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2.1 � Kraft Pulping

Kraft pulping involves the cooking of wood chips at high temperature and pres-
sure in white liquor, which is a solution of sodium sulphide and sodium hydrox-
ide (Smook 1992; Biermann 1996; Adams et al. 1997). The white liquor dissolves 
the lignin that binds the cellulose fibres together. Two types of digester systems—
batch and continuous—are used for kraft pulping. Most kraft pulping is done in 
batch digesters, although the more recent installations are of continuous digesters 
(Gullichsen 2000). In the batch digester, after completion of the cooking, the con-
tents of the digester are transferred to an atmospheric tank usually referred to as a 
blow tank. The total contents of the blow tank are sent to pulp washers, where the 
spent cooking liquor is separated from the pulp. The pulp then proceeds through 
washing, which is done in various stages. The pulp is then bleached, pressed and 
dried into the finished product. The ‘blow’ of the digester does not apply to con-
tinuous digester systems. The balance of the kraft process is designed to recover 
the cooking chemicals and heat. Spent cooking liquor and the pulp wash water are 
combined to form a weak black liquor which is concentrated in a multiple-effect 
evaporator system to about 55 % solids. Then it is concentrated to 65 % solids in 
a direct-contact evaporator by bringing the liquor into contact with the flue gases 
from the recovery furnace, or in an indirect-contact concentrator. The strong black 
liquor is then fired in a recovery furnace (Bajpai 2008; Smook 1992). Combustion 
of the black liquor provides heat which is used for producing process steam and 
also for converting sodium sulphate to sodium sulphide. Inorganic chemicals pres-
ent in the black liquor are collected as a molten smelt at the bottom of the furnace. 
The smelt is dissolved in water to produce green liquor, which is transferred to a 
causticizing tank. In the causticizing tank, calcium oxide is added to convert the 
solution back to white liquor for return to the digester system. From the causticiz-
ing tank, lime mud is precipitated, which is calcined in a lime kiln to regenerate 
calcium oxide (Adams et al. 1997). For process heating, for driving equipment, for 
providing electric power, etc., many mills need more steam than can be provided by 
the recovery furnace alone. So, conventional industrial boilers that burn natural gas, 
coal, oil, bark and wood are most commonly used.
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The problem of kraft mill odour originating from the sulphide in the white liquor 
in the initial pulping has long been an environmental and public relations issue for 
the pulp and paper industry (Smook 1992; Springer and Courtney 1993). The kraft 
mill odour is caused predominantly by malodourous reduced sulphur compounds, 
or total reduced sulphur (TRS), namely, methyl mercaptan, dimethyl sulphide and 
dimethyl disulphide and hydrogen sulphide. Methyl mercaptan, dimethyl sulphide 
and dimethyl disulphide are the main volatile organic sulphur compounds and are 
formed in the pulping process, while hydrogen sulphide is formed in the recovery 
furnaces (US EPA 1973, 1976, 1986, 1993a, b, 2001; Das and Jain 2004; Pinkerton 
1993, 1998, 2000a, b; Bordado and Gomes 1997, 2003; Someshwar and Pinkerton 
1992; Anderson 1970). Reduction of odourous gas emissions in kraft mills will 
significantly improve the environmental competitiveness of the pulp and paper 
industry, and will also improve public relations with their respective surrounding 
communities. When it is more economically feasible, odour reduction, instead of 
odour elimination, can improve significantly the air quality and the environment of 
a kraft mill, since it will reduce the radius of the area being impacted by the odour 
emission.

Although significant reduction of TRS emission has been achieved in the pulp 
and paper industry in the last decade with advanced odour abatement technologies, 
subjective odour nuisance at very low concentrations still causes odour problems 
in the communities surrounding kraft mills. TRS formation in kraft pulping was 
studied as early as the 1950s, 1960s, and 1970s (Kringstad et al. 1972; Tormund 
and Teder 1987; Zhao and Zhu 2004; Wag et al. 1995; Frederick et al. 1996; Tarpey 
1995; Zhang et al. 1999). Much of this research effort has been devoted to quantifi-
cation and kinetics (Wag et al. 1995; Frederick et al. 1996; Tarpey 1995) of the or-
ganic sulphur compound formation. The general formation mechanism of the TRS 
has been described by Frederick et al. (1996) and Jarvensivu et al. (1997). The for-
mation of methyl mercaptan and dimethyl sulphide is through the reaction of mer-
captide ion and the methoxyl groups present in the pulping liquor (Wag et al. 1995; 
Tarpey 1995). Dimethyl disulphide is not formed in the pulping process; rather it is 
formed through the oxidation of methyl mercaptan when black liquor is in contact 
with air (Wag et al. 1995; Frederick et al. 1996; Tarpey 1995). Hydrogen sulphide 
is not formed in the normal pulping pH conditions, but rather in the downstream 
processes where the pH of the streams are reduced below 10 through its dissociation 
from sodium sulphide (Zhao and Zhu 2004; Frederick et al. 1996). Other signifi-
cant sources of hydrogen sulphide formation are lime mud reburning, black liquor 
pyrolysis, and molten smelt dissolution processes (Zhao and Zhu 2004; Wag et al. 
1995; Frederick et al. 1996).

Typical characteristics of the gaseous emissions from kraft pulp mill are shown 
in Table 2.1. Overall, the three most important source of odour production are black 
liquor combustion, weak black liquor concentration and the digestion process. It 
can be seen that the source of the largest volume of potential emissions is the re-
covery furnace, followed closely by the digester blow gases and the washer hood 
vents. But, the most concentrated emissions come from the digester blow and relief 
gases. About 0.1–0.4 kg of TRS is emitted per ton of pulp at 5 ppm in the recovery 
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boiler flue gases. The main difficulty with TRS emission is their nauseous odour, 
which are detected by the human nose at very low concentrations. The odour thresh-
old (odour detectable by 50 % of the subjects) concentrations of the principal TRS 
compounds emitted by kraft mills, which are only few parts per billion by volume 
(Springer and Courtney 1993) are shown in Table 2.2. TRS is more of a nuisance 
than a serious health hazard at low concentrations. Thus, odour control is one of the 
main air pollution problems in a kraft mill.

Oxides of both sulphur and nitrogen are also emitted in varying quantities from 
a few points in the kraft system. The main source of sulphur dioxide emission is the 
recovery furnace due to the presence of sulphur in the spent liquor used as a fuel. 
Sulphur trioxide is sometimes emitted when fuel oil is used as an auxiliary fuel. The 
lime kiln and smelt dissolving tank also emit some sulphur dioxide. The emission 
of nitrogen oxides is more general because nitric oxide is formed whenever oxygen 
and nitrogen, which are both present in air, are exposed to high temperatures. A 
small part of the nitric oxide formed may further oxidize to nitrogen dioxide. These 
two compounds, nitric oxide and nitrogen dioxide, are termed the total oxide of 
nitrogen. Under normal operating conditions, the temperature in the recovery fur-
nace is not high enough to form large quantities of oxides of nitrogen (NOx). The 
main source of NOx emissions is the lime kiln. SOx and NOx emission rates from 
various kraft mill sources are shown in Table 2.3. Due to the variations in operating 
conditions at different mills, there are large variations in the emission rates. Large 

Table 2.1   Typical offgas characteristics of kraft pulp mill. (Based on data from Andersson et al. 
1973; US EPA 1973)
Emission source Offgas flow rate 

(m3/ton pulp)
Concentration (ppm by volume)
H2S CH3SH CH3SCH3 CH3SSCH3

Digester batch
 Blow gases 3–6000 0–1000 0–10,000 100–45,000 10–10,000
 Relief gases 0.3–100 0–2000 10–5000 100–60,000 100–60,000
Digester, continuous 0.6–6 10–300 500–10,000 1500–7500 500–3000
Washer hood vent 1500–6000 0–5 0–5 0–15 0–3
Washer seal tank 300–1000 0–2 10–50 10–700 1–150
Evaporator hotwell 0.3–12 600–9000 300–3000 500–5000 500–6000
BLO tower exhaust 500–1500 0–10 0–25 10–500 2–95
Recovery furnace 6–000–12,000 (after direct-contact evaporator)

0–1500 0–200 0–100 2–95
Smelt dissolving tank 500–1000 0–75 0–2 0–4 0–3
Lime kiln exhaust 1000–1600 0–250 0–100 0–50 0–20
Lime slacker vent 12–30 0–20 0–1 0–1 0–1

Reduced sulphur compound Odour threshold 
concentration (ppb)

Hydrogen sulphide (H2S) 8–20
Methyl mercaptan (CH3SH) 2.4
Dimethyl sulphide (CH3SCH3) 1.2
Dimethyl disulphide (CH3SSCH3) 15.5

Table 2.2   Odour threshold 
concentration of TRS pol-
lutants. (Based on data from 
Springer and Courtney 1993)
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amount of NOx are generated when the flame temperature is above 1300 °C and 
oxygen concentration is higher than 2 %. Modern recovery boilers should have SOx 
emissions below 100 ppm when properly operated. Sulphur emissions from power 
boilers are controlled by using fuels of low sulphur content.

Another type of odourous emissions of non-sulphur compounds is generated by 
the hydrocarbons associated with the extractive components of wood, such as ter-
penes and fatty and resin acids, and also from materials used in processing and con-
verting operations, like defoamers, pitch control agents, bleach plant chemicals, etc. 
Compared to TRS emissions, these hydrocarbon emissions are small, but they may 
be odourous, or act as liquid aerosol carriers contaminated with TRS, or undergo 
photochemical reactions.

2.2 � Emissions from Neutral Sulphite Semi-Chemical 
(NSSC) Pulping

The semi-chemical pulping process uses a combination of chemical and mechanical 
energy to extract pulp fibres. Wood chips are first partially softened in a digester 
with chemicals, steam and heat. After the chips are softened, mechanical meth-
ods complete the pulping process. After digestion, the pulp is washed to remove 
cooking liquor chemicals and organic compounds dissolved from the wood chips. 
Then this virgin pulp is mixed with 20–35 % recovered fibre or repulped second-
ary fibre to enhance machinability. The chemical portion of the pulping process—
cooking liquors, process equipment—and the pulp washing steps are very similar 
to the kraft and sulphite processes. Presently in the mills, the chemical portion of 
the semi-chemical pulping process uses either a non-sulphur or neutral sulphite 
semi-chemical (NSSC) process (Biermann 1996). The NSSC process uses a sodi-
um-based sulphite cooking liquor and the non-sulphur process uses either sodium 
carbonate only or mixtures of sodium carbonate and sodium hydroxide for cooking 
the wood chips (EPA 2001a, b).

Generally, the emissions from NSSC are much lower in comparison to those 
from the kraft process. As no sodium sulphide is present in the pulping liquor, both 

Table 2.3   Typical emissions of SOx and NOx from kraft pulp mill combustion sources. (Based on 
data from US EPA 1973; Someshwar 1989)
Emission source Concentration (ppm by volume) Emission rate (kg/tona)

SO2 SO3 NOx (as NO2) SO2 SO3 NOx (as NO2)

Recovery furnace
 No auxiliary fuel 0–1200 0–100 10–70 0–40 0–4 0.7–5
 Auxiliary fuel added 0–1500 0–150 50–400 0–50 0–6 1.2–10
 Lime kiln exhaust 0–200 – 100–260 0–1.4 – 10–25
Smelt-dissolving tank 0–100 – – 0–0.2 – –
Power boiler – – 161–232 – – 5–10b

a kg/t of air-dried pulp
b kg/t of oil
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methyl mercaptan and dimethyl sulphide are absent from the gaseous emissions, a 
very low amount of reduced sulphur is emitted (Dallons 1979). The sulphur emis-
sions from the sodium carbonate (sulphur-free) process has been traced to sulphur 
in the fuel oil and process water streams used. The emissions of sulphur dioxide and 
NOx are similar to those of a kraft mill.

2.3 � Emissions from Sulphite Pulping

The cooking liquor in the sulphite pulping process is an acidic mixture of sulphu-
rous acid and bisulphite ion (Smook 1992). In preparing sulphite cooking liquors, 
cooled sulphur dioxide gas is absorbed in water containing one of four chemical 
bases—magnesium, ammonia, sodium or calcium. This process uses the acid solu-
tion in the cooking liquor to degrade the lignin bonds between wood fibres. Sulphite 
pulps can be bleached more easily and have less colour than kraft pulps, but are not 
as strong as kraft pulps. The efficiency and effectiveness of the sulphite process is 
also dependent on the type of raw material and the absence of bark. For these rea-
sons, the use of sulphite pulping is not very common and has reduced significantly 
in comparison to kraft pulping over time (EPA 2001a, b).

The sulphite process mainly operates with acidic sulphur dioxide solutions and 
as a result sulphur dioxide is the principal emission. Organic reduced sulphur (RS) 
compounds are not produced if proper conditions are maintained in the process. 
Because the odour threshold is about 1000 times higher for sulphur dioxide than for 
RS compounds, sulphite mills generally do not face the odour problem of a kraft 
mill. Volatile compounds such as methyl mercaptan and dimethyl sulphide are not 
produced in sulphite pulping. The method of attack on lignin by sulphite liquor is 
quite different than that by kraft liquor. The sulphite process involves sulphonation, 
acid hydrolysis and acid condensation reactions (Rydholm 1965).

Typical emissions in the sulphite process are sulphur dioxide with special ox-
ides of nitrogen (problems arising in the ammonium-base process). Sulphur dioxide 
is also emitted during sulphite liquor preparation and recovery. Very little sulphur 
dioxide emission occurs with continuous digesters. However, batch digesters have 
the potential for releasing large quantities of sulphur dioxide, depending on how the 
digester is emptied. Digester and blow-pit emissions in the sulphite process vary 
depending on the type of system in operation. These areas have the potential for 
being a major source of sulphur dioxide emission. Pulp washers and multiple-effect 
evaporators also emit sulphur dioxide.

2.4 � Mechanical Pulping

In mechanical pulping, pulp fibres are separated from the raw materials by physi-
cal energy such as grinding or shredding, although some mechanical process-
es use thermal and/or chemical energy to pretreat raw materials (Smook 1992; 
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Biermann 1996). The main processes are stone groundwood pulping (SGW), pres-
sure groundwood pulping (PGW), thermomechanical pulping (TMP) or chemith-
ermomechanical pulping (CTMP). Emissions to the air are modest in mechanical 
pulping. Production emissions of purchased electricity can be high (Nordic Council 
of Ministers 1993). Atmospheric emissions from mechanical pulping are mainly 
linked to emissions of volatile organic compounds. Sources of volatile organic com-
pounds emissions are evacuation of air from woodchips washing chests and other 
chests, and from sparkling washer where steam released in mechanical pulping pro-
cesses contaminated with volatile wood components is condensed. The concentra-
tions of volatile organic compounds depend on the quality and freshness of the raw 
material and the techniques applied. The emitted substances include acetic acids, 
formic acids, ethanol, pinenes and turpenes. Emissions of volatile organic com-
pounds from a TMP mill before treatment is shown in Table 2.4

There are different alternatives for reducing volatile organic compounds emis-
sions. Recovery of turpenes from those contaminated condensates that contain 
mainly turpenes or incineration of the exhaust gas in the on-site power plant or a 
separate furnace are available alternatives. In that case, about 1 kg volatile organic 
compounds/t of pulp is emitted from the process. Some volatile organic compounds 
may be released from wastewater treatment and unquantified emissions also occur 
from chip heaps.

In a CTMP mill, the atmospheric emissions originate mainly from chip impreg-
nation and steam recovery (volatile organic compounds) and the bark boilers where 
wood residuals are burned (particulates, sulphur dioxide, NOx) (European Commis-
sion 2001). As in other pulp and paper mills, mechanical pulping generates emis-
sions to the air that are not process related but mainly related to energy generation 
by combustion of different types of fossil fuels or renewable wood residuals. The 
fossil fuels used are coal, bark, oil and natural gas. In a typical integrated paper 
mill that uses mechanical pulp high-pressure steam is generated in a power plant. 
The energy is partially transformed into electricity in a back pressure turbo genera-
tor and the rest is used in paper drying. The power plants burning solid fuels have 
electrostatic precipitators for the removal of particulates from the flue gases. The 
emission of sulphur dioxide is limited by using selected fuels. Depending on the lo-
cal conditions there are paper mills using different amounts of energy from external 
supply.

Table 2.4   Volatile organic carbon emission from TMP mill before treatment. (Based on Nordic 
Council of Ministers 1993)
Process stage
Sparkling washer Total organic carbon: 6000 mg/m3 (highest individual 

value: 9600 mg/m3)
Pinenes 1): 13,000 mg/m3

Washing of woodchips Total organic carbon: 300 mg/m3

Pinenes 1): 500 mg/m3

Evacuation of air from other chests Total organic carbon: 150 mg/m3

Pinenes 1): 50 mg/m3
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