study was performed by the National Council of the Paper Industry Air and Stream 

Improvement (NCASI) for the characterization of VOC emissions from chemical pulp 

sources. It was found that VOC emissions from lime kilns, smelt dissolving tanks, and 

miscellaneous causticizing area vents were 0.3 kg carbon per air dried ton of pulp 

(C/ADTP). Methanol was found to be the major constitute of HAPs emitted from all the 

sources. In scrubber’s vents in smelt dissolving tanks the average concentration of 

methanol ranged from 10 to 1100 ppm. (Tao et al. 2006) 

Waste generated during various processes of pulp and paper industry depends on the 

type of process, type of wood, process technology, and other factors. The amount of 

methanol formed during various processes of pulp and paper industry is given in Table 

19. It is observed that methanol is generated in high amounts during the Kraft fouling 

processes. (Pokhrel et al. 2004) 

Table 19. Methanol formation during various processes of pulp and paper industry 

(Pokhrel et al. 2004). 

Processes Methanol (mg/l) 

Thermo-mechanical pulping 25 

Kraft bleaching 40-76 

Kraft foul (1) 421 

Kraft foul (3) 7500-8500 

Sulfite condensate 250 

Spent liquor 90 

Chip wash 70 

Paper mill 9 

Carbon losses occur at various points in the pulp mill, including volatile organic 

compounds like methanol at the condensate collection systems. The Kraft pulp mill uses 

hot sodium hydroxide solution to digest wood chips and release cellulose that can be 



 

51 

 

further used for paper manufacturing. The digester releases condensed gases that are 

composed of hydrogen sulfide, methyl mercaptan, methanol, ethanol, acetone, and 

terpenes. (Mockos et al. 2008)  

In the chemical pulping process, typical malodorous compounds such as hydrogen 

sulphide, methyl mercaptan, dimethyl-mercaptan and dimethyl-sulphide are generated. 

These reduced sulphur compounds are found in the waste streams of various processes 

in the pulp mill like recovery boiler gases, foul condensate tank off gases, black liquor 

retention tank, sludge de-watering operations, brown stock washer hoods, digester blow 

vents, chip bin vents, water treatment areas and non-condensable gases in lime kiln. The 

levels of mercaptans vary significantly from one point to another within the Kraft mill. 

The quantities of TRS emissions are given in Table 20. (Bordado et al. 2002) 

The reduced sulphur compounds are formed due to the reactions occurring between 

methoxyl groups of dissolved lignin and hydrogen sulfide ions present in the cooking 

liquor. Methyl mercaptan is mainly formed during the cooking process. Although the 

advancements in the air emission control technology have brought decrease in the 

reduced sulphur emissions from pulp mills. Even with the efficient abatement systems 

the pulp mills still produce foul odor to the surrounding areas. (Järvensivu et al. 2000)  
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Table 20. TRS measured quantities from various Kraft pulp mill processes (Bordado et 

al. 2002). 

Source TRS (mg/N m
3
) Emission (kg/h) 

Conical liquor tank 90632 9.06 

Liquor tank 1 983.2 0.10 

Liquor tank 2 1492.8 0.15 

Weak liquor tank 1 636.4 0.07 

Weak liquor tank 2 1649.1 0.18 

Scrubber of recovery 

boiler 
<90.2 <16.5 

Smelt tank 150.8 0.75 

Incinerator 135.8 0.68 

Scrubber of incinerator 69.1 0.35 

Lime kiln 24.5 0.52 

Green liquor tank 128.3 0.02 

Green liquor clarifier 27.4 0.01 

Scrubber of caustification 44.6 0.11 

White liquor tank 1 87.5 0.02 

White liquor tank 4 <90.2 <0.02 

White weak liquor tank 388.2 0.08 

Oxidized liquor tank 90.2 <0.02 

Chip bin 1988.2 7.79 

Liquor discharge tank 1 1236.4 0.37 

Liquor discharge tank 2 <90.2 <0.03 

Oxygen reactor <90.2 <0.24 

During a case study of a specific pulp and paper industry in northern Sweden, total 

reduced sulphur compounds and volatile organic compounds were identified by 

analyzing the waste emissions from the de-aerator of the mill (Chan 2006). These 

malodorous emissions were composed of mixtures containing TRS compounds such as 

hydrogen sulfide (H2S), methyl mercaptan (MM), dimethyl sulfide (DMS), and 
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dimethyl disulfide (DMDS) and VOCs such as methanol, terpenes, alcohols, phenols, 

ketones, and acids. These toxic compounds can undergo photochemical reactions in the 

atmosphere and can potentially lead to ozone formation. Chan (2006) found out that the 

common source of these emissions was chimney from the de-aeration of four liquor 

tanks in the pulp washing and screening processes. The rate of emissions from the 

chimney was 4500 m
3
/h and the components present in this air stream are given in 

Table 21. The temperature, flow and pollutant concentration depends on the surface 

level of the liquor tank and temperature of the wash fluid.  

Table 21. Sulphur emissions from four liquor tanks in the pulp washing and screening 

processes (Chan 2006). 

Temperature 

(
o
C) 

Flow 

(m
3
/h) 

MM 

(mg/m
3
) 

DMS 

(mg/m
3
) 

DMDS 

(mg/m
3
) 

SO2 

(mg/m
3
) 

60.6 4570 4.4 576.2 274.9 10.5 

Changes in the pulping process affect directly the operations of the recovery unit of a 

Kraft pulp mill. It influences the emissions of sulphur gases from the recovery 

operations. Laboratory studies on pulping shows that methyl mercaptan formation in 

black liquor increases with the increase in sulfidity and decrease in the kappa number. 

Thus changes in the Kraft pulping process may lead to the generation of black liquors 

with high levels of TRS components. In a study of Kinleith Pulp and paper mill Canada, 

it was observed that in the black liquor mix tanks the dissolving tank vents discharges 

TRS gases at 1.2 kg/hr. Test data from the analysis of stack emissions showed that the 

organic sulphur gases originate from black liquor mix tanks as shown in Table 22. (Ellis 

et al. 2004) 
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Table 22. TRS components measured at discharge tank vents sources (Ellis et al. 2004). 

TRS 

Components 

Dissolving tank 

(kg/hr) 

Precipitator mix 

tank (kg/hr) 

Salt cake mix 

tank (kg/hr) 

H2S 0.375 0.002 0.006 

MM 0.005 0.583 0.427 

DMS 0.000 0.472 0.337 

DMDS 0.000 0.061 0.086 

High liquor temperature also influences the emissions of organic sulphur gases as 

shown in Table 23. The emission of TRS gases increases with the increase in liquor 

temperature. Laboratory data suggests that liquor temperature below 110
o
C will 

minimize the emissions of these gases. Calculations estimated that liquor temperature 

below 106
o
C reduces on average 60% of the TRS emissions from the dissolving tank 

vents. (Ellis et al. 2004)  

Table 23. TRS gases released from black liquor at various temperatures (Ellis et al. 

2004). 

Temperature 
H2S 

(mg/m
3
) 

MM 

(mg/m
3
) 

DMS 

(mg/m
3
) 

DMDS 

(mg/m
3
) 

TRS 

(mg/m
3
) 

110
o
C 0 0 0 0 0 

112
o
C 0 0 112 24 136 

114
o
C 0 28 464 576 1068 

 

10.2 Burning of methanol and methyl mercaptan in a recovery boiler 

New technologies used in industries have the potential to carry the industrial operations 

with higher efficiency, lower capital cost, and in a safe way. Incineration with energy 

recovery can be used for heating and power generation. (Gavrilescu 2008) In general the 

electricity requirement of a paper mill is 400-1000 kWh/ton for paper production and 

heat requirement for drying paper is 4-8 GJ/ton (Nilsson et al. 2007). The recovery 

boiler can be used for several purposes in a pulp mill such as burning the organic mass 
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present in the black liquor for generation of high pressure steam, regenerating used 

chemicals in the black liquor and reducing the waste streams in an environmentally 

friendly manner. (Vakkilainen et al. 2010) 

Black liquor contains a significant amount of biomass and its total heat value is 13.40–

15.6 kJ/g. Thus it is an important renewable energy resource. Black liquor is 

concentrated to 55–75% solids and is burned in the recovery boiler which eliminates the 

biomass, produces water vapor and recovering alkali compounds. (Nong et al. 2013) 

Useful energy can be captured from the organic mass that enters for pulping and with 

the help of which the mill´s energy efficiency can be improved. Methanol present in the 

contaminated condensates can be distilled to bring its concentration to 90% and then it 

can be used as a fuel for heat production in recovery boilers. (Towers et al. 2007)  

Spent cooking liquor and pulp wash water are combined to form a weak liquor of a 

concentration of about 16%. With the help of evaporators the concentration of the liquor 

is increased to 60-80%. This concentrated black liquor is then incinerated to produce 

heat for steam generation. (Nilsson et al. 2007) Black liquor containing wood 

substances in a dissolved form is considered as an important biomass fuel of a Kraft 

pulp mill. Burning of black liquor in recovery boiler generates about 4 tons of steam per 

ton of pulp. Thus the recovery boiler is useful in covering the steam and electrical 

power consumptions of the pulp mill. (Gavrilescu 2008) 

In modern pulp mills all non-condensable gases (NCG) containing reduced sulphur 

compounds are treated by collecting the gases and converting them to non-odorous 

forms.  These high concentration gases contain 80-85% of non-condensable odorous 

sulphur along with other volatile compounds like methanol, turpentine and acetone. 

(Järvensivu et al. 2000) These NCGs from all the sources are collected in pipelines and 

fans are used to move the gases. Air from the fans also brings the concentration of TRS 

compounds below their explosive limits. (Lin ca. 2013)   

TRS compounds and methanol are flammable when a sufficient amount of oxygen is 

provided. The combustion properties of methyl mercaptan and methanol are given in 
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Table 24. The lowest concentration at which the gas can burn is the lower explosive 

limit, while the upper explosive limit is the maximum concentration of gas that can be 

mixed in air for burning. TRS gases mixed with other combustibles like methanol and 

turpentine, are flammable over the range of 2% to 50% for all the combustible gases. 

(Lin ca. 2013) 

Table 24. Combustion properties of NCG in air (Lin ca. 2013). 

Non-

condensable 

gases 

Lower 

explosive limit 

(Vol.%) 

Upper 

explosive limit 

(Vol.%) 

Flame speed 

(m/s) 

Auto ignition 

temperature 

(
o
C) 

Methyl 

mercaptan 
3.9 21.8 0.55 206 

Methanol 6.7 36.5 0.50 464 

The TRS compounds and HAPs like methanol and turpentine are mostly treated by 

combustion. The combustion conditions are 871
o
C temperature, 0.75 seconds residence 

time and 3–4% excess of oxygen. All these conditions are interdependent on each other, 

if one exceeds the others can be reduced. In the pulp mill these conditions can be 

achieved at three different places; lime kiln, power boiler and recovery boiler. (Lin ca. 

2013)  

Recovery boilers are commonly used for the burning of these gases. In recovery boilers 

the sulphur content is recovered in the form of Na2S and returned back into the process. 

In some cases an incinerator or wet scrubber is used before the recovery boiler to 

remove the risks associated with the burning of non-condensable gases like diluted 

reduced sulphur compounds. (Järvensivu et al. 2000) 

 

10.3 Oxidation of methanol and methyl mercaptan to formaldehyde 

Currently research on catalytic oxidation of waste gas streams into valuable products is 

in progress and in the future catalytic oxidation could be an alternative way to utilize 
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methanol, methyl mercaptan and other gases. In this section the current status of the 

research done in this area and the main research findings are presented.  

Formaldehyde can be produced by using methanol and methyl mercaptan as feed 

compounds in selective partial oxidation reaction. In this way the emissions of these 

malodorous compounds can be reduced. The following reactions take place for 

formaldehyde production. (Burgess et al. 2002) 

CH3OH + (1/2) O2                 CH2O + H2O   (3) 

CH3SH + 2O2                 CH2O + SO2 + H2O   (4) 

In addition to formaldehyde water and sulphur dioxide are also formed. Complete 

partial oxidation of methanol and partial oxidation of methyl mercaptan produces 

carbon dioxide, water and DMDS as by-products, respectively according to the 

following reactions (5) and (6). The produced formaldehyde may also react further by 

complete or partial oxidation with oxygen to form either carbon dioxide or carbon 

monoxide and water. (Burgess et al. 2002; Reuss et al. 1988)  

CH3OH + (3/2) O2              CO2 + 2H2O    (5) 

2CH3SH + (1/2) O2     CH3SSCH3 + H2O   (6) 

Catalysts play an important role in conversion of methanol and TRS compounds to 

formaldehyde. Commercially bulk metal oxides are used as catalysts for the formation 

of formaldehyde from methanol. These catalysts are however unstable as they 

deteriorate in the presence of steam and deactivate in the presence of TRS compounds. 

One of the catalysts used for the conversion of compounds such as methanol and methyl 

mercaptan present in pulp mill waste stream, to formaldehyde is vanadium pentoxide on 

titania support. This catalyst converts mercaptans and methanol to formaldehyde at 

temperatures above 350
o
C. (Burgess et al. 2002) 
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Using V2O5/TiO2 as a catalyst, methanol is converted yielding 70-80% of 

formaldehyde. The main by-product of the reaction is carbon monoxide. This catalyst is 

very useful in a sense that it is not poisoned or deactivated by the presence of sulphur 

compounds and also it can simultaneously convert methanol and methyl mercaptan to 

formaldehyde. There are also 1-5% (vol.%) terpenes present in the waste streams and 

that can deactivate the catalyst by smothering the active reaction sites and blocking the 

single carbon methanol and mercaptan molecules. To avoid this problem various 

sorption techniques are adopted to remove terpenes from the waste streams. After 

pretreatment of the waste streams, the heavy compounds like terpenes are removed and 

are then fed to the vaporizer at atmospheric pressure. The feed after the vaporizer flows 

vertically in the reactor at 200
o
C and converts methanol and mercaptans to 

formaldehyde. (Burgess et al. 2002) 

In another study by Tao et al. (2006) methanol treatment from the emissions of pulp and 

paper industry was done by using combined active carbon (AC) adsorption and 

photocatalytic regeneration technique. Adsorption by active carbon is one of the major 

technologies used for the abatement of toxic organics. Photocatalytic regeneration can 

be used to regenerate the spent active carbon adsorbent and destroy the organic 

adsorbates. TiO2 is an excellent photocatalyst used for the oxidation of organic 

pollutants. TiO2 photocatalyst is coated on active carbon, the active carbon supports the 

catalyst and concentrates the pollutants and intermediates around the photocatalyst 

while the photocatalyst mineralizes the pollutants and regenerates the active carbon.  

In the laboratory tests by Tao et al. (2006), 1 gram of TiO2/AC was placed in the reactor 

equipped with an 8W ultra violet lamp. The temperature in the reactor was increased 

from 25
o
C to 55

o
C due to the heat released from the ultra violet lamp. Low 

concentration methanol was used in the tests. Formaldehyde was formed as one of the 

intermediates during the photocatalytic oxidation of methanol. The NCASI chilled 

impinger method was used to measure the concentration of formaldehyde. 

Formaldehyde concentration was calculated using the standard calibration curve 

obtained from a spectrophotometer.  
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Koivikko et al. (2011) has done a very exclusive work for the conversion of methanol 

and methyl mercaptan to formaldehyde by using selective catalytic oxidation. A tubular 

quartz reactor was used in the experiments. Methanol was fed through a syringe pump 

and methyl mercaptan was fed by a mass flow controller. The outlet gas composition 

was analyzed by Gasmet FTIR gas analyzer Dx-4000. The schematic diagram of the 

experimental setup is shown in Figure 6.   

 

Figure 6. Schematic diagram of the experimental setup (Koivikko et al. 2011). 

Koivikko et al. (2011) used three different catalysts in the laboratory tests for converting 

methanol and methyl mercaptan into formaldehyde; pure titanium oxide TiO2 (Ti), 3% 

vanadium pentoxide on silicon dioxide V2O5/SiO2 (VSi) and 3% vanadium pentoxide 

on silicon dioxide + 10% titanium dioxide V2O5/(SiO2+10% TiO2) (VSiTi). VSiTi 

catalyst showed high performance in the formation of formaldehyde. Other products 

formed during the experiment were sulphur dioxide, DMDS, CO2, CO when feeding the 

mixture. In methanol oxidation only CO2 and CO were detected while for methyl 

mercaptan CO2, CO, DMDS and SO2 were formed besides formaldehyde.  

Koivikko et al. (2011) studied the oxidation of methanol and methyl mercaptan 

separately by feeding a concentration of 1000 ppm into the equipment and raising the 

temperature of the reactor from 20
o
C to 500

o
C. Formaldehyde and CO were detected, 

and it was observed that at temperatures lower than 500
o
C the formaldehyde formation 
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is favored over the complete oxidation of methanol. Using the VSiTi catalyst the 

optimal temperature for formaldehyde formation was approximately 340
o
C (750 ppm) 

while with other catalysts Ti and VSi, the formaldehyde yield raised up to 650 ppm at 

524
o
C and 670 ppm at 475

o
C, respectively. It was also observed that for the VSiTi 

catalyst the formaldehyde formation decreases as the temperature increases from the 

optimal temperature. At 500
o
C the formaldehyde formation was detected to be around 

600 ppm. At higher temperatures the formaldehyde further reacts to form carbon 

monoxide according to the following reaction.   

HCHO + (1/2) O2                CO +H2O     (7)            

Methyl mercaptan concentration of 1000 ppm was fed into the equipment and reaction 

conditions were the same as for methanol oxidation. Besides formaldehyde formation 

during methyl mercaptan oxidation, significant amounts of SO2 and DMDS were also 

formed. The formaldehyde yield of 820 ppm was achieved at 430
o
C. The catalyst 

loading has a great impact on methyl mercaptan oxidation to formaldehyde. By 

increasing the catalyst loading from 10 mg to 100 mg, formaldehyde yield was 

increased by 200 ppm. (Koivikko et al. 2011) 

Similarly Koivikko et al. (2011) oxidized methanol and methyl mercaptan as a mixture 

by feeding both compounds in the concentration of 500 ppm into the test equipment 

with the same reaction conditions. During the test it was observed that for VSiTi the 

optimal temperature for formaldehyde formation is 410
o
C. The maximum yield of 

formaldehyde was observed to be 880 ppm at 413
o
C for 100 mg of VSiTi, 850 ppm at 

502
o
C for 100 mg of Ti and 610 ppm at 482

o
C for 100 mg of VSi.  

The results of methanol and methyl mercaptan oxidation over the three catalysts (Ti, 

VSi, and VSiTi) with 100 mg loading are presented in Figure 7. (Koivikko et al. 2011) 
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Figure 7. Methanol and MM oxidation to formaldehyde over selective catalysts 

(Koivikko et al. 2011).  

The byproducts formed during the test are presented in Figure 8. It shows that sulphur 

dioxide is formed during the oxidation of methyl mercaptan to formaldehyde and 

DMDS is formed as an intermediate product during the reaction using the VSiTi 

catalyst, in the temperature range of 50
o
C to 400

o
C. (Koivikko et al. 2011) 

 

Figure 8. Formation of by-products during oxidation of methanol and MM (Koivikko et 

al. 2011). 
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The feed conversions and selectivity to formaldehyde at optimal temperature are 

summarized in Table 25. All the catalysts used were having a 100 mg loading, the feed 

concentrations of the compounds in all the experiments were 1000 ppm and the 

temperature was 500
o
C. (Koivikko et al. 2011) 

Table 25. Conversion and selectivity over the tested catalysts (Koivikko et al. 2011) 

Reactor Catalyst 
Optimal 

temperature [
o
C] 

Conversion 

[%] 

Selectivity 

[%] 

Methanol Quartz Sand 530 71 80 

Methanol Ti 520 80 81 

Methanol VSi 480 87 77 

Methanol VSiTi 340 95 78 

Methyl 

mercaptan 
Quartz Sand 520 83 47 

Methyl 

mercaptan 
Ti 520 92 67 

Methyl 

mercaptan 
VSi 520 90 64 

Methyl 

mercaptan 
VSiTi 430 92 88 

Methanol + MM Quartz Sand 520 32 85 

Methanol + MM Ti 510 91 93 

Methanol + MM VSi 480 82 75 

Methanol + MM VSiTi 410 91 97 

 

In another study by Mouammine et al. (2013) different catalysts were used during the 

light off tests for partial catalytic oxidation of methanol and methyl mercaptan. It was 

observed that most of the catalysts start to be active at temperatures below 100
o
C and 

only three catalysts (10% V2O5TiO2, 3% V2O5CeO2 and 1.5% V2O5Ce0.9Ti0.1O2) need 

temperatures higher than 200
o
C as shown in Figure 9. 3% and 10% of vanadium oxide 
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supported on titanium oxide and doped with cerium oxide produced formaldehyde at 

concentrations higher than 1000 ppm.  

Mouammine et al. (2013) also observed that methyl mercaptan reacts to form 

formaldehyde without any catalyst. The formation of formaldehyde starts at 300
o
C and 

is at maximum at 500
o
C. The concentration of formaldehyde produced was 280 ppm. 

Methanol does not however react in these conditions. 

 

Figure 9. Formaldehyde production over various catalysts (Mouammine et al. 2013). 

10% of vanadium oxide supported on titanium oxide produces a higher amount of 

formaldehyde. 3% of vanadium oxide supported on titanium oxide doped with cerium 

oxide also produces the same amount of formaldehyde but temperature is 35
o
C lower. 

V2O5Ce0.9Ti0.1O2 has a low temperature of activity and the optimal temperature for 

formaldehyde formation is also lower than 375
o
C but with 10% V2O5 savings in raw 

materials during the preparation of a catalyst can be achieved. Analysis of the 

formaldehyde yield, selectivity to formaldehyde and activity of various catalysts is 

presented in Table 26. As shown in the table the highest selectivity towards 

formaldehyde formation was observed for (3%)V2O5/TiO2(10%)-CeO2(90%) and also it 

can yield formaldehyde more than 1000 ppm.  (Mouammine et al. 2013) 
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Table 26. Activity, selectivity and yield calculated at the temperature of maximum 

conversion for various catalysts (Mouammine et al. 2013). 

Catalysts 

Starting 

reaction 

T (
o
C) 

Max 

yield of 

HCHO 

(ppm) 

T of 

max 

convers

ion (
o
C) 

HCHO 

selectivity at 

T of max 

conversion 

(%) 

Yield at T 

of max 

conversion 

(%) 

(1.5%)V2O5/TiO2 99 688 332 58 39 

(1.5%)V2O5/TiO2(90

%)-CeO2(10%) 
73 767 384 46 42 

(1.5%)V2O5/TiO2(10

%)-CeO2(90%) 
292 749 466 49 40 

(1.5%)V2O5/CeO2 205 823 511 78 44 

(3%)V2O5/TiO2 158 560 337 52 31 

(3%)V2O5/TiO2(90%)

-CeO2(10%) 
86 749 332 55 35 

(3%)V2O5/TiO2(10%)

-CeO2(90%) 
80 1033 375 78 55 

(3%)V2O5/CeO2 360 852 505 54 47 

(10%)V2O5/TiO2 421 563 486 46 30 

(10%)V2O5/TiO2(90%

)-CeO2(10%) 
202 748 440 63 41 

(10%)V2O5/TiO2(10%

)-CeO2(90%) 
138 1159 409 79 64 

(10%)V2O5/CeO2 130 940 417 61 51 
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11 FORMALDEHYDE AS COMMERCIAL CHEMICAL 

Formaldehyde is an important chemical that is used in a number of industries. In the 

manufacturing of glues and resins it is used in cabinetry, shelving, stair system, and in 

other items of home furnishing. Urea formaldehyde resin, melamine resin, and phenol 

formaldehyde resin are most commonly generated from formaldehyde. Formaldehyde is 

a highly effective disinfectant as it is used in the treatment of skin infections.  In textile 

industries formaldehyde is added to dyes and pigments, and is used to improve creases 

and wrinkles. All key components in automobile industries use formaldehyde based 

products. In laboratories formaldehyde is used for the preservation of human and animal 

specimens. Other uses of formaldehyde include; manufacturing of printing ink, yield 

enhancer in fuels in oil and gas industry, preservative in paints and cosmetics, and 

starting material in manufacture of thermoplastics. (Buzzle 2014) With the increase in 

production of these products the demand of formaldehyde has also increased (Qian et al. 

2003).  

Commercially formaldehyde is prepared by using two important routes (Maldonado et 

al. 2010): 

(1) Oxidation of methanol in excess of air at approximately 400
o
C over ferrite 

molybdate.  

(2) Feeding air and methanol in a molar ratio of 1:1 over a thin layer of electrolytic 

silver catalyst at 580 to 650
o
C temperature range.  

Formox process uses metallic oxide catalysts for formaldehyde formation by oxidation 

of methanol with excess of air at atmospheric pressure and temperature range between 

250–400
o
C (Schotborgh et al. 2008). For the industrial preparation of formaldehyde, 

catalytic oxidation of methanol over a silver catalyst is considered as the best route. It 

involves partial oxidation of methanol and dehydrogenation of methanol with air at 

atmospheric pressure and temperatures between 680–720
o
C. (Schotborgh et al. 2008) 

About 55% of the industrial facilities in Europe are based on silver catalyzed reaction 

routes (Qian et al. 2003).  
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The silver catalyzed reaction route for formaldehyde production requires relatively low 

investment cost, have high yield and stability in production. Other routes in 

formaldehyde production include methanol dehydrogenation to form anhydrous 

formaldehyde using a sodium catalyst and partial oxidation of methane using silica as a 

catalyst. These catalysts are not in commercial use yet.  (Qian et al. 2003) 

The overall production process is a combination of both partial oxidation and 

dehydrogenation of methanol (Maldonado et al. 2010): 

CH3OH + ½ O2              CH2O + H2O   ∆H = -159 kJ / mol  (8) 

CH3OH               CH2O + H2   ∆H = +84 kJ / mol (9) 

The reaction is highly exothermic and occurs very fast with a short contact time of less 

than 0.01 sec. By-products formed during the reaction are CO2, CO, H2, H2O, formic 

acid and methyl formate. (Maldonado et al. 2010) This process leads to incomplete 

conversion of methanol, so another important process called the water ballast process is 

used in which extra water is fed with the reactants to achieve complete conversion of 

methanol. The water to methanol molar ratio is 40/60. (Qian et al. 2003)  

Water removes a great amount of reaction heat which is helpful in preventing 

overheating and sintering of the catalyst. Water vapor burns away the coke accumulated 

on the surface of a catalyst. A Ag catalyst has a longer life with the water ballast process 

as compared to the process without water vapors. (Qian et al. 2003) To minimize 

sintering the silver particles can also be dispersed on various supports like pumice, 

alumina, silica-alumina and silica (Maldonado et al. 2010).   

The catalytic conversion of methanol to formaldehyde over Ag/TiO2 at different 

temperatures results in different formaldehyde yields as shown in Figure 10. 2wt.% 

Ag/TiO2 showed the lowest activity for formaldehyde. Catalysts with higher silver 

loading possess higher activity for formaldehyde formation so it can be concluded from 
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Figure 10 that with the increase in Ag loading conversion of methanol to formaldehyde 

increases. (Maldonado et al. 2010) 

  

Figure 10. Effect of temperature on conversion of methanol over Ag/TiO2 catalysts 

(Maldonado et al. 2010). 

Most of the Ag/TiO2 catalysts show almost 100% selectivity towards formaldehyde 

formation at a reaction temperature lower than 250
o
C but the conversion levels are very 

low because at this temperature only the dehydrogenation of methanol takes place. The 

catalytic oxidation occurs at temperatures higher than 400
o
C, at this temperature the 

selectivity of the catalysts with high Ag loading is about 70%. (Maldonado et al. 2010)    
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12 CONCLUSIONS 

Aldehydes have a very important role in biomass combustion and pulp and paper 

industry. The aim of this thesis was to study from literature the emissions of various 

solid biomass fuels in industrial scale boilers and look for the possibility of utilization 

of side streams if the formation of some gas compounds is so big that they could be 

collected and further processed.  

Pulp and paper industry uses black liquor as a biomass fuel in the recovery boiler for 

producing steam and electricity. Methanol and methyl mercaptan are formed during 

various processes of a pulp mill. These waste streams can be utilized to valuable 

products through catalysis. Formaldehyde is the valuable product that is formed by the 

selective partial oxidation of methanol and methyl mercaptan using, e.g. V-, T- and Ag- 

containing catalysts.  

Aldehydes are formed as unwanted intermediate compounds during biomass 

combustion and are toxic in nature having severe effects on human health and the 

environment. However in this work it is shown that aldehydes are not just unwanted 

compounds as in biomass combustion but they are also useful end products when 

treating the waste gas streams of pulp mills.  

Catalytic oxidation is an environmentally friendly way of treating the waste gas streams 

of a pulp mill and also has an economic impact on the industry. Formaldehyde can be 

further used in the processes of various industries like in the manufacturing of glues and 

resins, textile industry, automobile industry, laboratories, and petroleum and natural gas 

industries. This route of treating waste streams of pulp and paper industry is still limited 

to an experimental level. Further research is required in this area for applying this 

innovative reaction routes in an industrial scale.  
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