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Tämän diplomityön tavoitteena oli laimeiden ja väkevien hajukaasujen tutkiminen sekä nykyisten hajukaasujen 

käsittelymenetelmien kartoittaminen. Työn kokeellisen osion tarkoituksena oli minimoida nykyiseen 

hajukaasulinjaan kertyvän kiinteän hartsimaisen materiaalin määrää tutkimalla ongelman alkuperää ja optimoimalla 

hajukaasupesureiden toimintaa sekä kehittämällä hajukaasulinjan operointimalleja. 

 

Kokeellisessa osiossa tutkittiin hajukaasulinjaan kertyvän hartsimaisen materiaalin liukoisuutta, määrää, alkuperää 

sekä syitä siihen, miksi materiaali läpäisi pesurit. Pesureiden läpi pääsevän hartsimaisen materiaalin määrän 

mittaamiseen kehiteltiin suodatusperiaatteella toimiva keräilylaitteisto. Keräilylaitteiston avulla analysoitiin 

tukkeutumisongelman aiheuttavia ilmiöitä. Tämän lisäksi määritettiin pH- ja konsentraatiomittausten avulla 

lipeäpesureiden nesteen minimivaihtoväli. 

 

Liukoisuuskokeiden tulosten perusteella hartsimainen, hajukaasulinjaan kertyvä kiintoaine, joka ei liuennut 50%:een 

lipeään 70 oC lämpötilassa, liukeni rasvahappoon jo huoneenlämmössä. Liukoisuus kasvoi lämpötilaa kasvatettaessa. 

Suurin yksittäinen syy pesureilta läpi pääsevän hartsin määrään vaikuttaisikin olevan juuri epäsopiva pesuneste. 

Tämän vuoksi linjamuutosten suunnittelu lipeäpesureiden muuttamiseksi rasvahapolle aloitettiin. Keräilylaitteiston 

avulla toteutettujen keräilykokeiden tulosten perusteella toinen suuri syy pesureilta läpi pääsevän hartsin määrään 

olivat typpi- ja höyrypuhallukset. Lisäksi pesureilta läpi pääsevän materiaalin määrään vaikuttivat reaktiotuotteet sekä 

pesureiden kierron lämpötila, joka vaikuttaa pesureilta poistuvan kaasun lämpötilaan. Pesureiden läpi pääsevän 

hartsimaisen materiaalin ja pesureiden jälkeen kerätyn lauhteen määrä kasvoi pesurin nesteen lämpötilan noustessa. 

pH- ja konsentraatiomittausten perusteella mäntyöljytislaamon puoleisen lipeäpesurin tehokkaaksi pesuajaksi 8 %:lla 

lipeäliuoksella määritettiin noin 8 tuntia mittausten aikaisella tuotantokapasiteetilla. Kokeesta ei järjestetty useampia 

toistoja, sillä linjamuutoksia,  jotka mahdollistaisivat pesurin nesteen vaihtamisen rasvahapoksi, alettiin suunnitella 

pian kokeen jälkeen. Hartsijalosteen puoleiselle lipeäpesurille syötettävien kaasujen koostumuksen sekä pesurin 

pienen lipeän kulutuksen perusteella alettiin myös tätä pesuria varten suunnitella linjamuutoksia pesunesteen 

vaihtamiseksi. 
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Abstract 

 

The aim of this Master’s thesis was to acquire information related to lean and concentrated odorous gases along with 

examining modern treatment options. The main problem with the current LOG-system at Arizona Chemical Oulu is 

the accumulation of a rosin-based material, which fouls the pipeline. The experimental part of this master’s thesis 

therefore concentrates on investigating the origin of this problem and on minimizing the amount of the accumulating 

material. The measures and suggestions related to minimizing the amount of the accumulating material include the 

optimization of scrubber operation and the development of other aspects regarding the operation and the construction 

of the current LOG-line. 

 

Solubility tests were conducted to investigate the dissolution of the rosin-based material in fatty acids. The amount of 

the solid material passing through the scrubbers was measured with a specifically designed filtering collection 

system. In addition, pH measurements were conducted to find out the minimum liquid changing intervals for the 

scrubbers using caustic scrubbing solution. 

 

The solid rosin-based material that accumulated in the main LOG-line did not dissolve into a 50% caustic solution 

even at 70 oC. However, the material did dissolve into fatty acids already at room temperature. According to the 

results of the conducted solubility tests, the dissolution velocity of the rosin-based material in fatty acids increased 

with increasing temperature. Accordingly, one of the main reasons for the accumulation of the rosin-based material, 

that passes through the scrubbers, is therefore unsuitable washing liquid. Because of this, a design of piping changes, 

that would enable to change the scrubbing liquid of the caustic scrubbers to fatty acids, was initiated. According to 

the conducted filtering system measurements, another reason for the accumulation of the rosin-based material seems 

to be nitrogen- and steam cleaning of pipes. Additionally, reaction products and the temperature of the scrubbing 

liquid circulation seem to have an effect on the amount of the accumulating material. According to the conducted pH- 

and concentration measurements, the washing efficiency of the scrubber on the distillery side of Arizona Chemical 

Oulu remained at its maximum for 8 hours with the contemporary operation capacity. This can therefore be 

considered as the minimum scrubbing liquid changing interval for an 8% caustic solution. This test was not repeated, 

as the design for the piping changes, which would enable to change the scrubbing liquid of this scrubber to fatty 

acids, begun after the test. After verifying that caustic consumption in the scrubber on the refinery side of the facility 

was low, design of the piping changes required to change the scrubbing liquid to fatty acids was initiated for this 

scrubber as well. 
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1 INTRODUCTION 

Arizona Chemical Oulu site Lean Odorous Gases (LOG) system optimization was 

chosen as the subject for this master’s thesis, because it is currently one of the biggest 

problems at Arizona Chemical Oulu. The pipeline of the main LOG-system kept fouling 

as rosin-based material accumulated in the piping. The literature part of this Master’s 

thesis involved studying the world of lean and concentrated gases, equipment related to 

the treatment of odorous gases, BAT (best available technology) involving the 

equipment, and the current equipment at Arizona Chemical. 

The effectiveness of the scrubbers at Arizona Chemical Oulu was examined, and the 

operational parameters of the scrubbers were optimized to minimize the amount of the 

accumulating rosin-based material. For example solubility-, pH- and concentration 

measurements were conducted to examine the effectiveness of the scrubbers. The origin 

of the accumulating material was investigated in order to perform scrubber 

optimization. A filtering device was developed to measure the amount of the 

accumulating rosin-based material passing through the scrubbers. Subsequently, 

operational modifications involving the type of the washing liquid, washing liquid 

concentration, liquid changing intervals and scrubber temperature were made to 

increase the abatement efficiency of the rosin-based material at the scrubbers. 

The operational routines involving the current LOG-system were examined and 

discussed with the employees working with the system. Basically, the purpose of the 

examination was to improve the operation of the current LOG-system steam cleaning 

process and the timing of the cleaning intervals. All things considered, optimization of 

the LOG-system was performed to ensure that the odorous gases could be combusted in 

the hot oil heater (HOH) at a higher uptime. Current environmental regulations state, 

that the uptime of the odorous gas treatment system needs to be 95% of the facility 

operating time. 
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2 GASEOUS POLLUTANTS AND PARTICULATES 

2.1 Noncondensible gases 

The distinct smell of odorous gases is mainly caused by total reduced sulfur (TRS) 

compounds. These compounds are hydrogen sulfide, methyl mercaptan, dimethyl 

sulfide (DMS) and dimethyl disulfide (DMDS). The TRS gases emit from various 

processes, for example, in pulp and paper industries and other biorefineries. According 

to Lin (2007, p. 1) the TRS gases emitting from processes, such as digesters, 

evaporators, liquor containers, strippers etc., are also referred to as noncondensible 

gases (NCG). NCG also include compounds, such as turpentine and methanol, that are 

classified as hazardous air pollutants (HAPs). These HAP compounds need to be treated 

in a proper fashion and according to the environmental regulations. NCG can be 

categorized into concentrated NCG, dilute (lean) NCG, chip bin gases and stripper off 

gases. (Lin 2007, p. 1) 

Diluted NCG are also known as high volume, low concentration (HVLC) gases, which 

are categorized by being below the lower explosive limit (LEL) values. Lin (2007, p. 2) 

describes lower explosive limit as “The lowest concentration of gas, by percent volume, 

that, when mixed with air, will burn” and the upper explosive limit (UEL) as “The 

highest concentration of gas, that, when mixed with air, will burn”. The quantities of 

diluted NCG streams to be treated are usually high, whereas the TRS concentration of 

the gas mixture is low. The volume of treated gas is often further increased as additional 

air, steam or inert gas needs to be incremented to the gas flow to keep the NCG 

concentration under the LEL values. Dilute NCG systems are usually operated at 25% 

of the LEL or less. The temperature of these gas streams is advised to be below 60 
o
C. 

Heaters may be used to increase the diluted NCG temperature above saturation point.  

(Lin 2007, p. 1-7) 

Concentrated NCG can also be referred to as low volume, high concentration (LVHC) 

gases. The concentration of concentrated NCG is above the LEL. If the concentration of 

a gas is above its UEL, the gas will not explode because of lack of oxygen. Therefore, 

the concentration of LVHC gases should be kept above the UEL-value of the gas 

mixture. In other words, the oxygen content of the gas mixture should be kept low. 
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Furthermore, if the temperature of a concentrated NCG mixture is above 60 
o
C, it 

should be cooled down before transportation steps. Additionally, concentrated and 

diluted NCG should not be mixed, since the mixture may easily end up between the 

LEL and UEL values (explosive range). (Lin 2007, p. 1-7)  

2.2 Particulates 

Particulates can be classified into coarse particles (2.5 µm < dp < 10 µm), fine particles 

(dp < 2.5 µm) and nanoparticles (dp < 0.1 µm) according to their aerodynamic diameter 

(dp). Particles larger than 10 µm may be referred to as large particles. (Hiukkastieto 

2015)  Particles are formed from primary or secondary sources. Primary sources include 

emissions from industrial processes (e.g. combustion), transportation, natural 

phenomena et cetera. Secondary pollutants form from gaseous compounds, such as 

sulfur dioxide, nitrogen oxides, ammonia and hydrocarbons, for example, through 

oxidation. (Laitinen & Ojala 2014, p. 7) According to Laitinen & Ojala (2014, p. 7), 

most primary particles are more harmful than secondary particles. However, most 

atmospheric particulates originate from secondary sources (Laitinen & Ojala 2014, p. 

7).  

Particulate concentration is usually stated as PM (particulate matter) -values. For 

example, PM10 denotes the mass concentration of particles below 10 µm in diameter. 

Likewise, another often used value PM2.5 is the mass concentration of particles below 

2.5 µm in diameter. The particles below 10 µm in diameter can be referred to as 

respirable particles. (Hiukkastieto 2015) Limits and guideline values of emitted 

substances are clearly stated in the environmental regulations. The degree of the Finnish 

environmental law regarding air quality is based on directives (50/2008 and 107/2004) 

of the European Union. Limits and guideline values of particulates and gases often 

related to industrial processes are listed in Table 1 below. (Ympäristöhallinto 2013) 
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Table 1. Finnish limits and guideline values for particulates and gases often related to 

industrial processes. (Ympäristöhallinto 2013) 

 
Time Limit (µg/m

3
) 

Guideline value 

(µg/m
3
) 

Permissible exceeding 

of limits (number of 

times per year) 

PM2.5 year 25 - - 

PM10 
day               

year 

50                    

40 

70                      

50 

35                                    

- 

Sulfur dioxide 
hour                

day 

350                

125 

250                      

80 

24                                     

- 

TRS day - 10 - 

Nitrogen 

dioxide 

hour             

year 

200                  

40 

150                       

- 

18                                    

- 

 

2.3 Health hazards 

2.3.1 Toxicity 

NCG are not an exceptionally rare reason for injuries and deaths when considering 

industrial activity. NCG are toxic and cause irritation to eyes and respiratory organs in 

lower concentrations. In higher concentrations even a momentary exposure may cause 

death. The nature of these gases should be taken into consideration in the design of the 

process to avoid any unnecessary risks. For example, the obstruction of gas leaks into 

enclosed areas must be ensured along with proper ventilation and safe zones. (Lin 2007, 

p. 1-2) Suitable protection should also be used, when handling chemicals or working in 

potentially hazardous areas. 

Hydrogen sulfide is a particularly common gas found and originated in multiple 

industrial processes. It is also found naturally in multiple compounds such as crude 

petroleum, natural gas and volcanic gases. Hydrogen sulfide is a colorless gas with the 

smell of rotten eggs. It is toxic by inhalation, causes skin irritation and possesses a 

danger of explosion in confined spaces. It is also very toxic to the environment, for 

example, to aquatic life. (National Center for Biotechnology Information 2004d) 

Exposure to hydrogen sulfide at 1000 ppm for 30 minutes is fatal (Lin 2007, p. 2). 

However, the National Institute for Occupational Safety and Health (1994) states that 

hydrogen sulfide is lethal at 800 ppm in 5 minutes already. Methyl mercaptan on the 
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other hand, is a colorless gas with a smell of rotten cabbage and density higher than that 

of water vapor. It is released from decaying organic matter and is often present, for 

example, in natural gas, coal tar and crude oil. Methyl mercaptan is also toxic by 

inhalation. It is known to cause irritation to the skin, eyes and the respiratory system as 

well as narcosis, cyanosis and convulsions. (National Center for Biotechnology 

Information 2004f) 

DMDS is a highly flammable, non-polar and colorless liquid with an odor of garlic. The 

inhalation of DMDS causes respiratory irritation. Irritation may also occur from 

physical contact, for example, to the skin or the eyes. DMDS is a hazardous compound 

that possesses a fire hazard if exposed to oxidizing substances. Additionally, toxic sulfur 

oxide fumes are emitted if the compound is heated to decomposition or if in direct 

contact with acids. DMDS fumes form explosive mixtures with air and may easily be 

ignited by sparks, etc. (Cameo Chemicals 2012c) DMDS is slightly soluble in water. 

(National Center for Biotechnology Information 2005)  

DMS is a colorless liquid that possesses similar toxic effects as previously described 

DMDS and a low flash point (-48 
o
C). According to the National Center for 

Biotechnology Information (2004f), “The flash point of a volatile material is the lowest 

temperature at which it can vaporize to form an ignitable mixture in air”. The 

colorization of DMS may resemble a straw-like color. It is also highly flammable, 

slightly soluble in water and incompatible with acids and many other substances such as 

strong reducing agents. Reactions are often exothermic and produce hydrogen gas. 

Reactions may also produce hydrogen sulfide, if decomposed or in contact with acids. 

(Cameo Chemicals 2012b) Alpha-pinene, which is a major constituent of turpentine 

along with beta-pinene, is a highly flammable liquid that is immiscible to water. High 

concentrations of alpha-pinene have a destructive impact on human health, particularly 

on the respiratory tract, eyes and the skin, whereas lower concentrations may cause 

lesser, but potentially harmful symptoms such as irritation. Turpentine should not be 

released to the environment because of its similarly hazardous environmental impacts. 

Alpha-pinene is known to react strongly with oxidizing agents, and just like DMS, may 

react exothermically with reducing agents to produce hydrogen gas. (Cameo Chemicals 

2012a) As can be seen in Appendix 1, Table 1, all NCG are denser than air, which may 

lead to gas accumulation in low or confined areas. More important properties of 
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noncondensible gases are found in Appendix 1, Table 2. Turpentine fumes are a known 

cause for multiple explosions in industrial processes (Lin 2007, p. 3).  

In addition to NCG, sulfur dioxide is a major health concern for human health and the 

environment. Sulfur dioxide is mostly emitted from the combustion of sulfur containing 

fuels. Other sulfur containing compounds, such as sulfur trioxide and TRS compounds, 

are also released from various industrial processes (Laitinen & Ojala 2014, p. 11). Most 

sulfur containing emissions are in a gaseous form, however, some emissions also appear 

as particulates (Hiukkastieto 2015; Laitinen & Ojala 2014, p. 11). Health concerns 

associated with exposure to sulfur dioxide include breathing difficulties, respiratory 

illness and aggravation of existing cardiovascular diseases. Sulfur dioxide is one of the 

main causes for acid rain, which enables the acidic compounds to end up back on the 

ground. The acidification of natural water systems as well as damage to the flora and 

buildings are derived from sulfur dioxide related acid deposition in the environment. 

Sulfur dioxide is also a component of smog, so while airborne, it causes visibility 

degradation. (Srivastava et al. 2001, p. 219) As these previously described compounds 

are harmful to the environment, proper measures need to be executed for their disposal.  

Also particulates possess a risk to human health and the environment. Fine particulates 

are most harmful to people with respiratory illnesses or heart diseases, as well as to 

young and senior citizens (Hiukkastieto 2015; Salonen & Pennanen 2006, p. 5). 

Atmospheric fine particulates are known to cause adverse effects on human health, for 

example, lung cancer and deterioration of asthma. The diameter and the shape of the 

particles have an impact on where the particles end up in the human body. Particles of 

larger diameter (dp > 10 µm) accumulate in the upper respiratory tract, nasal cavities 

and throat, from where they are removed quite easily by coughing, mucus, et cetera. 

Therefore, large particles are mainly of nuisance and cause irritation. Coarse particles 

accumulate and remain in the area of bronchus and trachea, for which they are thought 

to cause more harm than the previously described large particles. Fine particulates are 

known to increase the risk of heart attacks, respiratory diseases and coronary heart 

disease. (Hiukkastieto 2015; Salonen & Pennanen 2006, p. 15) They may also be a 

cause for increased blood pressure, type 2 diabetes and memory disorder (Laitinen & 

Ojala 2014, p. 11). Nanoparticles may even transfer from the pulmonary alveolus to the 

bloodstream, from where they may end up in the brain. (Salonen & Pennanen 2006, p. 
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5-15) Nanoparticles have high surface areas, which leads to high absorption properties. 

They may easily absorb toxic compounds, such as sulfur dioxide and nitrogen oxides, 

which may cause potential health hazards. (Laitinen & Ojala 2014, p. 11) Particle sizes 

of common health issue-related particles along with the applicability ranges of some 

removal mechanisms, measurement types and removal methods are listed in 

Appendix 1, Figure 1. 

Fine unsettleable solid or liquid particles floating within a gas phase form aerosols. 

Aerosols have a particular influence on atmosphere-related phenomena such as cloud 

formation, climate change, rain spreading and different chemical reactions that occur in 

the atmosphere. These particles act as condensational nuclei for forming drops in cloud 

formation, which affects the concentration and the lifespan of clouds along with their 

ability to reflect radiation. The size of the particle has to be large enough for the particle 

to act as condensational nuclei. The minimum size of the particle depends on the 

relative humidity and particle composition. Fine particles also cause visibility 

degradation by scattering light and affect Earth’s energy budget by absorbing radiation. 

Particles around the range of 0.1 – 2 µm are light scattering particles, and therefore, the 

main reason for smog. (Hiukkastieto 2015) The most efficient light scatterers are 

particles with diameters in the wavelength of visible light (0.3 – 0.6 µm) (De Nevers 

2000, p. 32-33). Atmospheric particles are also closely associated with ozone depletion, 

acid rain and dust related nuisance. For example, sulfur dioxide first diffuses from the 

gas phase to the surface of the liquid and finally into the liquid drop, after which it 

oxidizes in the liquid phase. Sulfur dioxide first oxidizes to sulfuric acid, but in its final 

form, it appears as sulfate particles. Secondary sulfate aerosols are often in an 

accumulated form, in which the diameter of the particles is in the light scattering range. 

(Hiukkastieto 2015; Laitinen & Ojala 2014, p. 11-13) The sulfate particles remain in the 

atmosphere until they are removed by rain or coagulation (Hiukkastieto 2015). The 

contribution of these particles to cities PM10 and PM2.5 problems is significant. (Laitinen 

& Ojala 2014, p. 13) 

2.3.2 Volatility 

Many gaseous compounds categorized into NCG are flammable in the presence of 

adequate oxygen levels. If these compounds, such as TRS gases, methanol or turpentine, 

are closed into restricted spaces, they may create a threat of explosion. However, when 



18 

 

TRS gases are mixed with air that has most of its oxygen depleted, they end up in a 

non-volatile state, which is the most common situation when diluting NCG. Dilution 

factors and oxygen levels need to be carefully adjusted so that the gas mixture will not 

end up in the explosive range. In addition to the two previously mentioned particulars 

(combustible material and oxygen), an ignition source is also needed for the gas to 

ignite. The ignition source could be, for example, a static spark, bearing failure or a 

welding torch. Even the shear force between two immiscible liquids, such as, turpentine 

and water, may cause a static spark. History tells that improperly designed and placed 

fans have also caused multiple fires to NCG containing processes, which lead to the 

development of steam ejectors. (Lin 2007 p. 1-7) 

Safe operation of NCG containing systems requires precise design, careful operation 

and maintenance. Performing changes or other maintenance work to NCG lines, 

requires careful purging and gas measurements. It should be ensured by design that 

unnecessary mixing of substances does not occur and that proper grounding is done to 

lines and containers involving NCG. The concentration of combustible gases, along 

with other system properties, should be monitored so that operational measures may be 

done in time for safe operation. For example, dilute NCG systems are usually vented or 

shut down in case the combustible concentration rises above 50% of the LEL during 

operational disturbances. (Lin 2007, p. 3) Important information regarding the volatility 

of NCG compounds is listed in Table 2 below. 

Table 2. Lower- and upper explosive limits along with flame propagation speeds and 

auto ignition temperatures for some NCG. (Barynin et al. 1993, p. 410) 

Compound 
LEL 

(vol%) 

UEL 

(vol%) 

Flame propagation speed 

(m/s) 

Auto ignition 

temperature (
o
c) 

Hydrogen 

sulfide 
4.3 45 - 260 

Methyl 

mercaptan 
3.9 21.8 0.54864 - 

DMS 2.2 19.7 - 204 

DMDS 1.1 8 - - 

α-pinene 0.8 6 152.4 252 

Methanol 6.7 36.5 0.4572 471 
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The explosive range can be depicted by using diagrams in which the volatility of a 

compound is evaluated by the concentration of the compound and oxygen. It is difficult 

to determine the exact explosive ranges for NCG, since the composition of the gas 

mixture varies a lot depending on the process under scrutiny. Figure 1 depicts the 

approximate explosive range of NCG gases with TRS and oxygen content as variables.  

(Lin 2007, p. 2) 

 

Figure 1. Approximate explosive range of NCG with TRS and oxygen content as 

variables. (Lin 2007, p. 2) 

 

In this figure, points A and B depict situations with pure air and pure combustible gas, 

respectively. Point C represents the LEL, whereas point D depicts the UEL. The red 

area depicts the explosive range of the gas mixture and point E is where a typical 

concentrated NCG mixture would land on this figure. It is clear that redundant air 

should not be able to access the system to prevent the gases from ending up in the 

explosive range. Therefore, the system should be made airtight. Diluted NCG are 
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normally outside the explosive range because of their low TRS concentration. The 

explosive range varies depending on the concentration of different combustibles present 

in the gas mixture. For example, a TRS gas mixture, that also contains methanol and 

turpentine, is flammable over the range of 2% to 50% for all combustibles. (Lin 2007, p. 

2-3) 

Steam or inert gases (e.g. nitrogen) can be used to dilute the gas mixture out of the 

explosive range. Careful insulation and tracing is required for the steam not to condense 

in the piping. Propagation speed of a flammable gas measures how fast the flame of a 

started fire will progress. Sulfur gases have quite low propagation speeds (Table 2, 

p.1818), whereas the propagation speed of turpentine it is particularly high, as the flame 

propagation speed of α-pinene is 152 meters per second. Flame arresters keep piping 

and equipment safe by stopping the fire from propagating. (Lin 2007, p. 2-4) Flame 

arresters should be used for systems handling concentrated NCG, since the 

concentration of combustible gases in properly designed lean odorous gas systems will 

be well below the LEL. Therefore, as the fire potential of lean odorous gas systems is 

extremely low, the installation of flame arresters is generally not required. (Allen 2001) 

If flame arresters are required, they should be used at each NCG source and at 

incineration points (Lin 2007, p. 4). Correct placement of flame arresters is highly 

important. If the length of a confined system exceeds its diameter by a factor of ten or 

more, a combustion reaction can self-accelerate to a point at which deflagration turns to 

detonation if the gas mixture is in a detonable range of compositions. The transition 

from deflagration to detonation is dependent on the stoichiometric and the burning 

ratios of the gases, pressure, temperature, and on the source of ignition. (Allen 2001) 

Rupture discs have also been used in NCG lines for the minimization explosion damage. 

In addition, the design and the layout of the piping should be constructed in such a way, 

that forming condensates will not block the gas flow. This can be done by tracing and 

sloping the pipes correctly and by using suitable separators, drains and dewatering tanks 

at the low points of the line. Condensate that ends up in the incineration device will 

vaporize instantly and may cause minor explosions. Additionally, line venting should be 

made as high as possible, so that gases can be released safely, if need be. (Lin 2007, p. 

4-6) 
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2.3.3 Corrosive properties 

Material choices are also important, when considering systems handling NCG. NCG are 

often saturated with water vapor, which causes the acidic substances in this category 

(hydrogen sulfide and methyl mercaptan), to absorb in the forming condensate. This 

may create highly corrosive conditions, which are especially adverse, for instance, to 

carbon steel. In concentrated NCG, the TRS gases and HAPs constitute about 50% of 

the total volume. As some oxygen and acidic substances are present in the NCG 

containing gas stream, a corrosive environment is created. In addition, some NCG, such 

as turpentine and methanol, are strong solvents which may soften or dissolve plastic-

based piping material. A suitable type of stainless steel should thus be used as 

construction material for process equipment handling these compounds. (Lin 2007, p. 1-

2) 
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3 PARTICLE MEASUREMENT OPTIONS 

Different options for measuring the quality of particles were investigated at the request 

of Arizona Chemical Oulu. Particulate measurement devices apply principles, such as 

inertia (impaction, time of flight), optical methods (e.g. intensity of scattered light) or 

electric charging to measure particle properties (Hiukkastieto 2015; Rodríguez 2012). 

Often measured particle properties include size distribution, quantity and composition 

of the particles. (Rodríguez 2012) 

3.1 Size distribution 

When it comes to measuring particle size distribution, cascade impactors, time of flight 

spectrometers, optical particle counters and electrical mobility analyzers are some often 

used options. Cascade impactors are offline measurement devices that use inertial 

impaction as the principle of operation. The sample is passed through a nozzle where 

particles coarser than the determined size impact and adhere to a surface in front of the 

nozzle. (Rodríguez 2012) Particles, that are smaller than the determined separation size, 

are able to pass through the nozzle cut point. The amount of separation sections depends 

on the desired size distribution range. These cut point stages are regularly emptied or 

changed as the collected material is taken to offline analysis. For example, particle 

mass, chemical composition, mineralogy or mixing state can be determined from the 

samples. Most impactors are offline mode instruments, with the exception of electrical 

low pressure impactors (ELPI) that are able to provide online number size distributions 

in the range of 0.01-10 µm. Electrical low pressure impactors charge the particles with a 

unipolar corona charger. Electric current is measured from each cut point stage, where 

the uni- or bipolarly charged particles are depositing. (Järvinen 2014, p. 151; Rodríguez 

2012) The electric current is used to determine particle size distribution. When it comes 

to cascade impactors, inaccuracies may occur due to airflow deviations, aspiration 

losses, non-sharp or ideal cut size, particle bouncing, particle blow off or high dust 

concentrations. (Rodríguez 2012)  

Aerodynamic particle size - time of flight spectrometers (APS-TOFSs) measure the 

number concentration and size of particles by measuring the flight time of each particle 

passing between two measurement points in an accelerating airflow. As the particles are 
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accelerated through a nozzle, large particles lag behind whereas smaller particles tend to 

follow the air motion applied for acceleration. Velocity is measured with two laser 

beams, through which the particles pass at the exit of the nozzle. Sizing errors may 

occur due to deformation of droplets during the acceleration. Optical particle counters 

(OPCs) measure the amount of light scattered by each particle when it passes a beam of 

light. Some of the scattered light is directed to a detector which converts it to electrical 

pulses. Some often used detectors for measuring light scattering include photometers 

and nephelometers. Just like the APS-TOFS, this method can be used to determine the 

number concentration and the size of particles. When determining the size of particles, 

the usability of this method depends on the knowledge of certain particle-related 

attributes, since the refractive index and particle shape are necessary to know for 

determining particle size from the height of the pulse. For atmospheric aerosols these 

values may vary, which may cause measurement problems. Optical particle counters 

require regular calibration. (Rodríguez 2012) 

Electrical mobility analyzers (EMAs) are used to measure the number size distribution 

of particles. These analyzers operate by exposing the particles to a bipolar cloud of ions 

which gives a Boltzman charge equilibrium to the sampled flow. After the ionization of 

the sample, a differential mobility analyzer is used to transfer particles of a certain size 

to a detector by applying a given voltage (electric field). (Hiukkastieto 2015; Rodríguez 

2012) One typically used detector is a condensation particle counter. The voltage 

applied to the analyzer is scanned to determine the particle size distribution. (Rodríguez 

2012) Scanning mobility particle sizer (SMPS) is similar to the previously described 

EMAs except for the condensation particle counter, which is included in SMPSs after 

the differential mobility analyzer of EMAs. The condensation particle counter is used 

for optical determination of particle size distribution. This is done by increasing the 

particle sizes by condensing alcohol or water vapor on the particles, after which the 

particles are measured optically by light diffraction. Particles with diameter below 3 nm 

can be detected by using the condensation particle counter, however, the original size 

information is lost due to the condensational growth. (Hiukkastieto 2015) Figure 2 

compares the size ranges of different size distribution measurement techniques and 

particles. 
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Figure 2. Size ranges of different size distribution measurement techniques and 

particles. (Rodríguez 2012) 

3.2 Mass concentration 

The determination of mass concentration by gravimetry of sampling filters is a very 

simple technique, in which filters are weighed before and after particle collection at a 

controlled temperature and relative humidity. The caught particle size range obviously 

depends on filter pore size. Particles below 0.1 µm are collected by diffusion and those 

above 0.5 µm by impaction. Size dependency to particle collection is under closer 

examination in Chapter 4.3.1. Gravimetry of sampled filters is the only direct 

measurement of aerosol mass. It should be considered as the reference method since the 

results obtained by using the subsequently introduced methods may differ from those 

obtained with manual filter sampling. When it comes to real time analyzers, tapered 

element oscillating microbalance (TEOM) is one option. TEOM devices work by 

collecting the particles on a filter that vibrates at constant amplitude. The mass of the 

particles can be determined as a function of the decreasing frequency caused by 
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constantly increasing particle mass. The sampling substrate has to be regularly manually 

changed which may be considered a disadvantage. High particle concentration may 

cause overloading or clogging. (Rodríguez 2012) 

Beta gauge is a measurement technique where the sample is measured by transmitting 

beta particles across a filter. As a filter restrains particles and the sample load increases, 

the number of beta particles transmitted across the filter decreases. This can be used to 

determine mass concentration. The attenuation of beta radiation happens due to the 

scattering of beta particles by the atomic electrons of the sample and filter. Therefore, 

the attenuation depends on the areal density. Commercial instruments have detection 

limits around 1 µg/m
3
 (24h average). Bulk dust mass concentration analysis options 

include the filter ash method and tracer analysis, in which the sample is collected on a 

filter and analyzed by different means. (Rodríguez 2012) 

3.3 Chemical composition and characterization of particles 

The chemical composition is most often analyzed by using offline methods. This 

involves collecting the sample on a filter, possible pretreatment and analysis. Some 

commonly used sample analysis methods that do not require sample pretreatment 

include X-ray fluorescence (XRF), proton induced X-ray emissions (PIXE), 

instrumental neutron activation analysis (INAA). Other methods include, for example, 

inductively coupled plasma atomic emission spectrometry (ICP-AES), inductively 

coupled plasma mass spectrometry (ICP-MS), ion chromatography, atomic absorption 

spectroscopy (AAS), colorimetry, selective electrodes, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and energy dispersive X-ray 

spectroscopy (EDX). The operation or the technique behind these methods will not be 

introduced here. Some often used filter types related to the collection of the sample 

include cellulose fiber, glass and quartz fiber and membrane filters. Filter material 

choice depends on the nature of the measured sample and the measurement conditions. 

For example, Teflon filters are recommended to reduce the X-ray fluorescence (XFR) 

response of the filter media. (Rodríguez 2012) 

The previously introduced offline methods often come with high cost and sampling 

duration. Therefore, the development of online chemical characterization techniques has 



26 

 

been under scrutiny in the recent years. According to Rodríguez (2012), new online 

techniques are not intended for long term monitoring. Most of these “online” methods 

are semi-real time analyzers. For example, in semi-real time XRF analysis, the sample is 

collected on a filter tape during a certain period, after which it is analyzed by XRF. 

Semi-real time analyzers have also been developed for the analysis of soluble ions and 

specific gaseous aerosol precursors. These systems involve trapping the pollutants into a 

leachate, which is then conveyed to analysis. The analysis can be done by ion 

chromatography, thermal decomposition processes, etc. (Rodríguez 2012) 

Nevertheless, there are also fully online methods for the analysis of chemical 

composition such as aerosol mass spectrometers (AMSs) and aerosol time of flight mass 

spectrometers (ATOFMSs). The aerosol mass spectrometer can be used for real-time 

analysis of the quantitative size and chemical composition of non-refractory 

submicrometer aerosol particles. These particles are focused on a beam, where thermal 

evaporation of non-refractory particles occurs, after which they are detected, for 

example, by electron impact ionization quadrupole mass spectrometry. ATOFMS 

utilizes laser velocimeters to determine the aerodynamic particle size from particle 

velocity as they are accelerated into a vacuum and a high power desorption/ionization 

laser along with a detector to obtain ion spectrums. (Rodríguez 2012) Table 3 (below) 

enumerates the particle ranges of some of the previously introduced measurement 

techniques along with the involved measurement mechanisms.  
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Table 3. Important information concerning often applied measurement techniques. 

(Laitinen & Ojala 2014, p. 22-30; Rodríguez 2012) 

Device Measurement Range  Mechanism Operation 

Cascade 

impactor 

size distribution, 

composition, mineralogy 
0.05 - 30 µm 

inertial impaction, 

weighing, offline analysis 
offline 

Electrical low 

pressure 

impactor 

number size distribution 0.01 - 10 µm 
charging of particles, 

electric current 
online 

APS-TOFS 
number concentration, 

size 
b
 

0.5 - 30 µm 
time of flight, laser 

diffraction 
online 

Optical particle 

counter 

number concentration, 

size 
b
 

0.1 - 100 µm scattered light online 

Electrical 

mobility 

analyzers 

number size 

distribution 
b
 

0.003 - 1 µm ionization, voltage online 

Aerosol mass 

spectrometer 

aerosol particle size 

distribution, 
0.04 - 1 µm 

thermal evaporation, 

detection 
online 

ATOFMS 

aerosol particle size 

distribution, ion 

spectrum 

0.1 - 3 µm 
time of flight, scattered 

light, thermal evaporation 
online 

Gravimetry by 

sampling filters 
mass concentration 

filter 

dependent 
filter, weighing offline 

TEOM mass concentration < 2 µg/m
3
 
a
 

vibrating plate 

(amplitude) 
online 

Beta gauge mass concentration  1 µg/m
3
 
a
 

attenuation of beta 

radiation due to collected 

particles 

online 

a
 24h average value. 

b
 Also used for the detection of mass concentration by determining bulk volume. 
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4 TREATMENT OF ODOROUS GASES 

4.1 Best available technology 

Environmental protection should be taken into consideration in the earliest possible 

point of process research and development stages. This ensures that best available 

technology (BAT) is applied to different process stages. In the BAT hierarchy the 

emphasis is on pollution prevention techniques rather than end-of-pipe treatment. The 

BAT hierarchy is to be carried out by the means of the most effective techniques 

developed for the related industrial scale of the process in achieving a high general level 

of protection of the environment under economically and technically viable conditions. 

(EPA 2008, p. 2) The twelve step BAT hierarchy will not be reviewed here, but the 

fundamental principles include (European IPPC Bureau 2003b, p.81-82): 

 Addition 

 Substitution 

 Deletion 

 Redundancy 

 Duplication 

For example, substitution may involve substituting hazardous chemicals for a less 

hazardous ones and deletion may regard prohibiting the formation of hazardous 

substances (European IPPC Bureau 2003b, p.81-82). A closer example related to the 

minimization of odorous gas emissions would be replacing the current fuel with a low-

sulfur fuel (De Nevers 2000, p. 427).  Redundancy may involve removing useless 

process parts to increase process efficiency. Duplication can be related to adding backup 

measures, for example, to increase environmental safety. Hazardous chemicals should 

be recycled and re-used if possible. (European IPPC Bureau 2003b, p.81-82) The final 

disposal should be done with licensed waste disposal services in a proper fashion for 

each chemical (National Center for Biotechnology Information 2004a). The duration 

and the occurrence of abnormal process conditions should be minimized, since 

emissions are often much higher during such conditions. This can be achieved by 

evaluating the possibility and the impact of these conditions by using hazard- and risk 

analyses. Clarified instructions and procedures should exist for abnormal operation 

conditions and emergency situations. Efficient process control is an important part of 
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achieving good environmental performance along with desired production quantities. 

(European IPPC Bureau 2003b, p.81-82) 

When it comes to air pollution control, BAT usually includes treatment of air emissions 

on-site. BAT associated emission levels (BAT-AEL) for some common pollutants are 

listed in Table 4. Transporting gases increases piping expenses and problems such as 

condensation, corrosion and leakage, which usually lead to in-situ treatment (European 

IPPC Bureau 2003b p. 99).  It is difficult to treat all the pollutant compounds in a gas 

mixture, so optimization of the system is important. The impact of toxic and hazardous 

compounds to the near environment should be evaluated, and special endeavors should 

be made to prohibit such compounds from exiting the process. (European IPPC Bureau 

2003b p. 99) Exhaust gases should be colorless and free of visible mist, droplets or 

plume, all of which create general nuisance. To achieve this, heat exchangers can be 

used to bring the gas temperature above the saturation point. (European IPPC Bureau 

2003b, p. 99) In addition, according to the European IPPC Bureau (2003b, p. 99): “The 

dilution of waste gas streams should be avoided at all times, unless required for the 

proper operation of a technique or the protection of equipment against heat or corrosive 

components”. Dilution increases the quantity of treated gases and, therefore, reduces the 

treatment efficiency. (European IPPC Bureau 2003b, p. 99) As mentioned previously, 

the treatment of NCG often requires dilution because of the explosive limits. BAT 

particularly related to waste gas treatment (process-integrated measures and waste gas 

collection) involve: 

  The use of process-integrated measures in preference to end-of-pipe techniques 

whenever possible. 

 The assessment of existing process installations for possible retrofitting of 

process-integrated measures and implementation of these options if feasible or 

when major changes are made to the installation. 

 The assessment of existing process installations for possible source reduction of 

gaseous contaminants and execution of implementations if feasible. 

 Consideration of all options related to source reduction when planning new 

installations or major alterations.  

 Minimization of the gas flow rate to the control unit by encasing the emission 

sources as well as possible. 
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 Preventing risks of explosion by installing proper control and safety equipment 

and by keeping the gas mixture securely below the LEL (or above the UEL) 

limit. (European IPPC Bureau 2003a, p. 296) 

Table 4. BAT associated emission levels for some common pollutants. (EPA 2008, p. 

27-28) 

 
BAT-AEL (mg/m3) Mass flow threshold (g/hr)

a
 

H2S 3 15 

SOx, NOx 350 1800 

Mercaptans 2 100 

Total particulates 20 200 

a
 The mass flow threshold is determined to be the maximum emission which can occur over any one hour 

period of plant operation.  

 

If pollutant formation cannot be prevented, the first treatment choice for gaseous 

pollutants is to recover the material by the use of suitable solvents. When recovery is 

not feasible, the next option involves the use of abatement techniques. Low-energy 

abatement techniques should be favored if this option has to be applied. If other equally 

efficient techniques are not available, the last choice is to use combustion techniques. 

(European IPPC Bureau 2003a, p. xii) End-of-pipe techniques (BAT) with respect to 

different types of contaminants are found in Figure 3, p. 31. Further analysis of the 

suitability of different waste gas emission reduction techniques (see in Figure 3) in 

relation to the type of pollutants and treatment method can be found in Appendix 2, 

Table 1. Even though some treatment methods may be highly efficient in small scale, 

they might not be applicable in industrial scale systems. Therefore, different techniques 

for waste gas emission reduction in relation to waste gas flow rate are listed in 

Appendix 2, Table 2. 
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Figure 3. End-of-pipe techniques with respect to different types of contaminants. 

(European IPPC Bureau 2003a, p. 171; 2014, p. 334) 

 

The suitability of different waste gas treatment techniques in relation to the pollutants to 

be treated is reviewed in Appendix 2, Table 3. As can be seen in Appendix 2, Table 3, 

practically the only primary end-of-pipe BAT for the removal of hydrogen sulfide are 

adsorption to activated carbon, alkaline gas scrubbing and advanced oxidation processes 

(AOPs) (photo-/UV-oxidation) (European IPPC Bureau 2014, p. 337; Schenk 2009, 

p. 9-10). When reviewing the applicability of these techniques to different volumes of 

treated gas (Appendix 2, Table 2), it is clear that wet alkaline scrubbers are the most 

common application with a wide gas flow volume range (applicable to 10-1000 Nm
3
/h, 

common in the range of 10 000 – 100 000 Nm
3
/h). AOPs have the lowest operating 

range (applicable to 1 000 – 10 000 Nm
3
/h). Activated carbon filters are the most 

commonly used within the same volume flows as AOPs, but can be applied to even 
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higher volume flows (100 000 Nm
3
/h). (European IPPC Bureau 2003a, p. 12; Schenk 

2009, p. 9-10) The suitability of these treatment methods will be further assessed later 

on. Hazardous chemicals are often treated by using incinerators equipped with after 

burners and scrubbers (National Center for Biotechnology Information 2004a). Table 5 

below provides a technology assessment for the technologies used for odor control in 

organics’ processing facilities. Additionally, it should be evaluated whether it is wiser to 

treat the pollutant gases before or after the possible combustion process (De Nevers 

2000, p. 427). For example, electric power industries usually treat the gas leaving the 

power plant (by scrubbing), whereas chemical industries often treat the polluted gas 

streams before combustion (De Nevers 2000, p. 427). The need for treatment prior to 

combustion is obviously related to the nature and concentration of the compounds 

involved in the processes. 

Table 5. Technology assessment for the technologies used for odor control in organics 

processing facilities. (Bindra et al. 2015, p. 401-412) 

Method 

Odor 

removal 

units
a
 

Capital 

cost 

O&M
c
 

cost 

Space 

requirement 

Energy 

usage 

Chemical 

usage 

Water 

usage 

Biofilters > 90% Mod Low High High Low Mod 

Activated 

carbon 
b
99% Mod Low Low Low High None 

Packed-bed 

wet 

scrubbers 

> 90% Mod High Mod Mod Mod Mod 

Fine mist wet 

scrubbers 
> 90% High High Mod Mod High Mod 

Thermal 

oxidizers 
> 95% 

Very 

high 
High Low 

Very 

high 
High None 

Oxidization 

chemicals 
99% None 

Very 

high 
None  None  Very high None 

Masking 

agents 
N/A 

None-

low 
Mod None  None  High None 

a
 Maximum odor removal unit efficiency achieved with each technology based on literature. 

b
 Not effective for treating ammonia compounds. 

c
 O&M - Operation and management  

 

It is good to note, that the possibility of recirculating the scrubbing solution in fine mist 

wet scrubbers is not taken into account in this table as it is often unadvisable. The 

scrubbing liquid in fine mist wet scrubbers becomes saturated with the pollutant faster 

than it does in packed-bed wet scrubbers due to higher absorption efficiency. The 

“chemical usage”-value of fine mist wet scrubbers is brought up as the scrubbing 
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solution becomes waste after one passing. (Bindra et al. 2015, p. 401-412) The methods 

listed in Table 5 will be assessed more closely later on. 

4.2 Lean and concentrated gases 

The treatment methods for lean and concentrated gases are usually quite different. 

Traditional treatment methods of concentrated gases involve turning the gaseous waste 

into a product. For example, concentrated sulfur dioxide streams are often treated with 

sodium hydroxide scrubbing to form sulfuric acid product. After the treatment process, 

the product can be sold and there is only a little need for actual waste treatment. 

Additionally, plants that treat gases with more than approximately 4% sulfur dioxide 

often provide enough heat for the whole treatment process through exothermal 

reactions. If the waste gas streams are too dilute, they can be treated by adapting the 

treatment methods for lean waste gases, or the process can be modified to eliminate or 

minimize the production of lean waste gases. If possible, the latter is often the chosen 

option. (De Nevers 2000, p. 407-408) 

Lean waste gas streams are usually treated by different means of absorption, for 

example, by scrubbing. Waste liquid saturated with pollutants, which cannot often be 

used for further production, is formed. Therefore, the produced waste has to be treated 

or discharged by other means, which may prove to be problematic or costly. The 

volumes of lean waste gas streams are typically high, which result in high water usage 

and large amounts of liquid waste. Additionally, problems may occur if other gases are 

present within the treatment process. For example, if carbon dioxide is present in a 

sulfur dioxide process, it may increase scrubbing solution consumption (e.g. sodium 

hydroxide). In order to avoid this, a suitable scrubbing solution and pH control have to 

be applied. (De Nevers 2000, p. 408-414) 

4.3 Scrubbers 

Scrubbers are used to remove gaseous or particulate pollutants from gaseous streams. 

They possess some important advantages compared to other separation devices some of 

which are: the possibility to collect flammable and explosive dusts safely, ability to 

absorb gaseous pollutants and the capability to collect mists. Scrubbers also help to cool 
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and condensate gases. Some scrubber disadvantages are, for example, corrosive 

conditions, freezing and waste generation. (Woodard 1998, p.1, Ch. 5.4) Lin (2007, p. 

6) states that the typical overall TRS removal is around 65%, even though removal 

efficiencies as high as 99% have been achieved depending on scrubber media. 

According to Srivastava et al. (2001, p. 219), most wet limestone and lime spray drying 

installations seem to be capable of around 90% sulfur dioxide removal. 

4.3.1 Removal mechanism 

When it comes to particulate control, scrubbers rely on direct and irreversible contact 

between a scrubbing solution and particulate pollutants (Woodard 1998, p. 1, Ch. 5.4). 

The dominant removal mechanism for particles larger than 1 µm is impaction, whereas 

particles smaller than this are removed by both interception and diffusion (Koo et al. 

2010, p. 649; Woodard 1998, p. 1, Ch. 5.4). Diffusion occurs as a result of fluid motion 

and the Brownian motion of particles. Direct interception occurs when a particle follows 

the gas streamline and is collected when sweeping within one particle radius of an 

obstacle (Setekleiv & Svendsen 2010; Woodard 1998, p. 1-2, Ch. 5.4). Impaction has a 

greater effect on larger particles because of their higher inertial momentum to resist 

changes in the flow of the gas. This causes the particle to maintain its forward motion 

towards the obstacle. However, small particles (< 1 µm) are more affected by fluid drag 

force. These small particles avoid the obstacles ahead by staying in the gas flow lines, 

which makes them difficult to collect by inertial impaction. (Woodard 1998, p. 1-2, Ch. 

5.4) The removal efficiency for particles between 0.1 and 1 µm is usually lower than for 

micron-size particles, because neither impaction nor diffusion is effective for this 

particle range. (Koo et al. 2010, p. 649; Woodard 1998, p. 1, Ch. 5.4) Micron-size 

particles are usually removed almost completely, whereas the improvement of the 

removal efficiency for smaller particles often requires additional actions. For example, 

electrostatic attraction or condensation of water vapor on particles may be used to 

improve the removal of these particles. (Koo et al. 2010, p. 649) 

Pollution control of gaseous compounds and vapors is achieved by absorption, which is 

a result of diffusional phenomena occurring on each side of the gas-liquid interface. 

Therefore, the rate of absorption is determined by the rates of diffusion in both phases. 

Equilibrium is a factor that affects the rate at which the pollutant will diffuse into an 

absorbent. The rate at which equilibrium is achieved depends on the rate of diffusion of 
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the pollutant through the non-absorbed gas and through the scrubbing liquid. (EQM 

1993, p. 11-12, Ch. 9) In addition, mass transfer phenomena affect the rate at which the 

pollutant mass is transferred from phase to another (EQM 1993, p. 11-12, Ch. 9; 

Rajmohan et al. 2008, p. 7834). Mass transfer ceases as equilibrium is reached (EQM 

1993, p. 11-12, Ch. 9).  

4.3.2 Scrubber efficiency 

According to Woodard (1998, p. 1-18, Ch. 5.4), the efficiency of scrubbers that rely on 

inertial impaction can be improved by increasing particle size and the relative velocity 

between the particulates and the washing liquid droplets. Increasing the relative velocity 

between the particulates and the droplets increases the momentum of the particulates so 

that somewhat smaller particles can be collected. EQM (1993, p. 13-14, Ch. 9) states 

that the higher the pressure drop, the better the particulate collection efficiency 

regarding particle size and concentration. This seems logical, as an increase in the 

relative velocity between the particulates and the droplets also increases the pressure 

drop in the system. However, as the pressure drop increases, the energy demand is also 

brought up along with the operating costs of the separation system. (Woodard 1998, p. 

18, Ch. 5.4) It is good to note, that the volumetric flow rate of the gas stream decreases 

if the gas is cooled down by the scrubbing liquid. This may cause the resulting relative 

velocities to be insufficient for efficient separation. (EQM 1993, p. 13, Ch. 9) The 

pressure drop across a scrubber is mainly related to the energy loss across the liquid gas 

contacting section (e.g. packing material) and entrainment separator (e.g. demisters). 

Particle size distribution has an effect on scrubber performance as efficient collection of 

submicron particulates challenges the application of any type of control equipment. 

(EQM 1993, p. 13-15, Ch. 9) 

It is impossible to increase the removal efficiencies of sub-micrometer particles and 

gaseous pollutants by enhancing the impaction and interception mechanisms (Koo et al. 

2010, p. 652). Previously it was stated, that the impaction mechanism can be enhanced 

by increasing the relative velocity between the particulates and the washing liquid 

droplets. However, this will decrease the removal efficiencies of small particulates and 

gaseous pollutants as the time of contact between the gas and the liquid droplets 

decreases. According to Koo et al. (2010, p. 652) the only possible way to increase the 

removal efficiencies of sub-micrometer particles and gaseous pollutants, is to increase 
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the diffusion mechanism. The collection efficiency of small particles and gaseous 

pollutants increases as the increased residence time enables longer particle/liquid 

contact time (Woodard 1998, p. 21, Ch. 5.4). An estimation of the minimum residence 

time can be calculated through particle diffusion related attributes including, for 

example, diffusivity and diffusion distance. After this, a suitable flue gas flow velocity, 

droplet size, length of the scrubbing zone and other properties can be determined for 

developing an efficient separation process. (Koo et al. 2010, p. 652) Koo et al. (2010, p. 

652) finds a relation between the diffusion distance and the inter-droplet distance, which 

states that the diffusion time decreases as the droplet size decreases. The minimum 

residence time in the scrubbing zone can thus be secured by decreasing the average flow 

velocity by increasing the scrubbing flow area or channel length (Koo et al. 2010, p. 

653). The minimum residence time can also be secured by increasing scrubbing solution 

feed rate to the nozzles, which increases the number of generated water droplets (Koo et 

al. 2010, p. 653; Rajmohan et al. 2008, p. 7838). Another way is to change the nozzles 

to a type that generates smaller droplets (Koo et al. 2010, p. 653). It is good to note, that 

a small droplet size also creates a need for efficient demisters. 

Appropriate scrubber size is one crucial aspect related to efficient separation. Scrubber 

size has to be determined according to the flow rate of the treated gas. The main design 

parameters involving scrubber sizing include gas velocity, liquid-to-gas ratio and 

pressure drop (Woodard 1998, p. 25, Ch. 5.4). The inlet pollutant concentration also 

plays an important role, when it comes to the collection efficiency of fine particulates 

and gaseous pollutants. Gas streams with low pollutant concentration are often more 

difficult to purify. (Rajmohan et al. 2008, p. 7834; Woodard 1998, p. 21, Ch. 5.4) First 

of all, the volume flow of treated gas is often high when treating lean gas flows. 

Secondly, the concentration gradient between the liquid and the gas phase pollutant 

concentrations increases with respect to the pollutant concentration (Rajmohan et al. 

2008, p. 7840). A higher concentration gradient leads to a higher driving force, which 

results in a better absorption efficiency of the pollutant into the washing liquid droplets 

(Rajmohan et al. 2008, p. 7840). Another important value related to scrubber efficiency 

is the liquid-to-gas ratio (L/G), which is a calculated value determining the liquid 

recycling rate (e.g. l/min) for a certain volume of cleaned gas (e.g. for every 1 m
3
). The 

L/G ratio has a direct impact on the driving forces associated with particulate collection 

and absorption. L/G-values are a function of the inlet gas temperature, inlet solids 
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content and the method of scrubbing liquid introduction. High temperature gas streams 

and high grain loadings typically require high L/G ratios. (EQM 1993, p. 13-16, Ch. 9) 

All in all, the absorption efficiency of a scrubber highly depends on the residence time 

and the reactive surface area between the liquid and the treated gas, as well as on the 

solubility, mass transfer mechanism, and the equilibrium concentration of the gas in 

solution (Rajmohan et al. 2008, p. 7834). 

Scrubber efficiency can be monitored in many ways which help to detect possible 

problems. Depending on the type of scrubber, low gas flow might indicate plugged 

packing material, fan problems, duct leaks, or an increase in liquid flow to the tower 

(EQM 1993, p. 13, Ch. 9). On the other hand, increased gas flow might be a result of 

low liquid flow rate, packing failure, or a sudden opening of a system damper (EQM 

1993, p. 13, Ch. 9). Pressure drop may also reveal problems, some of which depend on 

the scrubber type. An increased pressure drop might indicate plugging or an increase in 

gas or liquid flow rates, whereas a decreased pressure drop might point out issues 

related to a decreased gas or liquid flow. A decreased pressure drop may also indicate 

channeling through the scrubber due to poor liquid distribution or clogging, or liquid 

flow issues associated with damaged packing support plate. The inlet and outlet stream 

temperatures should also be monitored, as elevated temperatures might relate to 

malfunctioning cooling equipment. Malfunctioning cooling equipment would most 

likely result in a decreased pollutant collection efficiency and possible damage to the 

scrubber. Therefore, the previously discussed parameters, such as flow rates, 

temperatures, pH and pressure, should be monitored to maintain desired scrubber 

efficiencies and to avoid the occurrence of any unwanted phenomena. (EQM 1993, p. 

14-16, Ch. 9) 

4.3.3 Scrubbing solution 

The choice of the right scrubbing liquid is crucial for efficient absorption of gaseous 

pollutants. One of the most important factors is the polarity of the solution and the 

pollutants, which directly influence the solubility properties (Rajmohan et al. 2008, 

p. 7834). For example, polar sulfur gases, such as hydrogen sulfide and methyl 

mercaptan, are easy to remove almost completely by using polar solvents such as 

caustic solution, lime or white liquor. On the other hand, non-polar DMS and DMDS 

are not easily removed by these solutions. (Lin 2007, p. 6) Likewise, the polarity of 
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mercaptans decreases with increasing length of their hydrocarbon chain, making heavier 

mercaptans poorly soluble to polar absorbents. Therefore, alkaline absorbents, such as 

caustic, remove lower molecular weight mercaptans (e.g. methyl mercaptan) more 

efficiently than heavier mercaptans (e.g. butyl mercaptan). The solubility of heavier 

mercaptans is higher to relatively hydrocarbon-like MDEA, which is also a commonly 

used absorbent. When MDEA concentration is less than 15 wt%, water solubility 

dominates the equilibrium behavior (Henry’s law) resulting in higher absorption of 

lower molecular weight mercaptans. However, if MDEA solution strength is above 

20 wt%, the solvents ability to absorb hydrocarbons, and therefore heavier mercaptans, 

is increased due to molecular interactions. (Jones et al. 2013, p. 3-6) Additionally, if the 

removed material is to be recovered at a reasonable purity, it must not dissolve (De 

Nevers 2000, p. 363). Achievable abatement efficiencies of wet scrubbers associated 

with common gaseous pollutants and different scrubbing liquids are listed in Table 6 

below. 

Table 6. Wet scrubber related, achievable abatement efficiencies associated with 

common gaseous pollutants and different scrubbing liquids. (European IPPC Bureau 

2003a, p. 197; 2014, p. 372; Schenk et al. 2009, p. 82-104) 

 
Efficiency [%] Emission level [mg/Nm

3
] Scrubbing solution 

Alcohol up to 99 >100 water 

Hydrogen fluoride 
>99 

e
 <50 

f
 water 

99 <1 
f
 alkaline 

Hydrogen chloride 
>99 

e
 <10 water 

99 <10 
f
 alkaline 

Chromic acid 99 <0.1 - 1 water 

Ammonia >99.9 
g
 <1 

f
 acid 

Amines >99 
e
 <1 

f
 acid 

Sulfur dioxide 80 - 99
 a
 <10 alkaline 

Hydrogen sulfide 
90 - 95 

e
 <10 ppm alkaline 

80 – 99
 d,e

 
  

Inorganic compounds 95 - 99 
a,b,d,e

 
  

Volatile organic 

compounds (VOCs) 

50 - 95 
a,h 

  
70 - 99

 b,c,e
 

  
Phenols >90 

 
alkaline 

Type of scrubber: 
a
 spray chamber, 

b
 packed-bed, 

c
 fibrous-packing, 

d
 impingement plate 

Feed concentration: 
e
 high, 

f
 low 

g
 Feed concentration 25g/Nm

3
 ammonia 

h
 Possible to achieve >99% 
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Another important factor regarding the solubility of different pollutant compounds is 

their acidity. Relative acidity of different gaseous compounds has a strong influence on 

equilibrium behavior between the liquid and vapor phases. When it comes to acidic 

NCG, hydrogen sulfide (pKa = 7) is by far the most acidic, whereas mercaptans are 

weak acids. Mercaptans that contain between 1 to 4 carbon atoms (methyl-, ethyl-, 

propyl- and butyl mercaptans) have approximately the same acidities (pKa ~10.6). As 

the molecular form of these compounds reaches equilibrium across the vapor-liquid 

interface, part of the aqueous molecular compounds dissociate into ionic species to a 

certain extent. When it comes to systems with acidic NCG, both hydrogen sulfide and 

mercaptans dissociate producing hydrogen ions (protons, H
+
(aq)). As hydrogen sulfide 

is a stronger acid, it dissociates into a greater extent producing an excess of hydrogen 

ions, which shifts the mercaptan dissociation equilibrium backwards towards its 

molecular form. Basically, the stronger acid generates a significant concentration of 

hydrogen ions pushing the weaker acid out of the liquid phase. Therefore, the presence 

of hydrogen sulfide weakens the ability of certain absorbents, such as that of MDEA, to 

absorb mercaptans. On the other hand, strong alkaline absorbents, such as caustic soda, 

are able to remove essentially all the hydrogen sulfide and methyl mercaptan from a gas 

stream, even with low concentration solutions. Strong alkaline solvents neutralize the 

dissolved acidic gases, holding them in the liquid phase by keeping them in their 

dissociated ionic form. (Jones et al. 2013, p. 2-12) According to Jones et al. (2014, p. 6) 

it is a common rule of thumb, that in a single equilibrium stage, a solution of 10 wt% 

caustic soda which is 70% spent will absorb methyl mercaptan from a gas at 80% 

efficiency and butyl mercaptan at 40% efficiency. It is good to note, that in the tests 

conducted by Jones et al. (2013, p. 2-12), which verified this rule of thumb, the treated 

gas contained the same amount (300 ppmv) of hydrogen sulfide and each mercaptan 

(methyl-, ethyl-, propyl- and butyl mercaptan). Depending on the treatment process 

construction, hydrogen sulfide absorption efficiency remains close to 100% until the 

caustic is almost completely spent. (Jones et al. 2013, p. 2-12) 

Liquid circulation is another parameter affecting the removal efficiency of wet 

scrubbers. As the liquid is circulated, it starts to become saturated with the pollutant, 

after which the removal efficiency is gradually decreased to its minimum (Bindra et al. 

2015, p. 401-412; EQM 1993, p. 13, Ch. 9). Depending on the type of the scrubbing 

liquid, for example, pH or density measurements can be used to determine a suitable 
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liquid changing interval. The density of a scrubbing liquid increases as solid particulates 

dissolve in the liquid. When treating acidic pollutants with alkaline solvents, the pH 

reading gradually decreases which indicates when the alkaline solvent is beginning to be 

depleted (Jones et al. 2013, p. 6). If the pH-reading decreases below 7 (neutral), all the 

alkaline solvent has been used up and the solvent starts to become acidic (Jones et al. 

2013, p. 6). As mentioned previously, the removal efficiency of certain compounds may 

decrease already before this point. If the scrubbing liquid is not circulated, the removal 

efficiency remains as high as possible, however, the amount of waste slurry also 

increases along with operating costs (Bindra et al. 2015, p. 401-412). Basically, the 

possibility of circulation and circulation intervals have to be carefully examined and 

optimized (Bindra et al. 2015, p. 401-412). In addition, the vapor pressure of the 

absorbent liquid (at scrubber temperature) has to be low enough not to cause absorbent 

discharge with the cleaned gas resulting in exceeding of permissible limits. Some 

solvent is usually lost this way anyhow. The solvent should also be stable at the 

scrubbing conditions, and it should remain usable for a considerable time before 

replacement or treatment. The molecular weight of the solvent should be as low as 

possible to maximize its absorption ability. However, this usually causes a contradiction 

with the requirement for low solvent vapor pressure. (De Nevers 2000, p. 363) Again, 

compromises must be made to optimize the process. 

Scrubbing liquid temperature is also highly related to scrubber performance. The 

solubility of solids and liquids usually increases with increasing temperature. On the 

other hand, the solubility of gaseous compounds often decreases with increasing 

temperature. (Rogers 2000) Heat releasing exothermic reactions benefit from system 

cooling which helps to shift the reaction equilibrium towards the reaction products. 

Such reactions occur, for example, when scrubbing hydrogen sulfide with a caustic 

solution. A lower temperature also helps to achieve less corrosive conditions. 

Additionally, achieving a certain removal efficiency of hydrogen sulfide requires more 

caustic at higher operating temperatures compared to lower temperatures. Along with 

improving gas solubility, and the absorption and neutralization performance of 

scrubbers dealing with exothermic reactions, cooling of the scrubbing liquid is critical 

when it comes to condensation. (Mamrosh 2014, p. 13-18) Condensation occurs, as the 

gas stream is cooled below its water dew point and proper super-saturation conditions 

are met (Yang et al. 2010, p. 25-32). The saturation temperature is a complex function 
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of the temperature of the inlet gas stream, the absolute humidity of the inlet gas stream 

and the absolute humidity at saturation. (Woodard 1998, p. 25, Ch. 5.4) Therefore, 

super-saturation conditions can also be achieved by adding steam into the system (Yang 

et al. 2010, p. 25-32). Liquid-to-gas ratio has an influence on the occurrence of 

heterogeneous condensation. If super-saturation conditions are met, a high liquid-to-gas 

ratio is beneficial when it comes to removing fine particles. (Yang et al. 2010, p. 25-32)  

As mentioned earlier, the temperature of the gas stream, that is cooled down by the 

scrubbing liquid, affects the volumetric flowrate of the outlet gas. This must be taken 

into consideration when determining the size of the scrubber. Additionally, the 

saturation temperature has an influence on the scrubbing liquid makeup and the 

wastewater flowrate. (Woodard 1998, p. 25, Ch. 5.4) It is good to note, that 

condensation should not occur in such extent that the scrubbing solution is excessively 

diluted. (Mamrosh 2014, p. 13) 

4.3.4 Other scrubber properties 

Scrubber pressure has very little effect on the solubilities of solids and liquids, however, 

it does have a high impact on the solubility of gases. The solubility of a gas increases if 

the partial pressure of the gas in the atmosphere above the surface of a solution 

increases. (Rogers 2000) For example, hydrogen sulfide removal goals are met more 

easily in higher operating pressures. The lowest concentration of a gaseous pollutant 

that can be obtained from the treated gas is determined by the equilibrium condition, 

which can be expressed as a relation between the equilibrium partial pressure of the 

pollutant gas and the system pressure. The relation between these pressures gives the 

equilibrium concentration of the pollutant in the gas stream. In the case of the 

previously mentioned hydrogen sulfide example, the equilibrium-limit concentration of 

hydrogen sulfide in the treated gas becomes lower as system pressure is increased. 

(Mamrosh 2014, p. 18) 

4.3.5 Nozzles 

Scrubber nozzles are used to create tiny droplets of scrubbing liquid that are able to 

entrap and bind fine pollutant particles. Smaller liquid droplets also result in a higher 

gas-liquid surface area enhancing absorption. Minimum residence time, along with 
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pollutant particle sizes, determine the droplet size and quantity needed for good removal 

efficiencies, which can be altered by changing nozzle type and the feed rate of the 

solution to the nozzles, respectively. Therefore, nozzle type should be carefully chosen 

for each separation process and according to the pollutant particles. The myriad nozzle 

options offer unique spray patterns and particle sizes depending on the nozzle 

construction (Bete Fog Nozzle Inc 2013, p. 2-4; SGN Tekniikka Oy 2015, p. 2-6). Some 

newer nozzle examples include fluid atomizing nozzles, such as spiral air nozzles, that 

introduce compressed air or steam for the atomization of the scrubbing liquid (Bete Ltd 

2015). The liquid distribution pattern depends on the type of the nozzle. Some common 

liquid distribution patterns include full/solid cone, hollow cone, mist and flat fan-shaped 

patterns (Bete Fog Nozzle Inc 2013, p. 2-4; SGN Tekniikka Oy 2015, p. 2-6). 

Ananthanarayanan & Viswanathan (1999) studied the effect of nozzle arrangement to 

the uniformity of the liquid distribution in a venturi scrubber. The cleaning efficiency of 

wet scrubbers is a function of the uniformity of the liquid distribution in the scrubber. 

Parameters, such as throat gas velocity, liquid-to-gas ratio, nozzle diameter, nozzle type, 

throat aspect ratio, throat length and nozzle arrangement, affect the uniformity of the 

liquid distribution (Ananthanarayanan & Viswanathan 1999, p. 4894). These parameters 

vary depending on the type of the scrubber. Parameters that are related to scrubber 

construction (e.g. throat length and throat gas velocity) are assessed more closely in 

chapter 4.3.7. The effect of four different nozzle configurations, including single file, 

triangular, double file and triple file were examined by Ananthanarayanan & 

Viswanathan (1999, p. 4894). In the triangular configuration, the nozzles in the second 

row are at the midpoint of the nozzles in the first row. When it comes to the double and 

triple files, the nozzles are in two or three identical straight lines, respectively. There 

were no significant changes in the flux distribution between the single-, triangular-, and 

double row arrangements whereas there was non-uniformity in the liquid distribution of 

the triple file nozzle arrangement. (Ananthanarayanan & Viswanathan 1999, p. 4894-

4899) According to Ananthanarayanan & Viswanathan (1999, p. 4895), this was a result 

of increased nozzle-to-nozzle distance, as the distance between the nozzles in the triple 

file arrangement was longer than with the previous arrangements. If the nozzle-to-

nozzle distance is increased over 10% of the nozzle-side width, the degree of non-

uniformity of the liquid distribution rises considerably. This states that the nozzle-to-

nozzle distance should be kept to a minimum. The liquid distribution can also be 
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improved by using nozzles of different sizes. Using different-sized nozzles also 

decreased the scrubbing liquid usage by 10 – 45%. (Ananthanarayanan & Viswanathan 

1999, p. 4894-4899) 

Scrubbing liquid viscosity also affects nozzle performance as high viscosities inhibit 

atomization. Atomization of the scrubbing liquid can be performed by using liquid 

pressure or by using a compressible auxiliary medium such as air, steam or a gas. 

Basically, liquids with viscosities above 10 kg/sm are difficult to atomize if 

compressible auxiliary medium utilizing nozzles, such as air-atomizing nozzles, are not 

used. The injection of the auxiliary medium and the scrubbing liquid can be done from 

separate orifices, which enables easy and independent control of their flow rates. (Bete 

Fog Nozzle Inc. 2013, p. 76-120) According to Bete For Nozzle Inc. (2013, p. 76), this 

setup is called external mix setup. In internal mix set-ups, scrubbing liquid and the 

compressed auxiliary medium meet and mix within the nozzle enabling the generation 

of very fine mist droplets. Precise metering of the liquid flow is more difficult with the 

internal mix set-ups and they are generally not suitable for use with liquids that have 

viscosities greater than 20 kg/sm. (Bete Fog Nozzle Inc. 2013, p. 76-120) It is good to 

note, that as the droplets generated by air atomizing nozzles are very small, the 

distribution pattern is not maintained for long distances (SGN Tekniikka Oy 2015, p. 6). 

Koo et al. (2010, p. 650) introduced non-clogging scrubbing system equipped with 

air-atomized type and full cone type spray nozzles. The air-atomized nozzles generate 

fine mist with droplets around 1 µm, which are able to capture sub-micrometer particles. 

The cone type nozzle generates larger droplets around 20 µm, which in turn capture the 

tiny water droplets holding the pollutant particles. The full cone type nozzles spray the 

droplets to the negative x-direction to increase their ability to capture the smaller 

pollutant containing droplets. Separation efficiency of 86% was achieved for particle 

sizes below 0.3 µm with this setup under optimum operating conditions. Particles larger 

than this were removed almost completely. (Koo et al. 2010, p. 650-651) The droplet 

sizes generated by air atomizing nozzles decrease as the air flow rate through the 

atomizer is increased (Rajmohan et al. 2008, p. 7839). Additionally, liquid density 

affects the nozzle flow rate, as the flow rates of dense liquids are lower than those of 

lower density liquids at the same pressure. More energy is required to accelerate denser 

fluids. (Bete Fog Nozzle Inc. 2013, p. 120) Most common nozzle-related problems 
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include abrasion, corrosion and clogging all of which decrease scrubber efficiency 

(SGN Tekniikka Oy 2015, p. 15). These will be assessed later on. The effects of 

increasing operating pressure, liquid density, liquid viscosity, liquid temperature and 

surface tension to common nozzle-related properties are assessed in Table 7 below. 

Table 7. The effects of increasing operating pressure, liquid density, liquid viscosity, 

liquid temperature and surface tension to common nozzle-related properties. (SGN 

Tekniikka Oy 2015, p. 13) 

 
Increase in: 

 
Operating 

pressure 

Liquid 

density 

Liquid 

viscosity 

Liquid 

temperature 

Surface 

tension 

Uniformity of 

liquid 

distribution 

Improves - Decreases Improves - 

Capacity Increases Decreases b c - 

Spraying angle Increases
a
 - Decreases Increases Decreases 

Liquid droplet 

size 
Decreases - Increases Decreases Increases 

Flow speed Increases Decreases Decreases Increases - 

Impaction 

effectiveness 
Increases - Decreases Increases - 

Nozzle abrasion Increases - Decreases c - 
a
 Increases to a certain point, after which it decreases. 

b Increases when using hollow- and fullcone nozzles, decreases when using flat fan nozzles. 

c Depends on the type of the nozzle and scrubbing liquid. 

 

The nozzles are not only related to scrubbing liquid injection. The injection of gas into a 

scrubber is also highly important, particularly with certain scrubber types. The different 

gas inlet options will be reviewed closer when introducing different scrubber types. 

However, bubblers, in which the gas is forced under pressure through perforated pipes 

submerged in the scrubbing liquid, can be used in multiple scrubber options such as 

spray chambers and packed-bed scrubbers. (De Nevers 2000, p. 411) This inlet option is 

used for increasing scrubber efficiency, especially absorption. The gas is brought close 

to chemical equilibrium as the bubbles rise through the liquid. However, the level of the 

liquid has to be deep enough and the bubbles have to be small enough for this method to 

be effective. In addition, the hydrostatic pressure of the liquid creates a high pressure 

drop, for which the gas pressure must be at least equal to the hydrostatic head of the 

liquid. (De Nevers 2000, p. 411) 
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4.3.6 Packing material and demisters 

Packing material 

Packing material is used in order to provide a large surface area for high contact 

between the scrubbing liquid and the pollutants (De Nevers 2000, p. 412; Woodard 

1998, p. 8, Ch. 5.4). There are various types of different packing material choices, for 

example, raschig rings, spiral rings, pall rings, and berl saddles. The packing material 

pieces are tightly bound together (by the width of the scrubber chamber) on supporting 

plates by using wire mesh retainers. (Woodard 1998, p. 8, Ch. 5.4) The washing 

solution forms a thin film on the packing material units as it flows down from the 

injection point above the packing material (De Nevers 2000, p. 412; Woodard 1998, p. 

8, Ch. 5.4). Since the gas is made to flow through a roundabout and angled path, the 

main separation mechanism involving particulates in packed-bed scrubbers is 

impaction. However, as the packing material is often susceptible to clogging, scrubbers 

with packing material are usually applied for low-particulate gas streams. (Woodard 

1998, p. 8, Ch. 5.4) 

Demisters 

Demisters are used to restrain liquid droplets entrained in a vapor stream (Setekleiv & 

Svendsen 2010). Most common demister types include wire mesh pads, vane-type 

demisters, fiber bed demisters and demisting cyclones (DuPont 2015; Koch-Glitsch 

2015; Snow-McGregor 2014). Primary separation mechanism of mesh pads is liquid 

impingement onto the mesh pad wires by impaction and direct interception, after which 

coalescence into larger droplets occurs (Setekleiv & Svendsen 2010; Snow-McGregor 

2014). As the droplets are large enough, they disengage from the mesh pad because of 

gravity (Snow-McGregor 2014). Depending on the design of the mesh pads, they are 

considered appropriate for the separation of droplets between 2 – 100 µm. Mesh pads 

are usually constructed of 0.1 to 0.28 mm wires made of steel. Other metals as well as 

polymers or other synthetic materials can also be used as the construction material. 

(Setekleiv & Svendsen 2010) Fiber bed demisters function similarly to mesh pads, 

except for the fact that they are mostly operated in horizontal flow. These demisters are 

constructed of fiber layers with progressively larger pore size. (DuPont 2015) The 

density and porosity of these demisters have an impact on the pressure drop and the 

separable droplet size (see Table 8, p. 47). According to DuPont (2015), fiber bed 

demisters can achieve almost complete separation of submicrometer droplets at 
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relatively low pressure drops. Vane-type demisters are structures constructed of 

multiple parallel angled vane plates. Vane-type demisters also capture the droplets 

primarily by inertial impaction, as the gas is forced to change direction while flowing 

through vane bend angles. (Setekleiv & Svendsen 2010) Cyclone demisters often rely 

on high centrifugal forces to remove liquid droplets. However, sometimes additional 

mesh pads or other demisters are used in the same configuration to enhance removal. 

(Koch-Glitsch 2015) 

K-value [m/s] is one design parameter usually related to demister operation. According 

to Snow-McGregor (2014), the K-value characterizes the gas velocity at which re-

entrainment of the liquid collected in the device becomes appreciable. If the K-value is 

increased above the operating point declared by the manufacturer of the demister, the 

amount of droplets carried away by the gas phase will increase and the separation 

efficiency will decrease. However, with too low velocities the inertia is not high enough 

for impaction to occur. (Setekleiv & Svendsen 2010; Snow-McGregor 2014) According 

to the experiments conducted by Setekleiv & Svendsen (2010) a pre-flooding regime, 

where the mesh pad operates at 100 % efficiency, was discovered at lower K-values. 

This is the point at which the system should be operated. Low efficiency re-entrainment 

regime is found beyond the flooding regime. At the flooding point, an increase in 

pressure causes liquid hold-up in the mesh pad, which is the cause for flooding. A 

higher liquid load will result in a higher surface area between the liquid and gas phases 

along with a smaller available flow area. Both of these contribute in generating more 

drag between the gas and the liquid. At the flooding point, the drag increases past a 

point at which the liquid cannot move downwards by gravity. Reproducibility appeared 

to be good for pressure drops below and above the flooding regime, whereas close to the 

flooding point the flow was unstable and the reproducibility was poorer. However, the 

system should not be operated with K-values past the flooding point because of liquid 

re-entrainment. (Setekleiv & Svendsen 2010)  

In conclusion, demister efficiency is dependent on the construction of the demister, size 

of the liquid droplets, flow speed, liquid loadings and the operating pressure. The 

construction of the demisters involves, for example, construction material, porosity, 

thickness of the pad or bed, cyclone vessel size, angle of the vanes and the distance of 

the vanes. (DuPont 2015; Koch-Glitsch 2015; Setekleiv & Svendsen 2010) As 
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mentioned earlier, the pressure drop is highly dependent on scrubber construction (e.g. 

size, packing material, demisters) along with gas velocity. Therefore, the gas flow 

velocity has to be adjusted to a reasonable value. The gas velocity is usually adjusted to 

be lower than the terminal settling velocity of the smallest liquid droplets. A typical 

operational value for gas velocity is around 75% of the flooding velocity. (De Nevers 

2000, p. 368) According to the European IPPC Bureau (2003a, p. 260), typical 

demisters are able to handle waste gas flows up to 150 000 Nm
3
/h. As reported by 

Infomil (2000), demister pressure drops on normal and large loads are around 2.5 kPa 

and 9.0 kPa, respectively (European IPPC Bureau 2003a, p. 261). Approximates of 

some key parameters related to commonly used demisters are listed in Table 8. 

Table 8. Some approximates of key parameters related to commonly used demister 

types. (De Nevers 2000 p. 264; DuPont 2015; Snow-McGregor 2014) 

Demister 

type 

Flow 

direction 

Density 

[kg/m
3
] 

Porosity 

[%] 

Specific 

surface 

area 

[m
2
/m

3
] 

K 

[m/s] 

Separable 

droplet size 

[µm] 

(removal %) 

Liquid load 

before capacity 

deteriorates 

[l/min/m
2
] 

Standard 

mesh pad 
 vertical 144 98.5 278 0.107 5 (90 %) 31.5 

High 

capacity 

mesh pad 

 vertical 80 99 148 0.12 8 -10 (90 %) 63 

High 

efficiency 

co-knit 

mesh pad 

 vertical 192 96.2 365 0.07 2 - 3 (90 %) 21 

Simple 

vane 
vertical - - - 0.15 >20 (>90 %) 84 

Simple 

vane 
horizontal - - - 0.2 >20 (>90 %) 84 

High 

capacity 

vane 

vertical - - - 
0.25 - 

0.35 
>10 (>95 %) 210 

High 

capacity 

vane 

horizontal - - - 
0.3 - 

0.35 
>10 (>95 %) 210 

Fiber bed horizontal - - - - >1 (>99 %) - 

Typical 

cyclone 
vertical - - - - 5 (<95 %) - 
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4.3.7 Scrubber types 

Spray Chamber 

Spray chambers are simple, low-energy scrubbers, in which the polluted gas flows 

through the scrubber chamber where it is contacted with washing liquid droplets 

generated by spray nozzles (Appendix 3, Figure 1). Spray chambers include spray 

towers and cyclonic chambers. These scrubbers can be installed vertically or 

horizontally. Before the gas exits the scrubber, it is run through a demister. Cyclonic 

chambers are similar to spray towers, except for the fact that the gas stream is injected 

into the chamber in a way to produce cyclonic motion. This can be done, for example, 

by tangential inlets or turning vanes. The cyclic motion helps to achieve high gas 

velocities along with more effective particle and droplet separation. (Woodard 1998, 

p.3, Ch. 5.4) As reviewed earlier, one of the most important features regarding spray 

chamber separation efficiency is the nozzle setup and the size and the amount of 

droplets they generate. According to De Nevers (2000, p. 412), the equilibrium of 

gaseous components is hard to approach as the gas liquid contact is not that good. For 

example, a higher efficiency system can be achieved by combining bubbler gas 

injection with conventional spray chambers. (De Nevers 2000, p. 412) However, good 

results have been achieved for the separation of gaseous pollutants, such as sulfur 

dioxide, in spray chambers without bubblers (Srivastava et al. 2001, p. 219-220). In 

addition, new technologies, such as air atomizing nozzles that are able to produce very 

fine droplet sizes, have improved spray chamber performance (Koo et al. 2010, p. 649-

656).  

Packed-Bed Scrubbers 

Packed-bed scrubbers are filled with a suitable type of packing material (introduced 

formerly) to provide a large surface area for high contact between the scrubbing liquid 

and the pollutant particles or gases. The washing solution forms a thin film on the 

packing material units as it flows down from the injection point above the packing 

material (Appendix 3, Figure 2). Like spray scrubbers, packed-bed scrubbers can be 

designed for vertical (countercurrent) or horizontal (crosscurrent) flows. A demister is 

usually located above the scrubbing liquid inlet. (Woodard 1998, p. 3, Ch. 5.4) Packed-

bed scrubbers should mainly be applied for streams with relatively low dust loadings, 

since a high particulate matter concentration may clog the bed. The tightly bound 

packing material is also challenging to clean. Mobile-bed is a packing material 
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construction involving low-density plastic spheres, which are able to move within the 

bed structure, and hence less sensitive to clogging. However, the low-density plastic 

packing material will not suit, for example, dissolving substances. (Woodard 1998, p. 8, 

Ch. 5.4) According to De Nevers (2000, p. 412) Packed-bed scrubbers can be designed 

to have a better mass transfer per unit of gas pressure drop than, for example, spray 

chambers. 

Impingement plate scrubbers 

Impingement plate scrubbers are vertical constructions through which a polluted gas 

flows upward and a scrubbing liquid from the top towards the bottom. In the scrubber 

chamber there are horizontally mounted plates, on which the gas-liquid contact occurs. 

The gas is able to pass through the plate openings. The scrubbing liquid flows across, 

over and finally down the inside of the tower to the next (lower) plate as gas velocity 

prevents it from flowing through the perforations (Appendix 3, Figure 3). There are 

multiple plate options that can be used in these scrubbers, for example, perforated plates 

and slotted plates. Different perforated plates include, for instance, sieve plates, bubble 

caps and baffle plates. For example, bubble caps and baffles are additional obstacles for 

the gas to circle around increasing the amount of particulates to be removed by 

impaction. They also prevent the scrubbing liquid from flowing down the perforations if 

gas velocity is reduced. Cleaning and maintenance of the plates is usually quite easy as 

the need is typically taken into account in the design of the scrubber. This makes 

impingement plate scrubbers more suitable for particulate matter removal than 

previously introduced packed-bed scrubbers. (Woodard 1998, p. 8, Ch. 5.4) According 

to Woodard (1998, p. 8, Ch. 5.4), impingement plate scrubbers are most efficient for the 

removal of particles with diameter greater than 1 µm, whereas many sub-micron 

particles will penetrate these scrubbers.  

Mechanically aided scrubbers 

Mechanically-aided scrubbers utilize a motor driven fan for an increased gas-liquid 

contact. The scrubbing liquid is sprayed onto the blades of a fan, which results in the 

formation of fine liquid droplets with a high velocity (Appendix 3, Figure 4). 

Mechanically-aided scrubbers are able to achieve high collection efficiencies even for 

smaller particulates, but it comes with high energy consumption. Moving parts affected 

by corrosion, material build-up and attrition create maintenance requirements, 
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especially when exposed to different types of substances. (Woodard 1998, p. 8-11, Ch. 

5.4) Additionally, fans are not often used in systems dealing with NCG as the amount of 

ignition sources should be minimized. 

Venturi scrubbers 

In venturi scrubbers (gas-atomized spray scrubbers), a washing liquid is atomized into 

fine droplets as a result of turbulence created by the scrubber throat as the liquid is fed 

forwards by the polluted gas (Woodard 1998, p. 11, Ch. 5.4). According to Keen (2014, 

p. 27), the gas velocity at the throat should be over 91 m/s to ensure atomization of the 

liquid into a fine mist. The liquid inlet is located right after the gas inlet and before the 

throat of the scrubber (Appendix 3, Figure 5). After the throat, the atomized mixture 

containing washing liquid and polluted gas is lead through an expanding duct into the 

scrubber chamber in a cyclonic motion. The cyclonic motion and a demister remove the 

pollutant containing liquid droplets from the gas stream. Venturi scrubbers are simple 

by design along with easy installing properties and low maintenance requirements. 

(Woodard 1998, p. 11, Ch. 5.4)  

According to Keen (2014, p. 26-27) venturi scrubbers are particularly efficient for the 

removal of particles between 1 to 100 µm, but can be directed towards sub-micrometer 

particles by performing modifications such as spraying the scrubbing solution across the 

gas stream at the right angles and at a high enough velocity. The efficiency of a venturi 

scrubber can therefore be modified by altering the width of the venturi throat. Altering 

the width of the throat changes the pressure differential across the split and therefore gas 

velocity and turbulence. High interaction between the fine washing liquid droplets and 

the polluted gas enables high collection efficiencies for small particulate matter. (Keen 

2014, p. 27; Woodard 1998, p. 11, Ch. 5.4)  

Orifice scrubbers 

Orifice scrubbers inject the polluted gas over the surface of a pool of scrubbing liquid 

and through a narrow orifice with high velocity (Appendix 3, Figure 6). The velocity 

and turbulence of the gas increase as it passes through the orifice at the surface of the 

liquid. This causes liquid droplets to entrain in the gas stream as particulate-liquid 

interaction is enhanced. The velocity of the gas can be altered by adjusting the orifice 

width. The particulates and the liquid droplets are removed from the gas stream by 
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impaction as the stream is lead through a series of baffles after the orifice. Orifice 

scrubbers are efficient for the removal of particles larger than 2 µm. There are very little 

maintenance concerns regarding these scrubbers. One major concern is the sludge that 

forms at the bottom of the scrubber, which is usually removed by a sludge ejector. 

(Woodard 1998, p. 11-14, Ch. 5.4) 

Condensation scrubbers 

The separation principle of condensation scrubbers involves using particulates as nuclei 

for the formation of condensation droplets. At the first stages, proper saturation 

conditions need to be fulfilled. (Woodard 1998, p. 14, Ch. 5.4) When the saturation 

conditions are achieved, supersaturation conditions are created by injecting steam into 

the gas stream. This leads to the condensation of water on the particulates in the gas 

stream. (Woodard 1998, p. 14, Ch. 5.4; Yang et al. 2010, p. 25-32) At super-saturation 

conditions, a high liquid-to-gas ratio is beneficial when it comes to the separation of 

fine particles (Yang et al. 2010, p. 25-32). The enlarged droplets can then be removed 

by demisters and other conventional devices involving inertial separation 

(Woodard 1998, p. 14, Ch. 5.4). Condensational growth by steam addition does not 

usually affect particles below 0.1 µm, which are mostly affected by diffusional 

phenomena (Yang et al. 2010, p. 25-32). A schematic diagram of a condensation growth 

scrubber is presented in Appendix 3, Figure 7. High efficiency condensation can be 

achieved, for example, with a multistage process, which includes pretreatment and a 

growth chamber for particulates to coagulate. (Woodard 1998, p. 14, Ch. 5.4) 

Charged scrubbers 

In charged scrubbers, electrostatic effects are used to improve the collection efficiency 

of wet scrubbers. The collection efficiency of sub-micrometer particles, for which 

inertial impaction is ineffective, can be enhanced by pre-charging them. Even higher 

efficiencies can be achieved by charging both the particulates and the liquid droplet 

with opposite charges. If the droplets are bipolar, the particulates should be bipolar or 

unipolar. A schematic diagram of a charged scrubber is presented in Appendix 3, 

Figure 7. (Woodard 1998, p. 14-18, Ch. 5.4) 
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Fiber bed scrubbers 

Fiber-bed scrubbers involve passing the gas stream, to which liquid droplets have been 

entrained, through mats of packing fibers. These mats can be constructed of materials 

such as spun glass, fiberglass and steel. The mats are often wetted with the scrubbing 

liquid just like the packing material of packed-bed scrubbers, except for the final mats. 

The final, dry fiber-mats are used to remove droplets entrained in the gas stream. 

Fiber-bed scrubbers work well for the separation of material dissolving in the scrubbing 

liquid, since insoluble particulates will easily clog the mats. Fiber mats are often only 

used as demisters. (Woodard 1998, p. 18, Ch. 5.4)  

 

Emerging technologies 

Some emerging technologies described by Woodard (1998, p. 6, Ch. 7) include annular 

orifice venturi scrubbers and water mesh scrubbers. Alkaline scrubbing liquid is used in 

annular orifice venturi scrubbers for the removal of particulates and gaseous pollutants. 

The flue gases are cooled down by injection of the alkaline scrubbing liquid, after which 

they are scrubbed in an annular orifice venturi. No wastewater is generated and the heat 

from the flue gases is used to concentrate the residue into a paste, in which the solids 

content is 50%. High removal efficiencies can be achieved, even for particulates around 

0.5 µm. (Woodard 1998, p. 6, Ch. 7) 

Waterweb mesh scrubbers consist of an extremely effective packing material and are 

suitable for the removal of particulates, gases, vapors, odors and mists. The packing 

material is composed of thousands of microventuri passages, in which the treated gas is 

dispersed through scrubbing liquid. These microventuri passages are created by 

compressing and bonding PVC-coated fiberglass. The mesh is non-clogging and ensures 

thorough mixing of the gas and the scrubbing liquid. (Woodard 1998, p. 6, Ch. 7) 

Scrubbers are often custom manufactured and are commonly combinations of the 

formerly introduced scrubber types. Advantages and disadvantages of common wet 

scrubber types and in general are displayed in Table 9 below. Removal efficiencies 

related to some of the formerly introduced wet scrubbing methods are found in Table 10 

(p. 54). 
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Table 9. The advantages and disadvantages of common wet scrubber types and in 

general. (European IPPC Bureau 2014, p. 450) 

Advantages Disadvantages 

In general In general 

 Suitable for flammable and explosive 

materials. 

 Provides cooling for gases. 

 Neutralization of corrosive gases. 

 Simultaneous removal of dust and inorganic 

compounds. 

 Waste liquid may cause water pollution. 

 Wet waste product. 

 Requires protection against freezing. 

 Waste liquid may not be regenerable. 

 Outlet gas may require heating to avoid 

visible plume. 

Spray chamber Spray chamber 

 For the separation of particulate matter 

(PM) and gaseous pollutants. 

 Relatively low pressure drop. 

 Relatively small space requirement. 

 Unlikely to get clogged. 

 Can be operated in highly corrosive 

environment. 

 Relatively slow mass-transfer efficiency. 

 May be temperature sensitive. 

 

Packed-bed scrubbers Packed-bed scrubbers 

 Can handle mists. 

 Relatively low pressure drop. 

 Susceptible to corrosion problems. 

 Unsuitable for the collection of PM 

(only for fine and soluble PM) 

 

Venturi scrubbers Venturi scrubbers 

 Can handle mists 

 Low maintenance requirement. 

 Simple design, easy installing 

 Variable collection efficiency 

 Also for gaseous pollutants 

 Non-clogging. 

 Highly susceptible to corrosion 

problems. 

 Relatively high pressure drop, which 

brings about high energy requirement. 

 Limited to PM and gases with high 

solubilities. 

 

Impingement scrubbers Impingement scrubbers 

 Can handle mists. 

 Quite a low liquid recirculation rate. 

 Variable collection efficiencies. 

 Relatively low pressure drop. 

 Highly susceptible to corrosion 

problems. 
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Table 10. Efficiencies of common scrubber types along with other important process 

parameters. (European IPPC Bureau 2003a, p. 243; IHS Engineering 360 2015a) 

Scrubber 

PM 

removal 

efficiency 

Liquid 

requirements 

[l/m
3
] 

Gas flow 

[Nm
3
/h] 

PM 

loading 

limit 

[g/Nm
3
] 

Usability 

Spray chamber 
90%       

(>8 µm) 
0.13 - 2.7 

750 - 170 

000 
- 

PM10, PM2.5, PMHAP, 

VOC, inorganic fumes 

vapors, gases 

Cyclone-spray 
95%       

(>5 µm) 
0.27 - 1.3 - - N/A 

Impingement 

(entrainment) 

97%       

(>5 µm) 
0.27 - 0.67 

1700 -   

90 000 
up to 23 PM10 - PM2 

Impingement 

(plate) 
- - 

1700 - 

130 000 
- 

PM10, PM2.5, PMHAP, 

VOC, inorganic fumes 

vapors, gases 

Orifice 
97%       

(>5 µm) 
0.27 - 0.53 - - Down to PM2 

Venturi 
98%    

(>0.5 µm) 
0.39 - 2.0 

720 -   

100 000 
1 - 115 

PM10, PM2.5, down to 

submicron emissions 

Fibrous 

packing 
- - 

1800 - 

170 000 
0.2 - 11 

Fine and/or soluble PM, 

mist elimination (liquid 

aerosols, VOC, inorganic 

compounds) 

 

It is good to note that only particulate removal efficiencies are considered in Table 10. 

Depending on scrubber type, the removal efficiency of gaseous pollutants may be very 

different to the removal efficiency of particulate matter. For efficient absorption of 

gaseous pollutants, sufficient gas-liquid contact area has to be provided, for example, by 

suitable nozzles or packing material. Depending on the construction, for example, 

alkaline scrubbers are able to remove 90 – 99% of the target pollutants (Schenk et al. 

2009, p 8). The following paragraphs introduce some generally used scrubber setups for 

the removal of sulfur dioxide from flue gas streams. 

4.3.8 Desulfurization 

Wet FGD (flue gas desulfurization) processes include contacting the sulfur dioxide 

containing gas with alkaline slurry, for example, with a lime, limestone or a caustic 

solution, in an absorber (De Nevers 2000, p. 414; Srivastava et al. 2001, p. 220).  

According to Srivastava et al. (2001, p. 220) the FGD processes can be divided into 

throwaway and regenerable processes. In regenerable processes, the sulfur dioxide is 
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removed from the absorbent during regeneration steps and processed into sulfuric acid 

or other sulfur product (De Nevers 2000, p. 414-420; Srivastava et al. 2001, p. 220). As 

mentioned earlier, this can usually be done for concentrated waste gas streams (De 

Nevers 2000, p. 405-408). In throwaway FGD processes, the spent sorbent is disposed 

of as waste or utilized as a by-product. The FGD processes can also be divided into dry 

and wet processes. Along with the absorbent slurry, wet FGD processes produce a 

washed flue gas that is saturated with water. Dry FGD processes produce dry waste 

material or by-product and a washed, unsaturated flue gas. (Srivastava et al. 2001, p. 

220) 

In usual limestone wet FGD processes, the gas is fed into the absorber in a 

countercurrent-flow at the bottom of a vertically oriented reaction tank. (De Nevers 

2000, p. 414-415; Srivastava et al. 2001, p. 220-221) The most important parameters in 

this type of wet FGD technology are flue gas velocity, liquid-to-gas ratio, limestone 

slurry pH, flue gas sulfur dioxide concentration, solids concentration and retention time. 

For example, an increase in the flue gas velocity in a countercurrent-flow absorber 

usually decreases the sulfur dioxide removal efficiency due to decreasing absorption 

time. One of the biggest problems concerning the wet limestone FGD processes is the 

increasing oxygen content and the undesirable scaling, which affect process reliability. 

The solids concentration is typically around 10 to 15 wt%. This gypsum (calcium 

sulfate dehydrate) scaling problem can be inhibited by blowing air into the limestone 

slurry to encourage controlled oxidation outside of the absorber. (Srivastava et al. 2001, 

p. 220-221) A limestone FDG process using this method is referred to as limestone 

forced oxidation (De Nevers 2000, p. 405-408; Srivastava et al. 2001, p. 220-221). 

Typical design values of a limestone forced oxidation scrubber can be seen in Table 11 

below. Another variation of limestone FGD process is the limestone inhibited oxidation 

process, in which emulsified sodium thiosulfate is added to the reaction tank. This 

lowers the slurry oxidation ratio and prevents the formation to gypsum. (Srivastava et 

al. 2001, p. 220-221) In addition, scale deposition can also be minimized by keeping 

enough gypsum in the circulating slurry to prevent supersaturation (De Nevers 2000, p. 

419). Lime wet FGD processes involve treating the odorous sulfur containing gas with 

hydrated calcite lime slurry in a countercurrent spray tower. By construction and 

chemistry, the lime wet FGD process is quite similar to the previously described 

limestone processes and comprises the same process parameters. There are also process 
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variations to this process. For example, a magnesium-enhanced lime solution containing 

5 to 8% magnesium oxide can be used to increase the removal efficiencies and to 

produce high quality gypsum. (Srivastava et al. 2001, p. 220-221) 

Table 11. Typical design values of a limestone forced oxidation scrubber. (De Nevers 

2000, p. 416) 

Inlet gas temperature 205 
o
C 

 
Height of the scrubbing zone 9.1 m 

Outlet gas 

temperature 
52 

o
C 

 
Typical drop size of slurry 3 mm 

Inlet SO2 

concentration 
1000 ppm 

 
Solids content of slurry 15 wt% 

Collection efficiency 

for SO2 
0.9 

 
Limestone feed rate 

1.1 mols/mol SO2 in 

the feed gas 

Pressure drop (inlet to 

outlet) 
2.49 kPa 

 
Oxidation air feed rate 

1.5 mols/mol SO2 in 

the feed gas 

Vertical gas velocity 3.05 m/s 
 

Liquid residence time in 

oxidation tank (between 

recycling trips through the 

scrubber) 

6 min 

L/G ratio (in the inlet 

temperature 

13.4 

l/(m
3
/min)  

Solids residence time in oxidation 

tank 
18 min 

 

De Nevers (2000, p. 421) describes dry FGD systems as systems in which dry alkaline 

particles are injected into the polluted gas stream, where they react with the gas to 

remove sulfur dioxide. The sulfur dioxide -containing particles are then removed by 

suitable particle collection devices such as baghouses or ESPs. The dry waste, generated 

in these processes, is easier to dispose of than the waste slurry from wet FGD processes 

(De Nevers 2000, p. 421; Srivastava et al. 2001, p. 221-222). Other advantages related 

to dry FGD processes include less corrosion and scaling problems. There are also 

techniques combining some of the features of the wet and dry FGD systems. These 

wet-dry techniques involve contacting the polluted gas with dispersed alkaline slurry, or 

dry alkaline particles that are humidified at some point before or at the injection to a 

reactor chamber. (De Nevers 2000, p. 421-422) Some wet-dry FGD technologies 

include lime spray drying, duct and furnace sorbent injection and circulating fluidized 

bed processes (De Nevers 2000, p. 421; Srivastava et al. 2001, p. 221-222).  It is good 

to note, that Srivastava et al. (2001) refers to these technologies only as dry FGDs, as 

the product is dry.  
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In spray dryers, the alkaline slurry is dispersed as fine droplets into a hot polluted gas 

stream. The slurry contains up to 30 wt% solids. Some nozzle possibilities for the 

dispersion of these slurries include high pressure gas-atomizing nozzles and rapidly 

rotating atomizing wheels. The water droplets within the slurry are quickly vaporized by 

the hot gas, as its temperature is above the boiling point of water. The resulting particles 

are small enough to be carried along with the gas stream to a particle collection device. 

(De Nevers 2000, p. 422-423) The separation phenomena in lime spray drying include 

simultaneous heat and mass transfer between alkali in a finely dispersed slurry and 

sulfur dioxide in the gas phase. This results in a series of reactions along with the drying 

of process waste. The mass transfer occurs in both, moist and dry phases, but most of 

the sulfur dioxide capture occurs in the moist phase (De Nevers 2000, p. 426; Srivastava 

et al. 2001, p. 222-223). Therefore, greater sulfur dioxide removal requires the 

lengthening of the duration of the moist phase. This is also related to the low reactivity 

of the entirely dry FGD processes (De Nevers 2000, p. 427). When it comes to duct and 

furnace sorbent injection processes, the main difference is the point of dry sorbent 

injection. In duct sorbent injection, the dry sorbent is injected into the flue gas 

downstream of the boiler’s air preheater and water is injected separately from the 

sorbent, or atomized alkaline slurry is contacted with the flue gas directly in the flue gas 

duct. Contacting the flue gas with atomized slurry droplets provides much faster 

reactions with sulfur dioxide. In furnace sorbent injection, a dry sorbent is injected 

directly above the flame of the furnace. Porous solids with a high surface area are 

formed in the reactor through the decomposition of sorbent particles. Humidifiers are 

sometimes installed downstream the air preheater to improve reagent utilization. 

(Srivastava et al. 2001, p. 222-223) 

The circulating bed process involves contacting a dry sorbent, for example calcium 

hydroxide, with a humidified flue gas in a fluidized bed, through which the sorbent 

passes multiple times. This ensures long contact times between the flue gas and the 

sorbent, which enables good sulfur dioxide mass transfer from the gas to the solid 

phase. This process may need an additional electrostatic precipitator to ensure that the 

required particulate emission levels are met. For furnace sorbent injection processes, the 

most important process parameter is the temperature of the flue gas at the point of 

contact with the sorbent, since lower temperatures diminish the utilization of sorbent 

particles. (Srivastava et al. 2001, p. 221-223) For the rest of the dry FGD technologies 
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listed above, the most important process parameter is the adiabatic saturation of the flue 

gas, since a close approach to adiabatic saturation is required for high sulfur dioxide 

removal. (De Nevers 2000, p. 426; Srivastava et al. 2001, p. 221-222) However, if 

water is applied excessively to reach the adiabatic saturation temperature, all of it will 

not vaporize causing the particles to be wet and sticky. This results in plugging and 

corrosion of the downstream equipment. (De Nevers 2000, p. 426) 

Regenerable FGD processes involve capturing the pollutant sulfur dioxide to some kind 

of absorbent or adsorbent, which can then be regenerated. Some commonly used 

compounds include sodium sulfite, magnesium oxide, sodium carbonate, activated 

carbon and amines. The accumulating sulfur concentration needs to be high enough for 

this method to be applicable for the production sulfur products, for example, sulfuric 

acid. Even though the sulfur product sales create some profit, they are usually not high 

enough to offset the high operation and maintenance costs of these processes. When it 

comes to the previously described throwaway processes in the recent decades, most 

significant development steps have been made regarding the wet FGD processes. (De 

Nevers 2000, p. 414-427; Srivastava et al. 2001, p. 223-225) According to Srivastava et 

al. (2001, p. 225) this is partly due to the lower number of existing and used dry FGD 

processes. The aim of some more recent development stages has been in improving the 

performance and cost-effectiveness of established processes along with some 

completely new solutions. Developing present process alternatives has included 

evaluating the amount of sorbent used per mole of sulfur dioxide, the addition of 

additives (e.g. organic acids) to increase reactivity of limestone slurry, using more 

reactive sorbents, increasing recycle slurry flow rate, improving mass transfer by adding 

packing material, reducing the amount of bypassed gas and improving gas/liquid 

hydrodynamics. Some approaches to new design options have included large capacity 

modules, increased flue gas velocity, co-current flow, improved mist elimination, 

improved hydraulics, new construction materials and low-energy spray nozzles. Some 

examples of new sorbent-related development are organic acid buffering and ultrafine 

limestone grind. (Srivastava et al. 2001, p. 225) A couple newer process approaches, as 

presented by Srivastava et al. (2001, p. 225), are wet stack process, in-situ oxidation, 

wastewater evaporation system, gypsum stacking for final disposal and ammonia 

scrubbing. 
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The removal of hydrogen sulfide by scrubbing with caustic solutions also involves 

similar absorption and neutralization phenomena. In this case, the main reaction 

products are sodium hydrosulfide (NaHS) and sodium sulfide (Na2S). Sodium 

hydrosulfide is the preferred product, as it can often be sold, especially if the solution is 

of high quality. Sodium hydrosulfide concentration of the outlet scrubbing solution 

depends on various process parameters. One of the most important parameters is the pH 

of the scrubbing solution. Not only because it determines the neutralization capability of 

the scrubbing system, but also because a higher pH favors the reaction of hydrogen 

sulfide into sodium sulfide. Therefore, if a higher concentration of sodium hydrosulfide 

is desired in the waste caustic/product stream, pH monitoring and adjustment is 

required. As mentioned earlier, the absorption and neutralization of hydrogen sulfide by 

the use of caustic involves highly exothermic reactions. Therefore, scrubbers used for 

the removal of hydrogen sulfide benefit from cooling the scrubbing liquid. These 

systems are operated from ambient temperatures to about 110 
o
C, after which the vapor 

pressure of hydrogen sulfide in the caustic solution increases making treatment 

specifications difficult to achieve. (Mamrosh 2008, p. 69-71)  

The hydrogen sulfide removal method depends on the process at hand. The operating 

strategy of the process may differ notably whether the design target is a vendible 

product, maximum abatement of hydrogen sulfide, minimization of caustic usage or 

selective scrubbing of hydrogen sulfide when other contaminants are present. When the 

target is a vendible product, the previously mentioned pH adjustment is necessary. 

Maximum hydrogen sulfide abatement often comes at the cost of excess caustic usage 

as large liquid recirculation flowrate is maintained to ensure adequate contact with the 

gas phase. The pH value of the scrubbing solution is kept sufficiently high by ensuring 

short enough liquid changing intervals and/or the addition of makeup caustic and 

continuous withdrawal of spend caustic. If economic or product quality reasons exclude 

the possibility of using excess caustic, the caustic consumption can be minimized by 

careful design and calculations involving, for example, chemical equilibrium 

considerations. (Mamrosh 2008, p. 70) According to Mamrosh (2008) one 

constructional possibility of decreasing caustic consumption is to apply a double loop 

system for caustic circulation, in which fresh caustic is fed to a circulation loop at the 

higher part of the scrubber and the caustic that overflows from the top to the lower part 

of the scrubber is circulated separately. However, this system is more complex and 
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expensive than the conventional circulation method. Separation problems may also 

occur if other pollutant compounds are present in the gas stream. The effects of 

separating multiple acidic compounds were examined earlier in the scrubbing solution 

chapter. Another example involves compounds that may be present in the gas stream, 

but are not wanted to be separated. For example, if carbon dioxide is present in the 

treated gas stream, selective oxidation of hydrogen sulfide is required to minimize 

caustic consumption and carbon dioxide absorption. The absorption of carbon dioxide 

results in the formation of, for example, solid sodium carbonate, which increases the 

system solids concentration and may cause plugging, as well as increased caustic usage. 

At high pH levels, hydrogen sulfide absorbs much faster compared to carbon dioxide. 

Therefore, selective hydrogen sulfide removal can be accomplished by optimizing the 

pH level and by limiting the contact time between the gas and the scrubbing liquid. In 

addition to these properties, optimization of the system flowrate and the temperature is 

also important. (Mamrosh 2008, p. 70) 

4.3.9 Scrubber malfunctions 

Nozzle plugging and solids buildup are the most common problems related to wet 

scrubbers. Nozzle plugging may result, for example, from poor nozzle selection, high 

solids concentration in the scrubbing liquid, or poor pump selection and design. If the 

nozzles get plugged, inefficient liquid distribution may occur along with a reduced 

L/G-ratio. Nozzle plugging can be identified by observing the nozzle spray pattern and 

scrubbing liquid flow rates to the nozzles. Some means of avoiding nozzle blockage 

include changing nozzle type, regular nozzle cleaning, and reduction of scrubbing liquid 

solids content. The solids content of the scrubbing liquid is affected by liquid changing 

intervals and concentration. (EQM 1993, p. 27, Ch. 9) 

Solids buildup is caused by particles that become attached to a surface or settle because 

of low turbulence. Another cause for solids buildup are chemical reactions resulting in 

the formation of a precipitate, which forms on the surfaces of scrubber components. The 

aforementioned phenomena are known as sedimentation and chemical scaling, 

respectively. (EQM 1993, p. 27, Ch. 9) According to EQM (1993, p. 27, Ch. 9), it is 

most often best to keep the solids content of wet scrubbers below 6 to 8%. Solids 

buildup can be detected by the inspection of scrubber components and by monitoring 

scrubber pressure. Scaling can be controlled by increasing the L/G ratio, by applying pH 
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control, by providing sufficient residence times in the holding tank, and by using 

chemical agents, for example, dispersants. (EQM 1993, p. 27, Ch. 9) 

Corrosion is often a problem in scrubbers handling acid-forming compounds or soluble 

electrolytic compounds, especially, if the material choice is poor or if the material is 

insufficiently protected (EQM 1993, p. 28, Ch. 9). For example, compounds able to 

produce sulfuric acid are common in scrubbers treating odorous gases, as discussed in 

the NCG introduction earlier. It was also mentioned, that material choice is important 

when it comes to systems treating acid-forming compounds, as acids and electrolytes in 

general are corrosive to mild steels (EQM 1993, p. 28, Ch. 9; Lin 2007, p. 1-2). In 

addition, fluorides are harmful to almost all types of stainless steels. Along with the 

construction material choice, pH control is important to prevent corrosion. Naturally, 

scrubbing liquid changing intervals also affect the acid and electrolyte concentrations. 

(EQM 1993, p. 27, Ch. 9) 

Wearing of the construction material may occur due to abrasion, particularly if the 

scrubbing liquid (under turbulent operation) contains high concentrations of abrasive 

particulates (EQM 1993, p. 28-30, Ch. 9). Abrasion of scrubber nozzles is highly related 

to scrubber efficiency. Abrasion of scrubber nozzles changes the injection angle and the 

liquid volume flow, decreases the uniformity of the liquid distribution, increases the 

generated droplet size, and alters system pressure. Corrosion-related abrasion has 

similar effects on scrubber nozzles. (SGN Tekniikka Oy, 2015 p.14) Therefore, 

scrubber nozzle condition and their liquid distribution pattern should be regularly 

checked. If abrasion or an irregular liquid distribution pattern is detected, the nozzles 

should be replaced. Additionally, wearing of rotating equipment, such as fans, pumps 

and clarifiers must also be taken into account because of the nature of the compounds 

and particles often associated with scrubbers (EQM 1993, p. 28-30, Ch. 9). Wear 

problems can usually be solved by using wear-resistant alloys and corrosion-resistant 

materials, by reducing rotation speeds, by moving the equipment on the clean gas side 

of the system, or by applying proper pre-collection devices to preceding process steps. 

Along with the previously introduced malfunction prohibition measures, proper operator 

training is also very important. This enables the minimization of human and operation-

related mistakes. (EQM 1993, p. 28-30, Ch. 9) 
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4.4 Combustion 

4.4.1 Ways of combustion 

Incineration of pollutant containing gases is the only method that does not concentrate 

pollutants for subsequent disposal or require regeneration of washing liquids 

(Woodard 1998, p. 1, Ch. 5.5). During combustion, the pollutants compounds, such as 

odorous or hazardous gases, oxidize to less harmful compounds. For instance, gas 

streams with high volatile organic compound (VOC) content or odorous compounds are 

often treated by incineration. (De Nevers 2000, p. 371; Woodard 1998, p. 1, Ch. 5.5) 

Incinerator types can be divided into two categories, which are thermal incinerators and 

catalytic incinerators. Some advantages regarding incinerators include operational 

simplicity, possibility for steam generation or heat recovery and complete destruction of 

organic contaminants. (Woodard 1998, p. 1, Ch. 5.5)  Relatively high operating costs 

(dedicated incinerators), potential danger of flashback with subsequent explosion hazard 

and the possibility of incomplete combustion under poor combustion conditions are 

some disadvantages associated with incineration. (De Nevers 2000, p. 371; 

Woodard 1998, p. 1, Ch. 5.5) 

The combustion of NCG is usually done where and how it best suits the process. 

Combustion possibilities depend on the location, age, size and the operating conditions 

of the site. Some examples of NCG combustion possibilities include lime kilns, power 

boilers, recovery boilers, dedicated incinerators and regenerative thermal oxidizers. It is 

self-evident, that the uptime of a NCG combustion system, or any other treatment 

process, is highly important. Constantly tightening environmental regulations ensure 

that actions are taken towards more efficient treatment systems. (Lin 2007 p. 8-10) For 

example, at Arizona Chemical Oulu, the current uptime of the LOG-system has to be 

95% of the facility operating time. 

Lime kilns are often used for the combustion of NCG, since most of the forming sulfur 

dioxide is absorbed on the lime mud and returned to the process (Lin 2007, p. 8). 

However, this method will not be further assessed, because it is not closely related to 

the processes at Arizona Chemical Oulu. Another common method is the combustion of 

NCG in power boilers. This is quite a well-functioning method, but it does have its 

disadvantages. Burning NCG along with the fuel increases sulfur dioxide emissions, 
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which may prove to be a problem with the current environmental regulations. However, 

the ashes of some fuel materials, such as coal and bark, are able to absorb sulfur 

dioxide, which reduces the emissions. (Lin 2007, p. 8) 

Incinerators are also often used for NCG combustion, which ensures that the operation 

of non-dedicated incineration devices is not disrupted. However, having a separate 

process for NCG combustion brings about higher capital and operating costs. Fossil fuel 

burners are used in most incinerators, which bring about operational fuel costs. 

Flameless oxidization has also been successfully applied for incineration purposes. 

Incinerators are usually followed by a scrubber for the removal of sulfur dioxide. Heat 

recovery is obviously advisable as a lot of it is generated. Dilute NCG can also be 

incinerated by the use of regenerative thermal oxidizers. Regenerative thermal oxidizers 

have lower installation costs and low operating costs as well as high uptime. (Lin 2007, 

p. 9-10)  

In theory, recovery boilers should also be an excellent place to burn NCG, because of 

their ability to destroy sulfur gases. Sulfur gases are destroyed as they end up in the 

smelt as sodium sulfide. Nevertheless, recovery boilers are not the most used NCG 

combustion applications because of potential danger of explosion. There is a danger of 

explosion as water may enter the boiler during operation or if combustible gas build-up 

occurs during production shut down. Anyhow, concentrated NCG have been 

successfully burned in the recovery boilers of some mills. Several mills are using 

recovery boilers for the combustion of dilute NCG. (Lin 2007, p. 9) 

4.4.2 Combustion conditions 

According to Lin (2007, p. 8), the minimum requirements for proper combustion of 

TRS compounds and HAPs in NCG are:  

 Temperature of 871 
o
C. 

 Residence time of 0.75 seconds. 

 Excess oxygen content (amount above the stoichiometric amount needed for 

combustion) of 3 – 4%. 

According to Barnes et al. (1979) the following values are typical operating conditions 

of industrial gas incinerators in odor control processes (De Nevers 2000, p. 375): 
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 Gas velocity 7.6 – 15.2 m/s 

 Residence time: 0.2 – 1 s 

 Temperature of 482 – 732 
o
C  

Depending on the parameter, it is possible to lower the values of some of the previously 

introduced parameters if others are exceeded. For example, if combustion temperature is 

exceeded, residence time can be reduced (Lin 2007, p. 3-10). The speed and the 

completeness of a combustion reaction are determined by time, temperature, space, 

turbulence and sufficient oxygen. Other important factors involving the required 

combustion time are particle size and composition. (Woodard 1998, p. 1-3, Ch. 5.5) 

Enough excess air should be added to the gas mixture to ensure stoichiometric 

combustion (De Nevers 2000, p. 380). Gas velocity and inlet distribution have an effect 

on turbulence and, therefore, on the extent of mixing of the combustibles (Lin 2007, p. 

3-10; Woodard 1998, p. 1-3, Ch. 5.5). At low temperatures, chemical reactions 

determine the overall reaction rate, since molecular diffusion moves oxygen onto the 

fuel surface and carbon dioxide out faster than the chemical reaction can transform 

them. At higher temperatures, chemical reactions use up oxygen as fast as diffusion 

brings it in. In this case, the overall reaction rate is determined by how fast the oxygen 

can get to the burning surface, which is directly related to air flow rate and mixing. (De 

Nevers 2000, p. 379-380) Insufficient mixing may cause incomplete combustion, which 

can be compensated to some extent by adding excess air. Along with unburned fuel, 

incomplete combustion may result in the formation of harmful intermediate combustion 

products, such as aldehydes, dioxins and furans, resulting in a gas that is more harmful 

than the original input gas. (De Nevers 2000, p. 372-380) According to Woodard 

(1998, p. 1-3, Ch. 5.5), for particulates smaller than 100 µm in diameter, the combustion 

rate is controlled by chemical kinetics, whereas for larger particles it is controlled by 

diffusion.  

Along with the oxygen content, other important properties regarding the combusted gas 

stream are its heat and water content (De Nevers 2000, p. 371-381; Woodard 1998, p. 1-

3, Ch. 5.5). If the heat content of the combusted gas stream is below 1860 kJ/m
3
, 

supplementary fuel is typically required to maintain the requisite combustion 

temperature (Woodard 1998, p. 1-3, Ch. 5.5). As most combustion takes place in the gas 

phase, liquids and solids (except charcoal) must be vaporized before mixing with air and 
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burning. For example, fuels with high boiling points are normally preheated before 

burning to raise their vapor pressure enough for vaporization, mixing and burning. (De 

Nevers 2000, p. 372-377) When it comes to burning gas streams containing VOCs, it is 

important to know the composition of the gas stream. Some VOCs, such as benzene, do 

not burn well alone even at 540 
o
C. However, if there is another more easily 

combustible and radical forming compound present, such as hexane, it may help in the 

combustion of the other compounds. For example, in a gas mixture of benzene and 

hexane at 540 
o
C, hexane would oxidize first resulting in generation of free radicals, 

which would then attack and help in the combustion of the benzene molecules. (De 

Nevers 2000, p. 375) Therefore, it is important to know the composition of the 

combusted gas. 

For complete destruction of VOC compounds, Woodard (1998, p. 3, Ch. 5.5) suggests 

the following guidelines: 

 Temperature of 649 – 1093 
o
C or greater 

 Gas flow velocity of 6.1 – 12.2 m/s to ensure turbulent mixing between the hot 

combustion products from the burner, combustion air and waste stream 

components. 

 Residence time of approximately 0.75 s or more 

Combustion of concentrated NCG usually includes splitting the stream into multiple 

feed nozzles before incineration for better distribution and oxidation. Diluted NCG are 

usually fed to the place of combustion as a part of the primary burning air. The 

combustion of NCG should not disturb the normal operation and efficiency of non-

dedicated incinerators such as power boilers and recovery boilers. This requires careful 

monitoring of oxygen and NCG levels. (Lin 2007, p. 3-10) 

4.4.3 Incinerators 

In discrete burner thermal incinerators, the waste gas stream is first fed to a pre-mixing 

chamber along with the combustion air. The pre-mixing chamber is used for thorough 

mixing of the gases. It may also contain an auxiliary fuel burner for pre-heating the 

mixture. After this, the mixture is fed into the main combustion chamber, where it is 

oxidized by the primary burner. Heat recovery equipment may be used to recover heat 

energy from the hot flue gases. (Woodard 1998, p. 4, Ch. 5.5) The heat of the gas 
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leaving the combustion chamber can also be used to heat the incoming contaminated 

gas stream in order to reduce the outlet temperature and to reduce the amount of fuel 

needed for bringing the mixture of fuel, air and pollutant containing gases up to the 

temperature at which pollutant destroying reactions occur (De Nevers 2000, p. 376). 

The discrete burner is introduced in Appendix 4, Figure 1 along with the rest of the 

incinerator types. A schematic diagram of an alternative incinerator type, where 

combustion heat is used for heating the contaminated inlet gas, is found in Appendix 4, 

Figure 2.  

Another incinerator type is the distributed burner thermal incinerator, in which small 

gas flame jets on a grid surface ignite the vapors in the gas as it passes through the grid. 

The grid promotes mixing before the gases enter the subsequent part of the incinerator 

chamber. Due to the fact that the gases are well mixed and small flames are distributed 

across the cross-section of the combustion chamber, the gas mixture can be burned at a 

lower temperature and by using less fuel when compared to the previously introduced 

discrete burner configuration. As there are multiple flames, the particulates to be 

combusted are less likely to survive the flames. (Woodard 1998, p. 4, Ch. 5.5) 

Catalysts are used to lower the activation energy of a reaction, which in turn enables 

higher reaction rates and lower reaction temperatures. If catalysts are used, incinerator 

volume can be reduced. (Woodard 1998, p. 4, Ch. 5.5) According to Barnes et al. 

(1979), the operating temperature of burners can often be reduced from 538 
o
C to 

649 
o
C to around 316 

o
C by the use of catalysts, which brings about significant fuel 

savings (De Nevers 2000, p. 377). Catalytic incinerators are efficient for the oxidation 

of gaseous pollutants whereas particulates often coat and deactivate the active sites of 

catalysts. It is important that the active sites remain clear of accumulating particles as 

that is where the reactions occur. The main difference between catalytic incinerators and 

thermal oxidation is that the gas passes through a catalyst bed after the flame area. Some 

typical uses of catalytic incinerators include, for example, VOC incineration with 

platinum and palladium catalysts. (Woodard 1998, p. 4, Ch. 5.5) 

The reaction mechanism of catalytic incinerators includes migration, adsorption, 

oxidation and desorption phases. At first, the gas is injected into a mixing and 

preheating chamber, after which it passes through the catalyst bed. As the gas passes the 
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catalyst bed, oxygen and the pollutant molecules migrate to the catalyst surface by 

diffusion and are adsorbed onto the active sites of the catalyst. Oxidation occurs at the 

active sites, after which the reaction products are desorbed by the gas and diffuse back 

into the gas stream. Some advantages of catalytic incinerators, along with the previously 

mentioned lower incineration temperature and fuel requirements, include a minor need 

for insulation, reduced fire hazard and reduced flashback problems. However, some 

disadvantages related to the use of catalytic incinerators include higher capital costs, 

maintenance caused by deactivation, possible need for the pre-collection of particulates 

and disposal of spent catalyst (if regeneration is not possible). (Woodard 1998, p. 7, Ch. 

5.5) 

4.5 Other treatment methods 

4.5.1 Electrostatic precipitators 

The separation phenomena of electrostatic precipitators (ESPs) include establishing an 

electric field, corona generation, ionization of the passing gas stream, charging the 

particulates, migration of the charged particulates to the electrodes, and collection of the 

particulates from the oppositely charged electrode surfaces. The electric field enables 

the generation of charging ions in an electrical corona, after which these ions are moved 

to impact and charge the particulates within the gas flow. The electrical field also 

provides the driving force to transfer the formerly mentioned charging ions and the 

charged particulates. The collection of the particulates from the electrodes can be done 

by using rappers (dry ESPs) or rinsing liquid (wet ESPs). (Woodard 1998, p. 27, Ch. 

5.1; p. 1, Ch. 5.2) 

The collection efficiency of ESPs depends on ion density and on the strength of the 

electric field. The collection efficiency is also dependent on the adhesive and cohesive 

properties of the separated matter. Particle nature and size distribution are also very 

important, however, Woodard (1998, p. 1, Ch. 5.2) describes the strength of the electric 

field as the critical factor. ESPs are efficient even for the removal of small particulates 

and are capable of handling high flue gas volumes with low pressure drops. ESPs can be 

operated over a wide temperature range and have typically quite low operating costs. 

They are suitable for the collection of dry materials, fumes and mists. Some 

disadvantages related to ESPs include high capital costs, large space requirements, 
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inflexibility with respect to operating conditions, and difficulties in controlling high 

resistivity particles. In addition, flammable or explosive particulates may create 

susceptibility to explosions and may therefore be a limiting factor when considering the 

applicability of dry ESPs. Wet ESPs are more suitable for the removal of combustible 

particles. There are various different ESP constructions available with, for example, 

different piping shapes, discharge electrode shapes and collection electrode plates. 

(Woodard 1998, p. 27, Ch. 5.1; p. 1-14, Ch. 5.2) According to Woodard (1998, p. 14, 

Ch. 5.2), ESPs are able to achieve collection efficiencies of 99% for all particulate sizes. 

ESP technologies have also evolved over the years. Woodard (1998, p. 5, Ch. 7) states 

cold-pipe ESP pre-chargers, alternate charging and short ESP collector sections (super 

ESP) as well as advanced computer-based ESP control systems as some emerging 

technologies. Cold-pipe ESP prechargers reduce the resistivity of the dust layer that 

collects on the outside surface of the pipe by circulating cool water through the pipe of 

the ESP precharger section. By the use of this technology, highly charged entrained 

particles are obtained in a short flow distance and the collection efficiency of high 

resistivity dusts is improved. In super ESPs, the charging and collecting sections are 

separated and also optimized separately. Super ESPs use the previously described cold-

pipe prechargers in the charging section and abbreviated wire-plate collectors in the 

subsequent phase. It has been concluded that the conventional ESP systems require 

twice the amount of wires to achieve the same efficiency that can be achieved with a 

super ESP. The difference is even higher if the cleaned gas flow contains high 

resistivity dusts. The advanced computer-based ESP control systems are systems 

designed to monitor and control the ESP parameters in such a way, that the highest 

possible separation efficiency can be achieved. This involves, for example, changing the 

ESP current or voltage settings to avoid or minimize the influence of a back corona. 

(Woodard 1998, p. 6, Ch. 7) 

Flue gas conditioning  

Flue gas conditioning is often done prior to a primary collection device such as the 

previously described ESP. The characteristics of a gas stream and its particulates are 

modified by the addition of chemicals to enhance the removal efficiency of the primary 

collection device. When considering electrostatic precipitators, chemicals may be added 

to improve the fly ash properties and electrical conditions in the device. According to 
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Woodard (1998, p. 27, Ch. 5.1), the conditioning chemicals can be used to alter the 

surface resistivity, particle size distribution and the adhesion/cohesion properties of 

particles. These chemicals can also be used to increase the spark-over voltage of the flue 

gas or to decrease its acid dew point. Some common conditioning chemicals include 

sulfur trioxide, ammonia, ammonium compounds, organic amines and dry alkalis. 

Scrubbers and fabric filters do not usually require chemical conditioning for particle 

removal, since the removal efficiency is far less dependent on the chemical composition 

of the gas and particles. (Woodard 1998, p. 27-28, Ch. 5.1) 

4.5.2 Fabric filters 

Fabric filters are woven or felted filters that may come as sheets, cartridges or bags. 

Fabric filters are often known as baghouses as the most common filter is the bag-type. 

(Woodard 1998, p. 1-5, Ch. 5.3) According to Woodard (1998, p. 1, Ch. 5.3) inertial 

impaction, interception and diffusion are the major particle collection mechanisms of 

fabric filters. The fabric itself is responsible for some filtration, but the filtration mainly 

occurs because of the dust cake that forms on the supporting fabric. The filter cake is 

efficient even for the capture of sub-micrometer particles. However, the growing filter 

cake also increases the pressure drop and energy requirements, which creates a need for 

regular cleaning. Fabric filters are often classified according to their cleaning method, 

which include, for example, mechanical shakers, reverse-air cleaning and pulse-jet 

cleaning. Felted fabrics do not rely on the forming filter cake as much as woven fabrics. 

Anyhow, filter pore size is very important, since large pores and a high free-space area 

within the fabric contribute to low particle removal. When it comes to woven fibers, 

fibrils (small fibers) project into the fiber pores. This enhances particle capture, which 

in turn results in cake formation and enhanced removal efficiency. Different fiber types 

also possess different electrostatic properties and surface characteristics. Fabric 

properties and surface roughness affect the intensity of the electrostatic charge. In 

addition, the resistivity of the fabric has an effect on charge dissipation, which in turn 

influences, for example, how easily the dust can be cleaned of the fabric. (Woodard 

1998, p. 1-5, Ch. 5.3)  

One of the most important design considerations is the gas-to-cloth ratio (face velocity), 

which has a major effect on the particle collection mechanisms. Increasing the face 

velocity increases the efficiency of impaction collection and decreases diffusional 
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collection. In addition, increased face velocity also increases the pressure drop, particle 

penetration, blinding of fabric, cleaning requirements and reduces bag life. 

(Woodard 1998, p. 3-6, Ch. 5.3) According to the table compiled by Woodard (1998, p. 

6, Ch. 5.3), the recommended gas-to-cloth ratios for different pollutant dusts are 

generally considerably higher for pulse-jet cleaned felted fabrics than for shaker or 

reverse-air cleaned woven fabrics. (Woodard 1998, p. 3-6, Ch. 5.3) 

If dust passes the filter, it is usually due to dislodged or loosened dust during cleaning. 

If sub-micrometer particles pass the filter, it is typically due to direct passing through 

the pores or seepage. Some common advantages of fabric filters include very high 

collection efficiency, flexibility to different types of dusts and a wide range of 

volumetric gas flows. Contrary to expectations, fabric filters can also be operated with 

low pressure drops. However, fabric filters are limited to filtering dry streams. 

Additionally, high temperatures along with some chemicals may cause damage to the 

filter media. This, along with the nature of some particulates in odorous gases, makes it 

impossible to use fabric filters for odor control, for example, in many organics 

processing industries. However, Woodard (1998, p. 8, Ch. 7) introduces some emerging 

fabric filter technologies, such as catalytic fabric filters, that are also able to remove 

gaseous pollutants, for example, sulfur dioxide and nitrogen oxides along with the 

particulate dust. New fiber materials, such as Ryton, Nextel, Gore-Tex and Chem-Pro, 

are also continuously developed for high temperature and other demanding applications. 

Other disadvantages include a potential danger of fire or explosion and a large 

installation area may be required. Some disadvantages can be eliminated or minimized 

by proper design. (Woodard 1998, p. 1-5, Ch. 5.3) 

4.5.3 Biofilters 

Biolfilters are operated by transporting the flue gas through a porous media composed 

of organic, inorganic or synthetic material, for example, bark, ceramics or plastics, 

respectively. Odorous compounds are degraded and oxidized by microbial organisms as 

the compounds absorb to the media. As the media contains living microbial organisms, 

the most important operational parameters are humidity, pH, and residence time of the 

flue gas. The gas stream often dries the media, which creates a need for humidification. 

Microbes usually function best in neutral pH environment. pH control is required, as the 

degrading sulfur compounds produce sulfuric acid, which decreases the pH of the 
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media. Alkaline compounds are usually added to the system to increase the buffering 

capacity of the media and to neutralize the forming acidic compounds. If such pH 

control is not applied, frequent media replacement may be required. However, periodic 

media replacement is required anyhow. The replacement intervals depend on multiple 

factors such as the type of media, operating conditions, and the concentration of the 

polluted air. (Bindra et al. 2015, p. 401-412) 

High odor unit removal efficiency can be obtained by the use of biofilters. In addition, 

moderate capital costs, low operation and management costs, good reliability, low 

chemical usage and low waste production are characteristic to such systems. High 

energy usage and large space requirement are a few issues regarding biofilters, but the 

main issue is that biofilters are not well suited for high concentration gases. (Bindra et 

al. 2015, p. 401-412) Anyhow, Bindra et al. (2015, p. 401-412) states that this is not an 

issue, for example, in organics processing facilities that deal with gas streams from low 

to moderate concentration. In addition, Ben Jaber et al. (2016, p. 143) were able to 

achieve a removal efficiency above 95% for hydrogen sulfide concentration up to 250 

ppmv, as long as the pH was kept above 1. This efficiency corresponds to a maximum 

removal capacity of 24.7 g/m
3
h. The pH was kept above 1 by increasing the watering 

flow rate up to 120 l/h. The pressure drop was low, as it was around 4 Pa/m after 220 

days. (Ben Jaber et al. 2016, p. 143) According to Ben Jaber et al. (2016, p. 143), the 

biofilter media they used, which functioned well in acidic conditions, can be 

successfully used for removing high concentrations of hydrogen sulfide, up to 360 

ppmv. 

4.5.4 Activated carbon 

Adsorption is a heterogenic, exothermic reaction, in which the pollutant compounds are 

attached to a solid or liquid adsorbent. The saturated adsorbent can then be decomposed 

or regenerated (desorption). The regeneration by desorption can be carried out by 

lowering the pressure, increasing the temperature or a combination of these. Usually 

steam, hot air or hot inert gas is used for the desorption of the adsorbed compounds. 

(Schenk 2009, p. 62) Porous activated carbon is one of the most applied adsorbents 

because of its high surface to weight ratio (700 to 1500 m
2
/g) (Bindra et al. 2015, 

p. 401-412; Schenk 2009, p. 62-65). Odorous compounds are adsorbed to the surface of 

the media as the gas stream passes through the material. The compounds are adsorbed 
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and trapped in the porous spaces of the filter media. The complex pore structure of 

activated carbon media is also hydrophobic with good surface tension properties. 

(Bindra et al. 2015, p. 401-412) Adsorption efficiency of activated carbon in relation to 

VOCs, odour and hydrogen sulfide can be found in Table 12 below. 

Table 12. Adsorption efficiency of activated carbon in relation to the removal of VOCs, 

odor and hydrogen sulfide. (Schenk 2009, p. 66) 

 
Removal efficiency [%] Remaining emission [mg/m

3
] 

VOCs 80 - 95 5-100 

Odor 80 - 95 - 

H2S 80 - 95 - 

 

Some manufacturing materials of activated carbon filters include coconut shells, 

charcoal and coal (Bindra et al. 2015, p. 401-412). Baskova et al. (2002, p. 685-686) 

concluded that activated carbon is compatible for the adsorption of methyl mercaptan 

from wet air streams, however, the efficiency was highly dependent on the 

manufacturing material of the activated carbon. Periodic replacement of relatively 

inexpensive activated carbon filters is required. The replacement intervals depend on the 

concentration and volume of the treated gas stream. The filter replacement system and 

its operation should be carefully designed to avoid high filter replacement costs and to 

ensure high system uptime. Used filter media is regarded as solid waste and should be 

disposed of accordingly. (Bindra et al. 2015, p. 401-412) As mentioned previously in 

the BAT examination section, activated carbon can also be applied for the removal of 

sulfur compounds even at high gas flow rates. Activated carbon adsorption is a cost-

effective and efficient method for treating low concentration flue gas streams. However, 

activated carbon may not be efficient for treating processes involving concentrated gas 

streams as the filter replacement time would be short and the amount of used filter 

material high. (Bindra et al. 2015, p. 401-412) Additionally, the presence of certain 

pollutants may affect the separation of other pollutants. For example, the presence of 

higher acidity hydrogen sulfide may cause problems with the dissociation of 

mercaptans, as mentioned formerly when reviewing the effects of scrubbing liquid pH. 

In addition, the pH on the adsorbent surface and inside the pores may have a large 

impact on the dissociation of the pollutants (Bashkova 2002, 685-686). In consequence 

of the fact that the process requires replacement or regeneration of the filter material, 
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and because activated carbon filters are ineffective for treating ammonia and 

concentrated gas streams, these filters are excluded or unsuitable for many industrial 

processes (Bindra et al. 2015, p. 401-412). Additionally, particulate matter (dust) is 

likely to cause plugging of the filter material and there is a potential fire risk (Schenk 

2009, p. 64). 

4.5.5 Advanced oxidation processes  

Advanced oxidation processes (AOPs) most often involve breaking down pollutant 

substances by the use of high energy oxidants such as ozone (O3) and hydrogen 

peroxide (H2O2) and/or photons that are able to generate highly reactive hydroxyl 

radicals (·OH). Hydroxyl radicals are powerful, non-selective chemical oxidants, which 

react rapidly with most organic compounds leading to mineralization of the compounds. 

The radicals are formed through photochemical or non-photochemical methods. 

Photochemical methods apply UV-radiation to the system along with the oxidants (O3, 

H2O2) and/or catalysts (eg. iron (Fe
2+

)
 

ions or titanium dioxide (TiO2)). Non-

photochemical methods generate hydroxyl radicals only by the use of oxidants and 

catalysts. The relative oxidation powers of hydrogen peroxide, ozone and hydroxyl 

radicals are 1.31, 1.52 and 2.05, respectively. The relative oxidation power of positively 

charged holes on a titanium dioxide (TiO2
+
) catalyst, which is used in photocatalytic 

oxidation (UV/TiO2), is 2.35. AOPs have been used efficiently for water treatment 

processes, however, some AOP-applications have been developed for the treatment of 

polluted gas streams as well. (Munter 2001, p. 59-63) Common advanced oxidation 

methods include (Munter 2001, p. 62): 

 Ozonation (O3) at elevated pH 

 Ozone/hydrogen peroxide (O3/H2O2) 

 Ozone + catalyst (O3/CAT) 

 Fenton (H2O2/Fe
2+

) 

 O3/UV 

 H2O2/UV 

 O3/H2O2/UV 

 Photo-Fenton processes (UV/H2O2/Fe
2+

) 

 Photocatalytic oxidation (UV/TiO2) 
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For example UV-oxidation (photo-oxidation) has been applied for the treatment of 

polluted gas streams. In UV-oxidation, the polluted gas stream is lead through a reaction 

chamber. In the reaction chamber UV-light (100 - 280 nm) radiates and decomposes the 

undesired pollutant compounds. Firstly, direct photolysis occurs, in which compounds, 

such as VOCs, amines or hydrogen sulfide, are directly broken down by irradiation. 

Secondly, oxidation of the pollutant compounds occurs due to the highly reactive 

radicals formed by the UV-irradiation. By the use of UV-oxidation, oxidative 

destruction of compounds immune to unassisted ozone or hydrogen peroxide oxidation 

can be achieved. UV-oxidation is primarily suited for discontinuous processes with low 

pollutant concentrations, which narrows the usability of the process considerably. 

(Schenk et al. 2009, p. 125) Anyhow, the removal efficiency of UV-oxidation for 

VOCs, odorous compounds and hydrogen sulfide is high, as can be seen in Table 13 

below. 

Table 13. The removal efficiency of UV-oxidation for VOCs, odorous compounds and 

hydrogen sulfide. (Schenk 2009, p. 125) 

 
Removal efficiency [%] Remaining emission [mg/m3] 

VOCs 95 25 - 50 

Odor < 98 - 

H2S 80 - 98 - 

 

AOP applied to scrubbers 

Vega et al. (2014) examined the possibility of integrating the previously discussed 

advanced oxidation processes at mild conditions in wet scrubbers for odorous sulfur 

compound treatment. In the subsequently introduced processes, the pollutant 

compounds react with highly reactive hydroxyl radicals. The hydroxyl radicals are 

formed from hydrogen peroxide by different means depending on the type of the 

applied AOP. AOPs, including UV/H2O2, Fenton (H2O2/Fe
2+

), photo-Fenton 

(UV/H2O2/Fe
2+

) and ozone treatments, have been examined for the treatment of a 

multicomponent aqueous solution containing ethyl mercaptan, DMS and DMDS. Each 

method requires a suitable reactor. The effectiveness of most hydrogen peroxide-based 

AOPs is usually improved by acidic conditions, which may limit the application of 

these processes. However, these processes may be implemented to systems with neutral 

pH as long as iron is in low concentrations and water contains dissolved organic matter. 
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The organic matter helps to keep a fraction of iron in the solution due to formation of 

complexes. (Vega et al. 2014, p. 113-115) On the contrary, the decomposition rate of 

ozone in water increases with increasing pH resulting in higher hydroxyl radical 

formation, which is quite the opposite to the decomposition of hydrogen peroxide 

(Munter 2001, p. 63). 

These AOPs enable high conversion of sulfur atoms within the polluted gas stream into 

sulfate ions resulting in high deodorization performance. All the treatment methods 

studied by Vega et al. (2014, p. 117) achieved oxidation percentages above 75% in 10 

minutes. The photo-Fenton and the ozone treatments achieved the highest oxidation 

percentages in 10 minutes. According to the economic analysis performed by Vega et 

al. (2014, p. 118), the conventional Fenton treatment is the most economical option 

unless there are space constraints to install the required reactor volume. The ozone and 

photo-Fenton treatments proved highly efficient and have small space requirements. 

However, they had considerably higher operational and water treatment costs compared 

to the Fenton treatment. (Vega et al. 2014, p. 117-118) Design parameters related to the 

previously described AOPs are listed in Appendix 3, Table 2. 

4.5.6 The Claus process 

The Claus process is a common technique for the removal of sulfur from natural gas, 

and industrial and combustion plant streams. This process involves, for example, 

reactions between hydrogen sulfide and sulfur dioxide, hydrolysis of carbonyl sulfide 

(COS) and carbon disulfide (CS2), and direct oxidation of hydrogen sulfide into sulfur. 

A typical Claus process construction involves the use of an incinerator (furnace), 

catalytic reactors and tail gas treatment system. (Piéplu et al. 1998, p.410-416) The total 

conversion of a Claus process can reach 97 to 98% if three reactors are used. (Piéplu et 

al. 1998, p.411, ZareNezhad 2011) Thermodynamical limitations restrict the 

conversion. Some advantages of the Claus process are a highly pure sulfur product, 

production of steam due to the exothermic nature of the process, no consumed 

chemicals and no produced liquid effluents. (Piéplu et al. 1998, p. 411) 

The first step of the Claus process is the oxidation of hydrogen sulfide into sulfur 

dioxide, in which approximately one third of the initial hydrogen sulfide is oxidized in a 

combustion chamber. Additionally, part of the sulfur dioxide is converted to sulfur due 
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to reactions with hydrogen sulfide. The yield of reaction in the first step is around 60 to 

70%. The second step involves catalytic transformation of sulfur dioxide and hydrogen 

sulfide into sulfur in a series of catalytic reactors. After the catalytic reactors, a final 

conversion of 97 to 98% is reached. Because of the exothermic nature of these 

reactions, the process temperature should be kept low enough to maintain a high 

reaction rate. (Piéplu et al. 1998, p. 411-412) However, the combustion temperature 

should be high enough to destroy other pollutant compounds, such as ammonia, 

hydrogen cyanide, mercaptans and hydrocarbons, which are often present in the inlet 

gas stream (Piéplu et al. 1998, p. 411-412; ZareNezhad 2011). The inlet hydrogen 

sulfide concentration may vary a lot depending on the origin of the gas and its 

composition, and on the upstream treatment of the process (Piéplu et al. 1998, p. 412). 

Other gaseous compounds, such as carbon dioxide, organic compounds and the other 

previously mentioned substances, dilute the gas stream lowering the hydrogen sulfide 

concentration (Piéplu et al. 1998, p. 412; ZareNezhad 2011). 

The function of the furnace/combustion chamber is to obtain a well-controlled H2S/SO2 

ratio for efficient catalytic conversion. In addition, it determines the amount of COS and 

CS2, and the excess quantity of air in the feed gas entering the subsequent catalytic 

reactors. As with all incineration devices, parameters, such as temperature, gas feed 

velocity (turbulence and mixing), residence time in the furnace, feed gas composition 

and the amount of added oxygen, have to be controlled to achieve satisfactory results. 

(Piéplu et al. 1998, p. 413-414) The previously mentioned gas stream contaminants 

have to be destroyed, so that they will not deactivate the catalyst in the subsequent 

process steps. This requires a high enough temperature. (Piéplu et al. 1998, p. 413-414; 

ZareNezhad 2011) A too low temperature (below 925 
o
C) also results in kinetic 

problems, whereas a too high temperature (above 1600 
o
C) results in the formation of 

SO3 and NOx, which increase catalyst deactivation and corrosion (Piéplu et al. 1998, p. 

413-414). According to ZareNezhad (2011), if the H2S concentration of the inlet gas is 

significantly below 50%, the minimum reaction temperature may not be attainable 

without upstream gas enrichment. New enrichment technology enables effective 

processing of gaseous streams with a H2S concentration below 10% with overall sulfur 

recovery efficiencies exceeding 99.9%. Another possibility is to use supplemental fuel 

with the gas, which brings about several negative factors such as additional costs, larger 

equipment size, and undesirable by-products (COS, CS2) which reduce sulfur recovery 
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efficiency. The inlet gas could also be preheated to increase the furnace temperature, 

however, the increase is limited, it increases the total pressure drop, and it increases the 

capital and operating costs of the plant. In Addition, oxygen enrichment can effectively 

increase the temperature of the furnace, however, it may prove costly if an inexpensive 

oxygen source is not readily available. (ZareNezhad 2011) 

In the catalytic reactors, the reaction temperature should be kept just above sulfur dew 

point to avoid condensation of sulfur on the catalyst. However, in order to achieve a 

satisfactory conversion of COS and CS2 to hydrogen sulfide by hydrolysis, the 

temperature has to be above 230 
o
C. This is why the Claus process is usually 

constructed of multiple catalytic reactors. The inlet temperature of the gas entering the 

first catalytic reactor after the furnace is around 230 to 250 
o
C to maximize COS and 

CS2 conversion. The following reactor temperatures can then be set to around 200 to 

220 
o
C and 190 to 210 

o
C to maximize product yield. Some commonly used catalysts 

are aluminum oxide- and titanium oxide-based catalysts due to their long life span. 

Catalyst promoters, such as calcium- or magnesium oxides, can be used to prevent, for 

example, aluminum oxide sulfation leading to catalyst deactivation, which is caused by 

oxygen in the gas stream. In the recent decades, emphasis has been on developing new 

catalysts with a higher activity in hydrogen sulfide conversion as well as COS and CS2 

hydrolysis, and that are less sensitive to deactivation. (Piéplu et al. 1998, p. 415-418) 

Tail gas treatment is required as the highest sulfur recovery efficiency with the 

conventional system is 98%, which results in 2% leftover sulfur compounds. The tail 

gas composition is dependent on the number of catalytic reactors and on the nature and 

aging of the catalyst. Usually compounds, such as carbonyl sulfide and carbon disulfide, 

are found in the tail gas along with hydrogen sulfide and sulfur dioxide. Most often the 

tail gas is treated by using, for example, wet absorption methods. There are various 

commonly used process variations of the common Claus process, which involve, for 

example, sub-dew-point processes, hydrogen sulfide recycling processes and selective 

catalytic oxidation processes. Some often used processes include Sulfreen, Clauspol, 

SCOT and MODOP. (Piéplu et al. 1998, p. 416-417) 



78 

 

4.5.7 Gas enrichment 

Many regenerative treatment processes require enrichment of the regenerated compound 

if it appears in too low concentrations. Additionally, gas enrichment is also sometimes 

applied downstream the primary regeneration device to increase recovery efficiency by 

enabling recycling of the gas stream. This chapter focuses on the enrichment of 

hydrogen sulfide streams often related to the formerly introduced Claus process. 

However, the same principles could be applied to other gaseous pollutants as well. 

(ZareNezhad 2011)  

Lean gas streams contain redundant compounds, such as carbon dioxide and undesired 

pollutant compounds, which dilute the streams by increasing the volume and by 

lowering the heating value. Therefore, these compounds have to be separated from the 

primary target gas. Some often used enrichment techniques involved in the hydrogen 

sulfide enrichment processes include selective amine treating, in which proper selective 

solvents (e.g. formulated MDEA) are used to selectively absorb hydrogen sulfide from 

the lean gases. After the selective absorption, the rich solvent is stripped. Prior to 

discharging the waste gas stream to the atmosphere, it is incinerated for the destruction 

of trace amounts of hydrogen sulfide, sulfur dioxide and other pollutants. Gas 

enrichment can be applied to process streams with hydrogen sulfide concentrations 

around 10% and, to some extent, even for streams with concentrations below this value. 

The enrichment process is able to increase the hydrogen sulfide concentration up to 

75%. (ZareNezhad 2011) 

4.5.8 Other techniques 

Mechanical collectors can be used for the collection of particulate matter. They are 

simple by design and inexpensive to purchase and operate. Additionally, the recovered 

particulate matter is not destroyed, which allows reuse or sale of the material. They are 

also suitable to treat small to large flow rates and a wide range of particle sizes. 

However, mechanical collectors are inefficient for the removal of particulate matter 

below 3 µm and therefore inapplicable to be used as the primary abatement method for 

processes with gaseous pollutants or particulates below this size. Mechanical collectors, 

such as cyclones, momentum separators and mechanically-aided separators, are often 

used as pre-collectors before more expensive control devices, for example, fabric filters 



79 

 

or electrostatic precipitators that remove smaller particulates. (Woodard 1998, p. 20, Ch. 

5.1) 
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5 CURRENT LOG-SYSTEM 

The current LOG-system at Arizona Chemical Oulu site contains three scrubbers, which 

are used to treat the odorous gases originating from crude tall oil (CTO) distillation and 

refining. The gases that originate from CTO distillation are mostly organosulfur 

compounds, such as methyl mercaptans, DMS and DMDS, however, hydrogen sulfide 

is also present in notable quantities (Kaihlaniemi 2015; Simanainen 2014b, 1). Precise 

gas composition measurements have been conducted to the LOG-system prior to 

constructional changes were made to the system in 2014. The results of these 

measurements are displayed in Table 14 below. It is good to note, that these 

measurements were conducted between 2007 and 2008, during which a turpentine 

distillation process was still active at the Arizona Chemical Oulu site. However, the 

turpentine distillation process should not affect the LOG-system composition 

measurements so the obtained composition should not differ greatly from the current 

composition.  

Table 14. Composition of the lean odorous gases at Arizona Chemical Oulu. 

(Simanainen 2014b, 1) 

 
H2S [ppm] 

COS 

[ppm] 

Methyl 

mercaptan 

[ppm] 

DMS 

[ppm] 

DMDS 

[ppm] 

Calculated 

TRS (H2S) 

[ppm] 

Average 53 46 343 399 68 684 

Maximum 318 504 4300 1463 238 3781 

Minimum 0 0 0 0 9 140 

 

The scrubbers at Arizona Chemical Oulu are basically combinations of spray chamber 

and packed-bed scrubbers with a bubbler inlet. A diagram depicting the basic 

construction of the scrubbers at Arizona Chemical Oulu site is found in Appendix 5, 

Figure 1. A more precise introduction of the scrubbers and their differences is found in 

the next chapter. At different parts of the process, the gases are transported along the 

pipes by using several fans and steam ejectors. After the scrubbers, the odorous gas 

lines from each scrubber merge to the common LOG-line, through which they are 

transferred to the hot oil heater for combustion. A schematic diagram of the Arizona 

Chemical Oulu site LOG-system can be found in Appendix 5, Figure 2. 
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5.1 Equipment 

5.1.1 Scrubber T-980 

Scrubber T-980 is located on the distillery side of the facility. Gases from the 

distillation processes, including rosin distillation and fatty acid distillation, are 

transported into the scrubber by the use of fan F-984 from barometer containers V-601 

and V-494, respectively. In addition, fumes from several rosin tanks are injected into 

this scrubber. All the gases are injected inside the scrubber through gas line inputs 

located under the washing liquid surface. A solution of 8 - 10% NaOH (caustic soda) is 

used in this scrubber and it is prepared in batches by using two pumps, one for water 

and one for 48% caustic soda. The washing solution is currently changed in automated 

intervals of 300 - 400 min. When the liquid is changed, the minimum level of the liquid 

is 7%. The level of the washing liquid is brought up to 40 - 50% in approximately 30 

minutes. In every scrubber, the level of the liquid is monitored by two pressure 

monitoring level sensors over a scale of 80 cm. In addition, the upper section of the 

scrubber tank, where the gas is injected, is overflow-operated and it is not affected by 

scrubber surface variations. Therefore, gas is always injected under scrubbing liquid 

surface. A diagram depicting the construction of the scrubbers used at Arizona 

Chemical Oulu can be found in Appendix 5, Figure 1. 

Within the scrubber there are four FullJet B1HH-316SS12 nozzles that spread the 

washing solution into medium to large-sized drops in a solid/full cone-shaped spray 

pattern with a round impact area. The maximum flow and pressure of these nozzles are 

stated to be 3.03 l/s and 10.3 bar, respectively. The minimum flow to a nozzle of this 

type should be 0.66 l/s. (IHS Engineering 360 2015b) The nozzles are located on both 

sides of the scrubber packing material (2 on each side) which is comprised of 50.8 mm 

(2”) Pall Ring filling units. The height of the packing material layer in the scrubbing 

chamber of each scrubber is 1 m. The washing liquid is circulated with pump P-980 

through heat exchanger E-980 before exiting these nozzles at a rate of 8.3 l/s. (Arizona 

Chemical 2015) Cooling down the scrubbing liquid solution is important to enhance the 

condensing properties of the scrubber. Optimizing the temperature is important so that 

the separation capability of the scrubber is not compromised.  



82 

 

Before the scrubber exit, there are two demisters to restrain the liquid droplets entrained 

in the vapor stream from entering the common gas line. The first one is a vane demister 

for the extraction of larger droplets. The second one is a denser knit mesh demister. Fan 

F-980 is used to transport the gases from scrubber T-980 into the common gas line. The 

gases leaving T-980 should be somewhat below 50 
o
C. Recently, the average 

temperature of the gas leaving scrubber T-980 has been around 41 
o
C. 

5.1.2 Scrubber T-981 

Reactor scrubber T-981 is located on the refining side of Arizona Chemical Oulu. This 

scrubber differs from T-980 mainly by size and operating conditions. A similar solution 

of 8 - 10% caustic soda is used in this scrubber. The washing solution is circulated from 

the scrubber tank to its nozzles with pump P-981 (8.3 l/s) and it is automatically 

changed after a 840 min time interval or if the level reaches 80%. When filling the 

scrubber, the level of the washing solution is brought up to around 55%. Minimum level 

of the washing liquid in T-981 is set to 15%. The washing solution is cooled down by 

circulating it through heat exchanger E-981. Scrubber T-981 is somewhat larger when 

compared to scrubber T-980 and has only one demister of the knit mesh -type. When it 

comes to the nozzle setup, the T-981 and the subsequently introduced scrubber T-982 

are similarly constructed. These scrubbers are the same size and have four FullJet 

B1HH-316SS12 nozzles on each side of the packing material. The type of the packing 

material is the same in all three scrubbers. 

The fumes from four reactors (1, 3, 4 and 7) are washed in this scrubber, along with the 

fumes from rosin foundry (T-115), (waste) caustic soda tank and KL-tank. Before the 

reactor fumes enter T-981, they are washed with smaller reactor scrubbers. There is one 

smaller scrubber after each reactor. Tall oil fatty acids (TOFAs) are used as the washing 

liquid in the designated reactor scrubbers, apart from the scrubber after reactor 7, in 

which caustic soda is used to wash the reactor fumes. After the washed gases exit 

scrubber T-981, they are transported to the common gas line by the use of fan F-981. In 

recent years, the gas temperature after scrubber T-981 has been around 65-85 
o
C 

(Arizona Chemical 2015). However, currently (winter) the gas temperature has been 

fluctuating around 58 
o
C on average. 



83 

 

5.1.3 Scrubber T-982 

T-982 is a rosin tank scrubber in which TOFAs are used as the washing solution. By 

size and structure, it is equivalent to scrubber T-981. The fumes from several rosin tanks 

are transported and ejected under the washing liquid inside the scrubber. The washing 

liquid in this scrubber is changed every 800 minutes. At first, the level of the liquid in 

the scrubber tank is automatically brought down to around 30%. Thereafter, the level of 

the liquid is rapidly brought up to around 40%, after which it is slowly rises (max. 95%) 

as the TOFAs from a short path evaporator system are directed into the scrubber. The 

average scrubbing liquid level was around 63%. The washing liquid is cooled down 

with heat exchanger E-982 while being circulated from the scrubber tank to the nozzles 

with pump P-982 (8.3 l/s). This scrubber has one knit mesh -type demister, through 

which the gas flows before joining the common gas line by the use of fan F-982. As 

with scrubber T-981, the gas temperature after the scrubber is designed to be around 65-

85 
o
C. The gas temperature after this scrubber is around 65.6 

o
C on average. There is a 

vacuum in every scrubber, as the pressure should be around 985-995 mbar. Some 

important properties regarding the scrubbers at Arizona chemical Oulu are listed in 

Table 15 below. 

Table 15. Information and parameters regarding the scrubbers at Arizona Chemical 

Oulu. The temperatures and pressures are average values measured between 9.9.2015 

and 9.10.2015. 

Scrubber 

Scrubber 

volume (tank + 

spray tower) 

[m
3
] 

Filling level  
Tliquid 

[
o
C] 

T gas 

leaving 

scrubber 

[
o
C]  

Washing 

liquid 

changing 

interval 

[min] 

Washing 

liquid 

Vacuum 

[mbar] 

T-980 7.9 (6.8 + 1.1)
b
  

Set value: 

46%,  

Average: 

46.7% 

43.7 
40.7     

[< 50]
a
 

300 NaOH 
996.8 

[985-995]
a
 

T-981 9.8 (6.8 + 3.0)
b
 

Set value: 

55%,  

Average: 

52.3% 

49.7 
58.3  

[65-85]
a
 

840 

[1000]
a
 

NaOH 
994.3 

[985-995]
a
 

T-982 9.8 (6.8 + 3.0)
b
 

Average: 

63.4% 

(slowly rises),      

max. 95% 

52.3 
65.6  

[65-85]
a
 

800 [800]
a
 TOFAs 

995.9 

[985-995]
a
 

a
 Design value. 

b
 Calculated approximates. 
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5.1.4 Piping 

As mentioned in the scrubber introduction, the gases are transported into the main LOG 

line with fans after the scrubbers (F-980, F-981 and F-982). Fan properties are 

combined in Table 16. The gas streams are conducted towards fan F-985, which will 

ultimately transport them to the HOH. Before fan F-985, there are two dewatering tanks, 

which are meant to collect liquid and the solid material drifting with the gas flow. 

Basically, this means that the residual TOFAs and rosin compounds remaining in the 

gas flow should be trapped at this stage. There is also one dewatering tank after the fan. 

Regular emptying of the dewatering tanks is important and it should be done twice a 

day. The speed of fan F-985 is controlled to regulate the system underpressure. At 

minimum, the speed of the fan is 1500 RPM and at maximum, it is 3000 RPM. The 

pressure in the main LOG-line is controlled by an automatic valve. (Simanainen 2014a, 

p. 4-5) 

After the final dewatering tank, there is a flame arrester 30 – 40 meters from the HOH, 

which seems to get blocked from time to time. This is why a frequent steam cleaning 

routine is important. The flame arrester is constructed of a dense mesh structure, which 

is designed to stop the flame of a possible explosion (Simanainen 2014a, p. 5-6).  

Table 16. Information regarding the fans associated with the LOG line. (Simanainen 

2014a, p. 4-5) 

Fan Flow, pressure, power Info 

F-980 360 m
3
/h, 3029 Pa, 2.2 kW Constant speed 

F-981 1224 m
3
/h, 3345 Pa, 5.5 kW 

Speed controlled by scrubber 

pressure 

F-982 504 m
3
/h, 3054 Pa, 2.2 kW 

Speed controlled by scrubber 

pressure 

F-985 2200 m
3
/h, 11500 Pa, 22 kW Controlled speed 
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5.1.5 Combustion of odorous gases in the hot oil heater 

After the flame arrester, the gas stream is injected into the HOH to be combusted. 

Odorous gas concentration is 10% of the total combustion gas (air) stream. As the pipe 

approaches the HOH, it first narrows from 200 mm down to 150 mm. Finally, the 150 

mm pipe divides into three 80 mm pipes, through which the gas is injected into the 

HOH. In case the LOG-system malfunctions, there is a possibility to feed gases to the 

stack (Arizona Chemical 2015, p. 5). The chimney is also used to suck dilution air into 

the LOG-system (Simanainen 2014a, p. 3).  

The hot oil heater (K-903) is a double helical coil heater with a down-fired forced draft 

burner designed for a rating of 15 MW. It is equipped with two air preheaters that use 

the exiting flue gas to heat the inlet gas to approximately 212 
o
C (Bennet 2014). The 

main fuel options are heavy fuel oil (40.6 MJ/kg) and distillation residues (40.2 MJ/kg) 

(Arizona Chemical 2008; Bennet 2014). Currently, the HOH is run on heavy fuel oil, 

which is also pre-heated to around 124 
o
C. The rate of the inlet fuel varies according to 

production demand. The design temperature of the heater coil is 440 
o
C and the 

maximum temperature at the heater outlet is 390 
o
C. The burning temperature within the 

HOH should easily be high enough for sufficient combustion of the odorous 

compounds. According to Arizona Chemical (2008), the heat values of lean odorous 

gases and concentrated odorous gases are 0.06 MJ/kg and 6.96 MJ/kg, respectively. 

(Arizona Chemical 2008)  

Lean or concentrated gas mixtures can be added to the combustion process when the 

burner works in regulation mode and the pressure of the gas mixture is in the permitted 

range. The operating system gives the operator feedback when it is ready for the 

addition of the odorous gases. The operator may configure the maximal share, which the 

lean odorous gases have on the combustion air depending on different load ranges. 

(Arizona Chemical 2013, p. 9-26) The amount of combustion air is controlled and 

adjusted according to the amount of fuel and lean odorous gases, the total gas flow to 

the HOH, and the amount of residual air after burning. The minimum and maximum 

values for the consumption of lean odorous gases are 300 Nm
3
/h and 2200 Nm

3
/h, 

respectively. When it comes to concentrated odorous gases, the maximum flow is 

4.3 kg/h (~3 Nm
3
/h) and with dilution the maximum flow is 17 kg/h. (Arizona Chemical 



86 

 

2008) Heat transfer from the HOH to the distillery is done by using a special heat 

transfer liquid (Bennet 2014). 

5.2 Problems related to the current LOG-system 

5.2.1 Volatility 

According to measurements conducted by Arizona Chemical, the odorous gases 

contained hydrogen sulfide, dimethyl disulfide (DMDS), dimethyl sulfide (DMS), 

methyl mercaptan and turpentine, all of which are NCG. According to formerly 

executed calculations, the total reduced sulfur (TRS) content was higher than expected, 

which had raised concern of the gas concentration being in the explosive range. In 

addition, the terpenes released in the flash stage of crude tall oil drying may further 

increase the risk of the gas mixture ending up in the explosive range. Even a low 

concentration of turpentine may shift a gas mixture in to the explosive range (Arizona 

Chemical 2015, p. 6). 

The concentration of lean odorous gases at Arizona Chemical Oulu should always 

remain below 25% of the LEL value of the gas mixture (Simanainen 2014a, p. 3). As 

mentioned formerly, this is also the usual operational limit for lean odorous gas streams. 

Volatility measurements were performed by Nab Labs Oy. The concentration of TRS-

compounds and total volatile organic compounds (VOC) were measured by using UV-

fluorescence and flame ionization detection, respectively. The results displayed in 

Table 17, Table 18 and Table 19 (p. 88) are presented as concentrations in humid gases 

under NTP-conditions. (Nab Labs Oy 2014, 7; 2015a, 9) 
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Table 17. Results of the measurements related to the volatility of odorous gases at 

Arizona Chemical Oulu conducted 21.7.2014. (Nab Labs Oy 2014) 

 

V-601 + V-495  

(barometer 

containers) 

Gas mixture to 

HOH before F-985 

Gas mixture to HOH 

after F-985 

Gas temperature [
o
C] 35 48 48 

TRS concentration [mg/m
3
]

a
 14 140 750 485 

Total VOC concentration 

[mg/m
3
]

b
 

55 985 35 130 22 990 

Volatility [%] 1.9 0.6 0.4 

LEL [%] 1.3 0.9 0.9 

UEL [%] 62.4 91.4 91.5 
a
 The TRS concentrations were measured as SO2 and calculated to H2S. 

b
 The Total VOC concentrations were measured as C3H8-equivalents and calculated to turpentine 

(C10H16). 

 

Table 18. Results of the measurements related to the volatility of odorous gases at 

Arizona Chemical Oulu conducted between 19-20.2.2015 1/2. (Nab Labs Oy 2015a) 

 
After scrubber 

T-980 

After scrubber 

T-981 

After scrubber 

T-982 

V-601 + V-495  

(barometer 

containers) 

Date (2015) 19.2 19.2 19.2 19.2 

Gas temperature [
o
C] 47 6 7 35 

TRS concentration 

[mg/m
3
]

a 1 840 62 62 17 740 

Total VOC 

concentration 

[mg/m
3
]

b
 

40 910 54 130 12 280 95 160 

Volatility [%] 0.8 0.9 0.2 2.7 

LEL [%] 0.9 0.8 0.8 1.2 

UEL [%] 84.6 99.5 97.7 66.2 
a
 The TRS concentrations were measured as SO2 and calculated to H2S. 

b
 The total VOC concentrations were measured as C3H8-equivalents and calculated to turpentine (C10H16). 
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Table 19. Results of the measurements related to the volatility of odorous gases at 

Arizona Chemical Oulu conducted between 19-20.2.2015 2/2. (Nab Labs Oy 2015a) 

 
V-601 

CTO feed 

tank 

Gas mixture to 

HOH before F-985 

Gas mixture to 

HOH after F-985 

Date (2015) 20.2 20.2 19.2 19.2 

Gas 

temperature 

[
o
C] 

35 100 39 87 

TRS 

concentration 

[mg/m
3
]

a
 

19 730 5 240 3 480 1 320 

Total VOC 

concentration 

[mg/m
3
]

b
 

121 750 129 330 27 000 10 870 

Volatility [%] 3.3 2.5 0.7 0.3 

LEL [%] 1.2 0.9 1.1 1.1 

UEL [%] 68 85.7 71.1 71.8 
a
 The TRS concentrations were measured as SO2 and calculated to H2S. 

b
 The total VOC concentrations were measured as C3H8-equivalents and calculated to turpentine (C10H16). 

 

These results clearly show that the LEL-values have been exceeded in multiple parts of 

the process. (Arizona Chemical 2015, 6) However, these explosive limits are estimates 

acquired by using values from literature (CRC handbook of Chemistry 1980, 60
th

 

edition) to calculate the explosive limits for gaseous mixtures of hydrogen sulfide and 

turpentine. In the calculations, the TRS- and TVOC-compounds were assumed to be 

hydrogen sulfide and turpentine, respectively. Additionally, the volatility of the gas 

mixture was calculated according to atmospheric oxygen level. (Nab Labs Oy 2015a, 9) 

When comparing the measurement results between Table 17 and Table 19, it can be 

seen that the TRS-concentration prior to and after fan F-985 was considerably lower in 

the earlier measurements, whereas the total VOC-concentrations was notably higher 

around the same time. It is good to note, that constructional changes, which may have 

had an impact on the measurement results, were made to the LOG-line in October 2014. 

Oxygen concentration measurements were also conducted at the previous measurement 

locations (Table 20, below), so that it could be evaluated if the gas mixture is actually in 

the explosive range. To determine if the gas mixture is actually in the explosive range, 

flammability diagrams for the particular gas mixtures would be needed along with the 

oxygen concentration of the stream. 
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Table 20. Oxygen concentrations in the same sections of the LOG-line (19.5.2015) 

where the volatilities were previously measured. (Nab Labs Oy 2015b) 

 

After 

scrubber 

T-980 

After 

scrubber 

T-981 

After 

scrubber 

T-982 

V-601 + V-495  

(line after 

barometer 

containers) 

line 

after   

V-601 

Gas 

mixture 

to HOH 

before 

F-985 

Gas 

mixture 

to HOH 

after   

F-985 

Gas 

temperature 

[
o
C] 

- 44.0 36.0 32.0 - 38.0 112 

Oxygen 

concentration 

[%] 

8.8 11.5 10.3 13.4 21.1 11.7 11.7 

 

Additionally, when the LOG-system is steam cleaned, the underpressure in the system 

disappears. As a result, hydrogen sulfide gas may be released inside the distillery 

building through barometric vessel V-601 and the sewer system, which creates a risk for 

exposure to a very toxic gas. (Arizona Chemical 2015, 6) Due to the volatility 

characteristics of compounds within the LOG-system, the scrubbers need to be 

functional at all times when the odorous gases are transported to the HOH to be 

combusted. Additionally, excessive steam cleaning prior to fan F-985 should be 

avoided, since the heated pipe may cause vaporization of explosive compounds. 

However, the constant (10 bar) steaming of the odorous gas flow (after the fan) should 

not be a problem as the steam replaces some of the oxygen in the gas flow. (Simanainen 

2014a, p. 3) As can be concluded from Table 18, scrubber T-980 captures 

approximately 90% of the sulfur compounds, which can be concluded from the TRS 

concentrations of the “V-601 + V-495” barometer-stage and the “after scrubber T-980”-

stage. This can be stated as a satisfactory result. However, by the means of scrubber 

optimization and constructional modifications, a higher removal efficiency may be 

achieved.  

5.2.2 Fouling 

Rosin-based particulates are able to pass the scrubbers and cause blockages later on in 

the main LOG-line, which is one of the main problems with the current LOG-system. 

The material seems to accumulate prior to- and after the flame arrester, even though 

there are dewatering tanks on both sides of fan F-985. The dewatering tanks are able to 

capture some of the material, but some of it is still able to escape through them. When 
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steam cleaning the main LOG-line, the accumulating material is forced through the 

flame arrester, but there is not enough pressure to force the accumulating material to the 

HOH after the flame arrester. The flame arrester is about 6 meters below the level of the 

HOH gas feed, which may be one cause for this accumulation problem. As can be seen 

in Figure 4 below, the accumulating material has plugged a substantial section of the 

pipe diameter after the flame arrester.   

 

Figure 4. Accumulated material in the pipe right after the flame arrester. 

 

It is under evaluation if the odorous gases at Arizona Chemical Oulu can be classified 

into diluted gases, which would mean, that a flame arrester might not be needed before 

the HOH. This way, the flame arrester could be bypassed and left as a backup in case 

the concentration of combustibles in the gas stream somehow increases over the limit. 

By bypassing the flame arrester, the steam cleaning should work more efficiently as the 

flow would not be restricted to the same extent. However, the removal of the flame 

arrester might only be possible if the line from the barometric vessels (V-601 & 

V-494/V-495) is separated from the system as it contains the highest amount of VOC 

and TRS-compounds (see Table 17 and Table 18 (p. 87)). Moreover, it is likely that an 

additional alkaline scrubber would be needed to wash the sulfur gases in the gas stream 
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if it was separated from the current system, unless the environmental limits would allow 

the gases to be combusted directly. In addition, installation of a continuous gas 

concentration measurement system would be required to provide information of the gas 

concentration within the lean gas stream.  

One reason for line fouling is thought to be the cleaning of the rosin tanks and pipes by 

steam and nitrogen. During production-related changes, the tanks and the related pipes 

are cleaned to prevent rosin solidification. This pushes the rosin-based material to the 

scrubbers and quite possibly through them. The accumulating solid material has 

formerly been identified to consist primarily of neutral compounds (70.9 mg KOH/g). 

31.45 wt% of the material is rosin acids, 14.08 wt% tall oil fatty acids (TOFAs) and 

24.6 wt% of the material is unidentified non-eluting material (Arizona Chemical 2014). 

The latest laboratory results conducted on 12.10.2015 (Appendix 6, Table 1) show, that 

the accumulating material, which was collected after the flame arrester, contained 4.2% 

water, 1.96% ash, 56.85 wt% rosin acids, 2.46 wt% TOFAs and 34.23 wt% unidentified 

non-eluting material (Simanainen 2015b). According to these laboratory results, the 

rosin acid percentage appeared to be higher than in the previous test results. 

Naturally the problem originates at the scrubbers, through which the rosin-based 

material is able to pass. Operation of the scrubbers should be optimized by evaluating 

caustic soda concentration, temperature, washing liquid changing intervals, and the 

functionality of the washing liquid in separating the accumulating rosin-based material. 

Prior to making any changes to the operating conditions of the scrubbers, it needs to be 

investigated which scrubber(s) the material passes through and in what quantities.  

5.2.3 Scrubbing liquid type and circulation 

Based on the latest laboratory results, the solid accumulating material does not dissolve 

to 50% NaOH in room temperature, 50 
o
C nor 80 

o
C. However, it does dissolve to 

TOFAs in room temperature already. (Simanainen 2015b) Caustic soda solution is 

efficient for the separation of hydrogen sulfide and methyl mercaptan from gaseous 

streams, but according to the above-mentioned findings, it has been concluded to be 

inefficient for the separation of rosin-based compounds. This result originates from the 

polar nature of caustic soda. Additionally, as explained formerly, caustic soda is not as 

effective for the removal of certain organosulfur compounds (e.g. DMS and DMDS) as 
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it is for hydrogen sulfide (Jones et al. 2013, Kaihlaniemi E 2015). Therefore, it should 

be evaluated if the caustic scrubbing solution could be replaced with an alternative 

scrubbing liquid, such as TOFAs, that would remove rosin-based particulates more 

efficiently. 

Scrubber T-980 cannot be test run on TOFAs without separating the presumably rich 

TRS-gases into a separate line, since TOFAs are inefficient for the separation of sulfur 

compounds. If the caustic solution of the scrubber was switched to TOFAs, the 

TRS-compounds would end up in the pipeline after the scrubber and the mixture might 

end up in the explosive range. The TRS-gases should be treated separately by caustic 

scrubbing or by direct combustion. If the TRS-gases were to be combusted directly, 

sulfur dioxide and nitrogen oxides generated by the combustion would need to be taken 

into account. Additionally, the waste caustic solution is currently sold, and it is required 

that enough of it is pumped to its destination (Kaihlaniemi 2015). When it comes to 

scrubber T-981, TOFAs could be used instead of the current caustic solution since 

TRS-compounds are rarely generated on the refinery side of Arizona Chemical Oulu. 

There is one reactor (reactor 7) that is rarely used to produce a certain product, during 

which TRS-gases are generated. In addition, the spray chamber scrubbing system after 

reactor 7 washes the reactor gases with a caustic solution, which should take care of the 

rarely generated sulfur compounds. In Addition, there is an activated carbon filtration 

system after the scrubbing tower of reactor 7, which should be more than enough to take 

care of the generated gas load on its own. However, as there is no TOFA inlet (or outlet) 

to scrubber T-981, piping changes would need to be made in order to perform the 

scrubbing liquid switch. 

It has been formerly mentioned, that scrubbing liquid circulation has a considerable 

impact on scrubber efficiency as the liquid gradually saturates with the pollutants, or as 

a solvent is spent in neutralization reactions. It was formerly mentioned, that a 

scrubbing solution of 10% caustic soda, which is 70% spent, will absorb methyl 

mercaptan from a gas stream at 80% efficiency and heavier mercaptans at lower 

efficiencies. Therefore, the efficiency of methyl mercaptan absorption is around 80% 

when the concentration of the caustic scrubbing solution is 3%. This could be regarded 

as a threshold value for liquid changing intervals. As can be seen from Figure 5, the 

concentration of the waste sodium hydroxide stream of scrubber T-980 varied widely 
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during 5.6 - 23.10.2015. Therefore, economical feasibility of the scrubber could be 

increased by making changes to scrubbing liquid concentration and changing intervals. 

NaOH costs could be reduced by lengthening scrubbing liquid changing intervals or by 

decreasing the concentration of the liquid. Additionally, it is known that the water valve 

before the scrubber tank has leaked, which has certainly caused redundant dilution of 

the scrubbing liquid. However, this has not lowered the scrubbing liquid concentration 

below the previously discussed threshold value. This valve was repaired around 31.7. - 

19.8.2015 (autumn shut-down). Anyhow, as can be seen in Figure 5, the concentration 

has reached lower values also after repairing the water valve.  

 

Figure 5. Concentration of the circulated sodium hydroxide stream of scrubbers T-980 

and T-981. 

When the concentration drop between 13.9.2015 and 3.10.2015 was further 

investigated, it was clear that the reason for this particular occurrence was a longer 

washing liquid changing interval. As can be seen from Figure 6, the liquid changing 

cycle stretches to almost three days between 26.9 and 29.9.2015, which might have 

been due to clogging, pump problems, operational error or maintenance. According to 

the operators, the emptying valve of scrubber T-980 gets clogged once in a while when 

the scrubbing liquid is changed. Therefore, it would be important to monitor the level of 

the liquid when the emptying sequence is on. There is an alarm that should inform the 
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operators if the scrubbing liquid level is not decreasing when the emptying sequence is 

on. The alarm has not worked properly during the problem or it has been ignored. The 

concentration of a scrubbing liquid sample analyzed 13.7.2015 (04:40) was 4.9. When 

reviewing the trend around this time (Figure 7), it can be seen that the washing liquid 

level only decreases a little over 10 percentage points and then rises back to the 

previous level. This might have happened due to a problem with the automated liquid 

change sequence or because of a too short emptying time. It is good to note, that the 

operators cannot alter the minimum level of the scrubbing liquid. They can, however, 

change the time the emptying valve is open, which has no lower limit. The emptying 

time of scrubber T-980 is currently 30 minutes. During this time period, the level of the 

liquid should reach its minimum value, after which the emptying valve closes. 

According to the concentration reading around the time, it is clear that a more extensive 

liquid change is required for the concentration not to decrease notably. According to the 

trends, a similar phenomenon appears again at least once closely after the time frame 

depicted in Figure 7. 

 

Figure 6. Liquid level in scrubber T-980 around the 26.9.2015 and 30.9.2015. 
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Figure 7. Liquid level in scrubber T-980 around the 12.7.2015 and 13.7.2015. 

 

It was formerly described how the gases are injected under scrubbing liquid surface at 

the upper part of the scrubber in a separate overflow-operated, trough-like section. Fresh 

caustic solution is currently injected over this trough-like section. However, if fresh 

scrubbing liquid was injected into this section from a lower point of the overflow trough 

and under the liquid surface, a more thorough scrubbing liquid change could be ensured 

at the point of gas injection (in the trough). This would decrease the chances of clogging 

at this point of the scrubber. The fatty acid scrubber (T-982) is filled somewhat 

differently, as the scrubbing liquid is injected straight into the scrubber tank from the 

side of the scrubber. This will not enhance liquid change in the overflow trough in any 

way. 

5.3 Operation of the gas streams and steam cleaning 

Under normal operating conditions, the gas flow to fan F-985 should be approximately 

700 Nm
3
/h. If the system gets clogged, this flow value is usually not reached, at which 

point, the system control should be set to its maximum. Some steam (10 bar) is directed 
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to the line before the flame arrester (after fan F-985) at all times to prevent the line from 

fouling. (Simanainen 2014a, p. 7) 

Steam cleaning of the common LOG line should not be done later than when the line 

pressure decreases below 60 mbar (with the pressure controlling automatic valve 30% 

open). According to the current instructions, the 10 bar steam valve should be 55% open 

at all times. The 10 bar steam valve can be opened up to 60% if an automated valve 

located after fan F-985 and before the steam inlet, is open. If the valve is closed, the 

steam valve may be opened up to 90%, which is done when the system is steam cleaned. 

(Simanainen 2014a, p. 7) The current LOG-system operating instructions seem logical, 

however, it should be observed how these instructions are obeyed. A checklist may be 

useful to ensure proper operation and cleaning of the system. 

5.4 Already performed modifications 

As mentioned earlier, the demister system in T-980 was modified so that there are now 

two different consecutive demisters. The lower, sparser demister was added to the 

system in August 2015. At the same time, the upper demister was attached to the 

scrubber to prevent the demisters from turning to an unfavorable position when 

considering their effectiveness. The knit mesh demisters in scrubbers T-981 and T-982 

were also formerly in two pieces (half circles), but are now bundled together to prevent 

them from turning and letting the gas pass through without restraining the liquid 

droplets entrained in the vapor stream. However, these demisters were not attached to 

the scrubber structure so their position still has to be checked at the next possible point. 

(Arizona Chemical 2015, p. 9; Simanainen 2015a) 

Line geometry was altered in October 2014 to avoid blockage. The aim was to remove 

unnecessary bag points to minimize clogging. The old fan was also replaced with a 

more efficient one (F-985). Fan F-985 was also elevated to a higher position compared 

to the previous fan and material traps (dewatering tanks) were added to both sides of the 

fan. Previously there was also concern about whether or not the low temperature of the 

untraced, but insulated pipeline caused material build up, and therefore the pipeline was 

traced to a greater extent. However, some parts of the pipeline are still only insulated, 
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which may cause condensation problems (Arizona Chemical 2015, p. 9; Simanainen 

2015a) 
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6 EXPERIMENTAL 

6.1 Solubility of the accumulating material 

Solubility of the accumulating rosin-based material was evaluated by conducting 

solubility experiments in different temperatures by using TOFAs as the solvent. It was 

known, that the material is soluble in TOFAs at room temperature. The rosin-based 

material was fragmented into pieces of approximately the same weight. The pieces were 

weighed by using a Mettler PM400 balance. The target weight was 1.7 g. Additionally, 

one sample was molded to weigh around 2.2 g to see what kind of an impact a higher 

weight and a larger size had on the solubility of the sample. There were small variations 

in the shape of the pieces, as the brittle crystalline material was somewhat hard to cut 

into pieces of the same weight. Anyhow, the shapes of the pieces were quite uniform. 

In the experiment, 250 ml of solvent (TOFAs) was measured into a 250 ml Erlenmeyer 

flask. The solvent was then heated to the target temperature (except in the room 

temperature experiment (~ 31 
o
C)) on a Heidolph MR2002 hotplate magnetic stirrer. 

Concurrently, mixing was applied (175 1/min). At this stirring speed, the solid material 

stayed in place and was not hit by the magnetic stirrer. After the target temperature was 

reached, the weighed piece of rosin-based material was placed in the Erlenmeyer flask 

and timing was started. During the experiment, the temperature was monitored with an 

older version of Nokeval CE300 thermometer and adjusted if needed. The graduation of 

the temperature adjustment of the hotplate magnetic stirrer was somewhat unideal, so 

temperature adjustments had to be made once in a while. The temperatures were 

monitored in suitable time intervals and the final temperatures were calculated as 

averages of these values. If all the material was not dissolved in 435 minutes, the left 

over solid material was separated, dried and weighed. The dissolution velocity was then 

calculated based on the amount of the dissolved solid material and dissolution time. As 

mentioned previously, there was one solid material sample purposely bigger than the 

others (2.2 g). The solubility of this sample was tested in room temperature (~ 31 
o
C). 
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6.2 Optimization of scrubbing liquid changing intervals 

Since there are no online pH or concentration measurement devices at the scrubbers, the 

measurements had to be done by separate sampling tests at suitable time intervals. The 

minimum scrubbing liquid changing interval for scrubber T-980 was determined by 

measuring the pH and the NaOH concentration of the scrubbing liquid for 24 hours. The 

experiment was started right after the liquid was changed (maximum pH and 

concentration). The liquid changing interval was set to 2000 min so that the liquid 

would not change during the experiment. The samples were sent to Nab Labs for 

analysis. Additionally, when taking the samples, color-fixed pH indicator strips 

(Macherey-Nagel pH-Fix 0-14, REF 92110) were used for immediate pH indication. 

As the generation of TRS-gases is generally negligible on the refinery side of Arizona 

Chemical Oulu, it was suspected that the sodium hydroxide consumption in scrubber 

T-981 would be low or near zero. Similar concentration and pH measurements were 

conducted to see how much sodium hydroxide was consumed during the interval 

between scrubbing liquid changes. Therefore, concentration measurements were 

conducted right after scrubbing liquid change and closely before it would be changed 

again. 

6.3 Measurements related to the accumulating rosin-based material 

A filtering system was designed for measuring the amount of the particulate material 

passing through the scrubbers to the main LOG line. The measurements were performed 

after the fans (F-980, F-981 and F-982) located after each scrubber. The measurement 

device basically consisted of a Nederman N16 centrifugal fan and a disposable Hayward 

Sentinel polypropylene needlefelt filter bag (PO-100-P03E-50M). A figure of this 

filtering device is displayed in Appendix 7, Figure 1. The filter was tightly placed into a 

slot on the male side of the camlock fastener before the fan. The fan provided suction 

from the 25.4 mm (1”) camlock fasteners after each scrubber fan to suck the gas through 

a disposable filter, which had been weighed before and after collection. A pail was 

placed at the end of the filtering system to collect potential condensation liquids. 

Material accumulation was measured mainly under normal operating conditions, after 

which the problem sources were specified by allocating the subsequent measurements 
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around the presumed source of the problem. The probable origin of the accumulating 

material was investigated by examining the production and the process conditions 

during the time of the measurements, for example, parameters regarding the scrubbers, 

vessels and reactors. 

6.3.1 First measurement phase 

The first measurements were conducted to find out how fast the filters would foul after 

each scrubber. Thereafter, a suitable measurement time could be determined for 

subsequent measurements. Additionally, it was examined whether steam cleaning of 

pipes had an effect on the amount of the rosin-based material passing through scrubber 

T-980. 

The filtering system was first applied to the pipe after the fan of scrubber T-982. All 

filters were weighed before the measurements by using a Mettler PM400 balance, and a 

new filter was placed into the system before each measurement. The system was kept on 

for approximately 4 hours 30 minutes, after which the filter was examined. 

Additionally, the condition of the filter was evaluated hourly to see if it would get 

clogged. A similar experiment was conducted to the gas stream in the pipe after 

scrubber T-981. As the filtering system was applied to the pipe after the fan of scrubber 

T-980, the measurements were continued for the same time period as with the previous 

scrubbers (4h 30min). After this, steam cleaning was performed to see if it had an effect 

on the amount of the accumulating material. The steam cleaning was performed by 

directing steam (10 bar) to a rosin line which leads to rosin tanks, in this case, rosin tank 

HS1. From the rosin tank, there is a direct line to the scrubber gas inlet. 

6.3.2 Second measurement phase 

These measurements were conducted to all three scrubbers in the same manner. Firstly, 

clean filters were weighed by using a Mettler PM400 balance. A clean, weighed filter 

was placed to the filtering system after each measurement. The filtering system was 

attached to the pipeline after each scrubber fan for 6 hours. The parts of the filtering 

system before the actual filter were cleaned after each measurement. After each 

measurement, the used filter was left to dry in room temperature for approximately 48h. 

Dried filters were weighed. 
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6.3.3 Third measurement phase 

The third measurements concentrated mainly on the phenomena which were thought to 

cause the dyeing of the filters in the previous measurements. A clean, weighed filter was 

placed in to the filtering system for each measurement. The condition of the filter was 

checked after the following phenomena: 

T-982: 

 Steam cleaning of pipes after rosin product loadings. 

 Steam cleaning of pipes after reaction products had been pumped to the feeding 

tanks of the short path evaporator. 

T-981: 

 Additional measurements similar to the previous measurements conducted to 

scrubber T-981 with a special focus on reactor burping and on the effect that 

different reaction products have on the amount of the accumulating rosin-based 

material. 

T-980: 

 Nitrogen cleaning of pipes after a rosin product loading on the distillery side of 

the facility. 

 Amount of the captured rosin particles during tank emptying (when nitrogen is 

inserted into the tank). 

 Re-measurement of the accumulating material during steam cleaning. 

 

Additionally, the amount of the condensing liquid from scrubber T-980 was measured 

during steam cleaning with and without the scrubbing liquid circulation on. Steam 

cleaning was performed for 20 minutes in both cases and the condensation liquid was 

collected into the collection pail after the filtering system like in the previous 

measurements. The amount of the condensed liquid was measured at the end of the 

experiment. The amount of water in the condensing liquid from scrubber T-982 was 

analyzed visually by collecting the liquid into the collection pail, like in the previous 

measurements. At the end of the test, the liquid was poured into a glass bottle and left to 

settle. 
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7 RESULTS 

7.1 Solubility of the accumulating material 

This experiment was conducted to get a rough idea on the effect temperature has on the 

dissolution velocity of the rosin-based material in TOFAs. The results of the solubility 

tests turned out mostly as expected (Appendix 8, Table 1). According to the results, it is 

clear that the solubility of the rosin-based material depends on the temperature of the 

TOFA-solvent. As can be seen in Figure 8, dissolution velocity increases with 

increasing temperature. After 70 
o
C, the dissolution velocity increases more rapidly, as 

the softening point (84.6
 o

C) and the melting point (115
 o
C) of the material are 

approached. The green circle in Figure 8 around room temperature (~30 
o
C) is the value 

for the dissolution velocity of the rosin-material piece with a greater weight (2.2 g). The 

figure shows that the dissolution velocity of the larger material piece is actually 

fractionally higher than that of the smaller-sized (regular, 1.7 g) piece at the same 

temperature. This is thought to have been caused by differences in TOFA quality 

between the experiments or by differences in the structure of the material piece, for 

example, density. All the experiments, except the first one with the 2.2 g rosin piece, 

were conducted with the same TOFA quality. In addition, the shape of the pieces was 

quite uniform, so it should not have caused large deviations to their solubility. Due to 

productional test runs, the TOFA quality was different in the first experiment (e.g. lower 

iodine count). After the first experiment, enough solvent was stored in order to conduct 

the rest of the experiments with the same quality solvent. 
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Figure 8. Dissolution velocity of the rosin-based material as a function of solvent 

temperature. 

 

The results of the first solubility experiment with the regular sized rosin-based material 

piece at 50 
o
C appeared to be rather unexpected. As Figure 8 and Appendix 8, Table 1 

indicate, there is one measurement near 50 
o
C that has a lower dissolution velocity than 

those in the lower temperatures before it. There is no clear reason for this, as the pieces 

were near the same weight and shape. However, as the density of the pieces was not 

measured, it is not known if there were alterations in the density between the pieces, 

which might have been one reason for this result. Anyhow, as the 50 
o
C experiment was 

repeated, a more linear result came up. Appendix 8, Figure 1 shows the dissolution time 

as a function of dissolution temperature for the pieces that completely dissolved in the 

solvent. 
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7.2 pH and concentration measurements 

7.2.1 T-980 

The pH and the concentration of the scrubbing liquid solution in scrubber T-980 can be 

seen in Figure 9 as a function of time. The sodium hydroxide concentration of the 

scrubbing liquid solution decreased quite linearly from the starting concentration (8%) 

to approximately 5.3% during eight hours, after which sodium hydroxide consumption 

slowed down. The expectations were that NaOH consumption would slow down after a 

concentration of 3% is reached, since methyl mercaptan removal efficiency was 

assumed to slow down after this point. It was interesting that this occurred much sooner. 

One reason for this phenomenon may be the composition of the treated gas. As stated 

formerly, the treated odorous gases at Arizona Chemical Oulu contained considerably 

more methyl mercaptan than hydrogen sulfide along with other compounds (e.g. COS, 

DMS and DMDS). 

 

Figure 9. The pH and the concentration of the scrubbing liquid (NaOH) solution in 

scrubber T-980 as a function of time. 
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The behavior of the pH curve was rather expected. At first, the pH remained at a high, 

near constant value of approximately 12.7. After this, the pH dropped rapidly a little 

over 2 units. Thereafter, the pH decreased slowly to a value of 9.7, after which it 

actually increased to a value of 10.1. Fresh sodium hydroxide could not have entered the 

scrubber as multiple valves were closed on the way. However, there might have been an 

immobile, fresh scrubbing solution segment within the scrubber, which could have 

affected the pH of the liquid circulation if that segment had rejoined the liquid 

circulation stream. Towards the end of the experiment, the pH remained near 10 

decreasing only fractionally. A pH of 7 or below was naturally not achieved, as all 

caustic was not spent during the experiment. 

The results of this experiment clearly show that the liquid changing interval of scrubber 

T-980 is currently shorter than necessary (300 min). As can be seen in Figure 9, the 

slope of the concentration curve remains at its maximum for 8 h after filling the 

scrubber. This represents the time of maximum washing efficiency, which practically 

determines the maximum time for the liquid changing interval. However, as the liquid 

also collects some solid material, a long changing interval may increase the chances of 

clogging. Therefore, user experience will determine if the 8 h liquid changing interval 

causes clogging. Additionally, NaOH-consumption is dependent on the capacity at 

which the distillery is operated, as the generation of TRS-gases increases with 

increasing production. Therefore, the experiment is to be repeated when the operation 

capacity changes. The average values of scrubber parameters during the experiment can 

be found in Table 21 below. 

Table 21. Average values of scrubber T-980 parameters during the pH and 

concentration measurements. 

Scrubber Liquid level [%] 
Temperature of the 

outlet gas [
o
C] 

Temperature of the 

scrubbing liquid [
o
C] 

Pressure 

T-980 50.38 30.65 32.58 995.18 

 

7.2.2 T-981 

The results of the pH and concentration measurements related to scrubber T-981 turned 

out quite as expected. The results of the measurements are displayed in Appendix 9, 

Table 1. According to the conducted measurements, the caustic concentration only 
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decreased approximately 0.17 percentage points in an hour, on average. Therefore, 

consumption of the caustic solution was low. The consumption of the caustic solution in 

scrubber T-981 is depicted in Figure 10. Additional gas measurements were conducted 

to scrubber T-981 by the use of a Dräger X-am 5000 gas detector to ensure that the 

concentration of combustible gases and vapors within the scrubber was nonexistent. 

 

Figure 10. Caustic consumption of scrubber T-981. The concentration of the scrubbing 

liquid is presented as a function of time for the last three measurements. 

 

The concentration measurements also helped to detect a problem with the scrubbing 

liquid changing (filling) sequence. The result of the first concentration measurement 

(measurement 1), that can be found in Appendix 9, Table 1, revealed that the NaOH 

concentration of the scrubbing liquid in T-981 was 24.1 %. This is far beyond the 

necessary level, as the guideline value for the concentration is 8 - 10%. After 

investigating the problem, the cause was identified to be inaccuracy of the water- or 

caustic flow measurement. All parameters were correctly set, but because of 

measurement inaccuracies, excess caustic or too little water was injected into the 

scrubber. After maintenance had checked the measurement devices, the concentration of 
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the scrubber dropped closer to the desired value during the next filling, as 

measurement 2 indicates. In the last measurements, the concentration was even higher. 

As the concentration of the caustic solution in its feed tank was around 48%, scrubber 

T-981 was filled almost purely with this solution and no water was injected into the 

scrubber to dilute the mixture. When reviewing the trend around the time of 

measurements 3 and 4, the caustic feed flow measurement showed no readings. As this 

measurement controls the dilution water feed, no water was injected into the scrubber. 

Therefore, the problem was defined to be a malfunctioning caustic feed flow 

measurement. However, when reviewing the trends from March, it was clear that this 

problem did not occur every time the scrubber was filled. The scrubber filling failure 

occurred 11 times out of the 28 filling sequences between the 1.3 and the 17.3. One 

reason for the malfunctioning measurement could be clogging, which is not uncommon 

in systems dealing with caustic. 

7.3 Results regarding the filtering system measurements 

7.3.1 First measurement phase 

The first measurements revealed that the filters would not get clogged during a 4 h 

30 min time period. Solid material did not accumulate in the filter bags in large 

quantities, however, some filter bags got dyed yellow, which is a color characteristic to 

rosin. The measurements conducted to scrubber T-982 revealed that some rosin particles 

were able to escape the scrubber, as some parts of the filter turned yellow and hardened. 

A short path evaporator system, from where gas lines lead to scrubber T-982, was 

functional on the refining side of the facility. This is one likely source of rosin fumes. 

After reaction products had been pumped from the reactors to the feeding tanks of the 

short path evaporator, the lines were steam cleaned towards these feeding tanks. A pipe 

leads from the feeding tanks to scrubber T-982. Another source of rosin fumes was 

thought to be steam cleaning of pipes after rosin product loadings. Steam cleaning of the 

rosin loading line is done towards tank T-817. A direct pipeline leads from tank T-817 

to scrubber T-982. During this measurement, the pressure in T-817 remained near zero, 

so this was an unlikely source for the captured rosin particles. In addition, some 

condensation liquid ended up in the collection pail. The results of the first measurement 

phase can be found in Table 22. 
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Table 22. Results and information regarding the first measurements. 

Object 

Starting 

weight of 

the filter 

[g] 

Weight of the 

filter after the 

experiment [g] 

(dried) 

Accumulated 

material [g] 

Time of the 

test 

Steam 

cleaning 

during the 

test 

Liquid 

change 

during 

the test 

T-980 32.89 36.307 3.414 

6h (4h 30min 

+ steam 

cleaning) 

X X 

T-981 33.51 35.328 1.818 4h 30min - - 

T-982 33.60 34.94 1.343 4h 30min - - 

 

When conducting similar measurements to scrubber T-981, the filter turned completely 

yellow and a considerable amount of liquid condensed into the pail after the filtering 

system. The collection pail was approximately half-full of this darkish liquid. During 

the test, multiple reactors, from which rosin fumes are emitted, were operational. It is 

believed that most reactor fumes are emitted during reactions, heating and stripping. 

Additionally, “burping”, which is caused by fast reactions and build-up of fumes, 

occurred in one of the reactors during the measurement. This phenomenon increases the 

build-up of rosin fumes at the scrubber and is likely to aggravate the accumulation 

problem. Even though the filter got dyed yellow, the weight of the accumulated material 

was quite low. 

The results were somewhat different for scrubber T-980. In the first 4.5 hours the color 

of the filter did not change, and no condensation liquid was collected into the pail. 

However, as steam cleaning was performed after the 4.5 hours, a substantial amount of 

liquid (scrubbing solution) ended up in the collection pail. The filter did not get dyed, 

but it still gained more weight than the colored filter in the measurements regarding 

scrubber T-981. Additionally, T-980 was the only scrubber in which liquid changing 

occurred during the test. 

One reason for the amount of condensing liquid, which was higher for scrubbers T-981 

and T-982 (excluding steam cleaning of scrubber T-980), might have been the 

temperature of the gas leaving the scrubber. This temperature is usually 5 to 20 
o
C lower 

in scrubber T-980. However, in this experiment, the temperature was only 4 to 8 
o
C 

lower in scrubber T-980 (on average) because of steam cleaning. If the steam cleaning 

phase is excluded from the average temperature calculation, the average temperature of 



109 

 

the gas leaving scrubber T-980 is around 46 
o
C. Average values for different scrubber 

parameters during the measurements can be found in Appendix 10, Table 1. Demisters 

might be another reason for the high amount of condensation liquid observed in the 

measurements conducted to scrubbers T-981 and T-982. As mentioned formerly, there 

is only one knit-mesh demister in scrubbers T-981 and T-982, and it has not been 

checked if these demisters have remained in the correct position. In all the 

measurements of the first measurement phase, excluding the steam cleaning of scrubber 

T-980, the scrubber parameters, including temperatures and pressures, were at a normal 

level. 

7.3.2 Second measurement phase 

When measuring the amount of the rosin-based material from scrubber T-982 for the 

second time, the filter got dyed yellow much more extensively. The weight of the 

accumulated material was also more than twice as high when compared to the first 

experiment. The results regarding the second measurement phase can be found in 

Table 23. One reason for the acquired results, when considering scrubber T-982, might 

be the short path evaporator, which was functional during this test also. Additionally, 

scrubbing liquid change occurred whilst the short path evaporator was operational. 

However, this should not affect the outcome of the test, as the gases are injected into the 

overflow trough and under scrubbing liquid surface at all times. In addition, scrubbing 

liquid circulation does not stop during the refilling sequence. There was no steam 

cleaning related to rosin product loadings whilst the test, which would indicate that one 

of the main sources for the captured rosin particles would be the steam cleaning 

sequence towards the feeding tanks of the short path evaporator. In addition, some 

condensation liquid was collected into the pail after the filtering system. Average values 

regarding the operational parameters of the scrubbers during the second filtering system 

measurements can be found in Appendix 10, Table 2. 
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Table 23. Results and information regarding the second measurements. 

Object 
Starting weight 

of the filter [g] 

Weight of the 

filter after the 

experiment [g] 

(dried) 

Accumulated 

material [g] 

Time of 

the test 

Steam 

cleaning 

during the 

test 

Liquid 

change 

during the 

test 

T-980 33.20 45.60 12.46 6h - - 

T-981 34.89 35.59 0.70 6h - - 

T-982 33.40 36.33 2.93 6h - X 

 

The filter did not get dyed in the second measurements conducted to scrubber T-981. 

The amount of the accumulated material was also considerably lower than in the first 

measurements conducted to scrubber T-981. Same reactors were functional during the 

measurements conducted to scrubber T-981 in the first and the second measurements 

phases. However, the reaction products were somewhat different during the 

measurements and no “burping” was detected in the latter measurement. Nevertheless, a 

considerable amount of condensed liquid was collected into the pail after the filtering 

system again. The color of this liquid resembled the color of the caustic washing 

solution and was very different compared to the dark color of the condensed liquid in 

the first experiment. 

When conducting the second measurement to scrubber T-980, it was clear that the filter 

got dyed far more extensively than in the first test. The weight of the accumulated 

material was approximately 3.7 times higher than in the first measurement conducted to 

scrubber T-980. The colored parts of the filter also hardened, which is characteristic to 

rosin. One likely reason for the accumulation of this material was a loading of a rosin-

based product from vessel SS1, which was performed during the measurements. After 

the product was loaded, the line was cleaned by directing nitrogen into the line towards 

the vessel. From the vessel, there is a direct gas line to the scrubber, through which 

fumes and rosin particles are transported. As a result of this experiment it was 

suspected, that nitrogen may transport rosin particulates through the scrubber more 

efficiently than steam, as it will not condense like steam. During the first 2.5 hours of 

measuring, the pressure of the scrubber was considerably higher than usual (1001.9 

mbar on average), which indicated that clogging had occurred. Therefore, the scrubber 

was steam cleaned. The measurement system was turned off for the duration of the 

steam cleaning phase (30 min), as it was not a part of the measurement plan. Even 
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though the steam cleaning phase was excluded from this test, a considerable amount of 

condensed liquid collected in the pail after the filtering system during the experiment. 

Additionally, a loading of a rosin product from ALS-tank was performed during the test. 

Steam cleaning of this loading pipe does not affect the distillery side scrubber (T-980). 

However, it is common practice that as the ALS-tank is emptied, nitrogen is injected 

into the vessel as inert safe gas. This drives the fumes from the tank towards scrubber 

T-980. Apart from the high pressure during the measurement regarding scrubber T-980, 

the temperatures and pressures remained at a normal level during all the measurements 

regarding the second measurement phase. 

 

Figure 11. Yellow color was clearly visible on the filters after certain measurements. 

The filters are displayed in the order of T-980, T-981 and T-982 from left to right with 

the filter from the first measurement phase on the left and the filter from the second 

measurement phase on the right. 

 

7.3.3 Third measurement phase 

When measuring the amount of the accumulating rosin-based material passing through 

scrubber T-980 during a loading from vessel SS1 and during the nitrogen cleaning after 

it (measurement 1, Table 24), the results turned out as expected. The filter turned to a 

brownish orange color and the weight of the accumulated material was around the same 

as in the previous, considerably longer experiment. Therefore, nitrogen cleaning of the 

pipes is clearly one cause for the material passing through the scrubbers. The amount of 

the accumulating material was also measured when a rosin vessel was being emptied, 

during which nitrogen was injected into the vessel as inert safe gas (measurement 2, 
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Table 24). In 3 hours 45 minutes, the weight of the accumulated material was 

approximately half the amount than in the previous measurement (measurement 1, 

Table 24), but still notably high. Results regarding the third measurement phase are 

found in Table 24. During the two previously described measurements, the temperature 

of scrubber T-980 was normal. The underpressure in the scrubber was around 992 mbar, 

which is a little higher than usual. Main reason for the increased underpressure was 

bypassing the main flame arrester, so that the gases were directed through an older, 

sparser and supposedly less clogged flame arrester. This increased the underpressure in 

all three scrubbers. The higher underpressure may have an effect on the amount of the 

rosin-based material passing through the scrubber.  

Table 24. Results and information on the third measurement phase. 

Object 

/measurement 

Starting 

weight of 

the filter 

[g] 

Weight of 

the filter 

after the 

experiment 

[g] (dried) 

Accumulated 

material [g] 

Time of 

the test 

Steam (S) 

/nitrogen (N) 

cleaning 

during the 

test 

Liquid 

change 

during 

the 

test 

T-980 /1 33.376 44.826 11.450 
2h 

13min 
N - 

T-980 /2 34.449 39.940 5.491 
3h 

45min 
N - 

   T-980 /3.1 34.083 45.844 11.761 45 min S - 

   T-980 /3.2 33.420 70.300 36.880 6h S X 

T-981 /4 33.955 35.202 1.247 
6h 

20min 
- X 

T-981 /5 35.265 37.826 2.561 
6h 

20min 
- - 

 T-982 /6 34.296 36.308 2.012 
10h 

55min 
S X 

   T-982 /7.1 33.360 34.558 1.198 
6h 

20min 
S - 

T-982 /7.2 + 8 33.912 37.660 3.748 6h + 5h - X 

Measurement 1 - Nitrogen cleaning of pipes after a loading from SS1. 

Measurement 2 - Makeup nitrogen into vessels during vessel emptying. 

Measurement 3 - Steam cleaning of pipes through the scrubber. 

Measurement 4 & 5 - Multiple reactors operational, multiple lines to scrubber clogged. 

Measurement 6 - Multiple steam cleaning phases towards the feeding tanks of the short path evaporator 

and after rosin product loadings.  

Measurement 7 & 8 - Condensate analysis.   

 

The amount of the condensed liquid from scrubber T-980 varied a lot depending on 

whether scrubbing liquid circulation was on or not. Without the circulation on, 
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approximately 2 l of condensed liquid ended up in the collection pail after the filtration 

system. When the circulation was on, approximately ¾ l of condensed liquid ended up 

in the pail. The lower amount of condensation liquid in the latter case is likely a result 

of the condensing effect of the cooling scrubbing liquid circulation, which would cause 

the gas to condense in the scrubber, not after it. After the filter was dried, a yellow color 

appeared and the filter hardened (measurement 3.1, Table 24). Therefore, some rosin 

particles were able to pass through the scrubber also during steam cleaning. The weight 

of the accumulated material in this case was similar to the weight of the accumulated 

material after nitrogen cleaning (measurement 1). The coloration of the filters from the 

previously described measurements 1 and 3.1 is displayed in Figure 12 below. As usual, 

both temperature of the outlet gas and scrubber pressure increased during steam 

cleaning. 

 

Figure 12. On the left: A dirty filter after nitrogen cleaning of pipes after a rosin product 

loading form vessel SS1. In the middle: A filter after steam cleaning of pipes through 

the scrubber (T-980). On the right: A clean filter for comparison. 

 

One final confirmation test (measurement 3.2, Table 24) was conducted to scrubber 

T-980, during which inert nitrogen was injected into the vessels connected to scrubber 

T-980 and a short steam cleaning phase was performed. Everything went as expected 
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until the steam cleaning phase, during which a considerable amount of white solid 

material was collected in the filter. The color of the filter remained quite close to the 

original white color even though the filter hardened. The accumulated white material is 

displayed in Figure 13. The duration of this steam cleaning phase was similar to the 

steam cleaning phases conducted during the previous measurements. Other aspects 

regarding scrubber operation, such as scrubber parameters, also seemed normal for the 

duration of the test. Therefore, the white material is suspected to be solidified caustic 

that got carried through the scrubber by the force of the steam. Additionally, the 

scrubbing liquid had changed just before the steam cleaning phase. This may also have 

caused some solidified material to drift into the scrubber which may have then moved 

further when steam cleaning was conducted. 

 

Figure 13. Solid white material that accumulated in a filter after a steam cleaning phase 

conducted to scrubber T-980. 

 

When conducting the third measurements to scrubber T-981, reactions were ongoing in 

all four reactors. However, the fumes from one of the reactors were directed to stack 

because of line fouling. It is suspected that multiple lines were clogged from the 

reactors to the scrubber during the test. In this test (measurement 4, Table 24), the filter 

got dyed only very lightly, however, it clearly hardened due to the captured rosin 
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particles. The pail was half full of white condensation liquid after the test. Reactor 

burping was not detected. Attempts were made to get the lines open from the reactors to 

the scrubber, and therefore, another measurement (measurement 5, Table 24) was 

conducted to scrubber T-981 after the procedure. Even though the fouling problem was 

not solved by the previously mentioned procedure, the filter got dyed yellow and 

hardened, especially from near the opening of the filter. All reactors were operational 

again and the fumes from one reactor (the same as in the previous measurement) were 

directed to stack. It is good to note, that during this measurement, a different product 

was manufactured in all four reactors compared to the previous measurement. The 

amount of condensed liquid was similar to the previous measurement. Scrubber 

temperature was normal during these two measurements. The underpressure in the 

scrubber was higher than usual, as mentioned formerly.  

After having fouling problems in the pipes leading from the reactors to scrubber T-981 

for some time, the scrubber was opened for cleaning. As suspected in the theoretical 

part of this Master’s thesis and according to scrubber behavior, there was a considerable 

amount of solid material in the overflow trough of the scrubber. This material blocked 

the gas flow from the reactors to the scrubber and caused the pressure of the reactors to 

rise unless the reactor fumes were directed to stack. After the scrubber was cleaned, two 

measurements, which are not included in the previously presented table, were conducted 

to scrubber T-981 to see if an increased amount of rosin-based material would pass 

through the cleaned scrubber. In both measurements, the amount of the accumulated 

material was quite low (below 1 g). Neither of the filters showed clear signs of yellow 

color. However, in the first of these two measurements, the filter stiffened slightly. 

During this experiment reactor burping was detected. During both of these 

measurements, the average temperatures of the outlet gas were 66.4 
o
C and 71.5 

o
C, 

respectively. In the latter measurement, the scrubbing liquid circulation was steam 

cleaned, which affected the average temperature outlet gas temperature, however, it did 

not seem to have a significant effect on the amount of the accumulated material. After 

conducting all the experiments to scrubber T-981, a pattern between the reaction 

products and the hardening of the filter can be detected. It seems that lighter reaction 

products may be more likely to cause rosin particle accumulation in the piping after the 

scrubber. However, this cannot be stated undoubtedly, as multiple products were often 

manufactured simultaneously, and because some fume lines from some reactors to 
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scrubber T-981 may have been clogged during the experiment. Confirmation of this 

discovery would require additional measurements. 

In the measurements conducted to scrubber T-982, the filter did not get dyed during 

steam cleaning towards the feeding tanks of the short path evaporator, or during steam 

cleaning after rosin product loading (measurement 6, Table 24). However, the filter did 

harden, which indicates, that it had captured some rosin particles. Some condensation 

liquid ended up in the pail after the filtration system. In the subsequent measurement 

conducted to scrubber T-982 (measurement 7.1, Table 24), condensate liquid was 

collected in two different measurements and analyzed due to its interesting white color 

in the previous experiments. A new, clean filter was replaced into the filtering system 

for this measurement also. Over a liter of condensate was collected into the pail. After 

the condensate had time to settle in a clear glass bottle, practically all of it appeared to 

be water. This was rather unexpected as scrubber T-982 is run on fatty acids. Some of 

the condensed water likely originated from steam cleaning towards the feeding tanks of 

the short path evaporator, which occurred during the test. However, the amount of the 

condensate water seemed quite high to have originated only from this source. After 

examining the vessels connected to scrubber T-982, it became clear, that in multiple 

vessels steam is used as inert safety gas instead of nitrogen for product quality purposes. 

This is another likely explanation for the amount of the water condensate after the fatty 

acid scrubber. An interesting fact was that in this measurement the filter got dyed lightly 

orange and hardened to some extent. However, the weight of the accumulated material 

was not high at all. During measurements 6 and 7.1, scrubber temperature was normal 

and the underpressure in the scrubber was a little higher than normally. 

As the color of the condensation liquid from measurement 7.1 resembled the color of 

water after settling, which was different compared to the white, milky color of the 

condensate in the previous measurements conducted to scrubber T-982, another 

condensation liquid collection measurement was conducted (measurement 7.2, 

Table 24) This time, the color of the condensate was the same white color as in all 

previous measurements conducted to scrubber T-982. Even after letting the liquid settle 

for multiple days, the liquid remained the same white color. The color difference 

between these condensate liquid samples can be seen in Figure 14. During this 
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measurement, the temperatures and the pressure of scrubber T-982 were in the same 

range as in the previous measurements 6 and 7.1.  

 

Figure 14. Differences in the color of the condensate from scrubber T-982 between 

measurements 7.1 and 7.2. On the left: Condensate from measurement 7.1. On the right: 

Condensate from measurement 7.2. 

 

A third, final condensation liquid collection test was conducted to scrubber T-982 to 

re-check the quality of the liquid (measurement 8). As assumed, it appeared to be the 

same white color as in the previous measurement. The most interesting observation that 

came about during measurement 8 was the amount of the collected condensate. The 

whole pail was filled within 5 hours, which was due to the temperature of the scrubbing 

liquid circulation. Due to maintenance work, the heat exchanger of the washing liquid 

circulation was not in use during the time of the measurement. This caused the 

temperature of the liquid circulation, and therefore, the temperature of the outlet gas, to 
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rise. As can be seen in Appendix 10, Table 3, the average temperature of the scrubbing 

liquid and the outlet gas were around 83 
o
C and 79 

o
C, respectively. During the 

measurement, the maximum temperature of the outlet gas was around 91
 o

C. High 

temperature of the scrubbing liquid increased the amount of condensation after the 

scrubber as the gas did not cool down in the scrubber, but after it. The filter, that had 

remained clean after measurement 7.2, was re-used in this measurement. After 

measurement 8, the filter was orange and somewhat hardened. Therefore, high scrubber 

temperature is also thought to have an effect on the amount of rosin particles passing 

through the scrubber. Scrubber pressure was in the same range as in the previous 

measurements conducted to scrubber T-982. 
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8 CONCLUSIONS 

The pH and concentration measurements revealed the optimum liquid changing interval 

for scrubber T-980. With the current distillery feed rate, the washing efficiency of 

scrubber T-980 remained at its maximum for approximately 8 hours with an 8% caustic 

solution, which defines the minimum liquid changing interval. The current liquid 

changing interval of 360 minutes could therefore be elongated. However, as the solids 

content of the washing solution increases over time, user experience will define whether 

elongating the interval is actually reasonable. The liquid changing interval should be 

elongated gradually to see if any clogging problems occur. The consumption of the 

caustic solution in scrubber T-981 was very low, which supported the idea that the 

caustic solution used in scrubber T-981 could be switched to fatty acids. When 

examining the scrubbers, it was apparent that efficient operation of the scrubbers 

requires more instrumentation. For example, flow measurements would indicate if the 

scrubbing liquid circulation gets clogged, and pH measurements could further improve 

the operation of caustic scrubbers by using the measurement to control the liquid 

changing interval. Additionally, it should be considered whether it would be wise to add 

a minimum limit to the liquid changing interval timer controlled by the operators. Even 

though the setup and the construction of the current scrubbers seems to be in order 

according to the schematic diagrams, the condition of the nozzles, demisters and 

packing material in all three scrubbers should be checked regularly. 

When considering theory and the conducted solubility measurements, it would be 

advisable to use fatty acids as the washing liquid in the scrubbers wherever possible. 

Because of the capability of a fatty acid solution to dissolve rosin, changing the washing 

solution of the remaining caustic scrubbers to fatty acids would likely decrease the 

accumulation problem and fouling of the common LOG-line. Additionally, replacing 

the caustic solution in scrubbers T-980 and T-981 with fatty acids would most likely 

decrease the clogging problems at the scrubbers also. For example, clogging of scrubber 

T-981 could presumably have been avoided by using fatty acids as the washing liquid 

and by injecting the fresh scrubbing liquid into a more suitable location. As 

contemplated formerly, it may be beneficial to move the injection point of the fresh 

washing solution so that the washing liquid is injected into the overflow trough of the 

scrubber to enhance liquid change in that section. If TOFAs were used as the scrubbing 
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liquid, the viscosity of the solution would increase with time due to dissolved rosin 

compounds. Therefore, the temperature of the TOFA scrubbing solution should kept 

high enough to avoid solidification. For example, the current temperature in scrubbers 

T-981 and T-982, which is around 60 
o
C, should be sufficient. Higher temperatures 

would also be favorable in terms of rosin dissolution, as the solubility experiment 

indicated. Lower scrubbing liquid temperatures would be preferable in terms of 

condensation, however, compromises would have to be made. The scrubbing liquid 

changing interval should also be re-evaluated if the scrubbing liquid was changed to 

TOFAs. Optimal temperature and scrubbing liquid changing interval could be examined 

by conducting density measurements. 

The filtering system measurements helped to point out sources of the accumulation 

problem. For example, when considering scrubber T-980, cleaning of pipes with 

nitrogen and steam seems to be one essential problem as a lot of rosin particles were 

able to pass through the scrubber when steam or nitrogen cleaning was performed 

towards the scrubber. It would be useful if the gases could be directed to a completely 

different line for the duration of steam or nitrogen cleaning of the pipes. This additional 

pipeline should diverge from the current pipeline before the scrubber and thus decrease 

the amount of rosin-based particulates ending up in the scrubber and in the main LOG-

line. The additional line would obviously need some kind of a separation system to 

capture the rosin particles carried by steam or nitrogen. Changing the washing liquid of 

scrubber T-980 to fatty acids would most likely improve the capture of rosin-based 

particles, however, this can only be done if the lines with sulfur compounds are 

diverged from the system. A new line, which would separate concentrated NCGs from 

the current system and enable the scrubbing liquid change, is currently under 

development.  

When investigating the amount of the rosin-based material passing through scrubber 

T-981, it was assumed that the fumes containing rosin particles emit mostly during 

reactor heating, reactions and stripping. This is still an assumption, as the problem was 

hard to specify with multiple functioning reactors operated in different production 

phases and with different products. It was also thought that lighter reaction products 

may have a greater impact on the accumulation problem, however, this could not be 

confirmed either based on the conducted experiments due to the same previously 
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mentioned reason. Anyhow, changing the caustic solution of scrubber T-981 to fatty 

acids would likely improve the separation efficiency of rosin-based particles just as 

presumed in the case of scrubber T-980. As there is no existing fatty acid inlet or outlet 

at scrubber T-981, a layout for new piping and required valves was designed. This was 

possible due to the previously mentioned pH and concentration measurements, as well 

as the fact, that the amount of TRS-gases injected in scrubber T-981 is negligible. The 

piping changes were carried out during the next shut-down of production. 

Unfortunately, there was no time to obtain results from the scrubbing liquid change 

within the time of this thesis.   

The origin of the rosin particles passing through scrubber T-982 was thought to be 

caused by steam cleaning phases related to pipes leading to the scrubber. The main 

cause was defined to be the steam cleaning of lines towards the short path evaporator. 

However, steam cleaning of lines after rosin product loadings also seemed to have an 

effect on the matter. The interesting thing was, that in many filtering system 

measurements conducted to scrubber T-982, the filter did not get dyed but hardened of 

captured rosin particles. One reason, which could explain the filter not getting dyed, 

might be that the fumes directed to scrubber T-982 are mostly from later parts of the 

refining process.  

Nitrogen, which is pumped into vessels as inert safe gas when they are emptied, also 

seems to have an effect on the accumulation problem. Rosin was discovered in the filter 

when nothing, apart from the nitrogen flows, was going to the scrubber. The flow is 

normally small (1-5 m
3
/h) and rotameter controlled, however, during vessel emptying, 

the rotameter control is bypassed and the flow is higher. The effect of makeup nitrogen 

was particularly visible when considering scrubber T-980. 

The amount of condensation liquid that ended up in the collection pail of the filtering 

system increased if the scrubbing liquid circulation was switched off. Additionally, the 

amount of condensation liquid increased notably when the temperature of the scrubbing 

liquid was high, which enabled the temperature of the outlet gas to increase. Therefore, 

the cooling effect of the scrubbing liquid circulation has a significant effect on the 

condensation phenomena and on the amount of condensation occurring after the 

scrubber. If the temperature of the outlet gas is too high, condensation is likely to occur 
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in the pipeline after the scrubber as the pipeline after the scrubber fan is not traced all 

the way to the HOH (only insulated). Consequently, by decreasing the outlet gas 

temperature, the amount of condensed liquid after the scrubber could be decreased. 

Moreover, by adding tracing to the parts of the main LOG-line with only insulation, for 

example, parts of the pipe after the scrubber fans, would reduce the amount of 

condensation in those parts of the pipe. One concern that came up during the filtering 

system measurements conducted to scrubber T-982 was the amount of collected 

condensate water, which was oddly high considering that the scrubber is run on TOFAs. 

One source of the water that condensed in the filtering system after scrubber T-982 

during the filtering experiments was thought to be steam that is injected into various 

rosin tanks as a safe gas. Less condensation water would end up in the system if the 

steam was replaced with nitrogen. However, as steam is used due to product quality 

purposes, it may not be beneficial to change it to nitrogen. Nevertheless, the use of 

steam should be minimized in order to minimize the amount of condensate water ending 

up in scrubber T-982 and after it, if the amount of condensate poses a problem. 

Near the end of this Master’s Thesis, scrubber T-981 was finally opened and many 

interesting discoveries were made. As can be seen in Appendix 11, Figure 1, rosin 

particles had accumulated on the knit-mesh demister and caused fouling. However, even 

though fouling had occurred, it had not been indicated by scrubber pressure. This may 

have been due to the fact that multiple lines from the reactors to scrubber T-981 were 

clogged, so the pressure in the scrubber did not rise because of small gas flows. It is 

likely that the problem would have been detected by scrubber pressure after the gas 

lines towards the scrubber had been cleaned, which was also done when the scrubber 

was opened. Anyhow, the rosin accumulation problem should diminish when the 

previously explained scrubbing liquid change is carried out. Moreover, adding an 

auxiliary, sparser vane demister before the existing knit-mesh demister could help to 

ease the load on the existing knit-mesh demister, as has been done to scrubber T-980. 

When scrubber T-980 was opened earlier on, very little accumulated rosin was 

discovered on the knit-mesh demister, which may have been partly due to the additional 

demister. Obviously, the conditions and the treated fumes are very different in scrubber 

T-980. As can be seen in Appendix 11, Figure 2, the packing material in scrubber T-981 

was also covered by solid material. As this material seemed to be mostly white, it was 

thought to be solidified caustic along with some rosin particles. The most interesting 
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observation regarding the packing material was that the level of the packing material 

was too high as it reached the scrubber nozzles. Therefore, the upper scrubber nozzles, 

which are meant to spread the scrubbing liquid evenly over the surface layer of the 

packing material, could not have functioned properly. The scrubber had been filled with 

too much packing material, or the packing material had moved because of steam 

cleaning. If the packing material pieces had moved because of steam cleaning, the 

problem could have been avoided by binding and securing the packing material pieces 

in place with a wire mesh retainer or a grate. Even though the scrubbing liquid will be 

changed to TOFAs, it should be evaluated if easily clogging packing material should 

even be used in scrubbers susceptible to clogging. Therefore, the condition of the 

packing material and the demisters in all three scrubbers should be checked during the 

next shut-down. 

When it comes to the operational aspects of the LOG-system, the current operation 

instructions seem valid. However, it should be made sure that the operators follow the 

current instructions, as there seems to be multiple ways of operation that are 

inconsistent with the instructions. For example, the amount of steam added to the gas 

flow after fan F-985 seems to vary between operators. In addition, a checklist, in which 

the operators would write down the time of the last steam cleaning phase and emptying 

of the dewatering tanks, may be useful. 
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9 SUMMARY 

The purpose of this Master’s thesis was to research information related to lean and 

concentrated odorous gases along with examining modern odorous gas treatment 

options. The main problem with the current LOG-system at Arizona Chemical Oulu is 

the accumulation of a rosin-based material, which fouls the pipeline. The experimental 

part of this Master’s Thesis therefore concentrated on investigating the origin of this 

problem and on minimizing the amount of the accumulating material. The measures and 

suggestions related to minimizing the amount of the accumulating material included 

optimization of scrubber operation and development of other aspects regarding the 

operation and the construction of the current LOG-system. 

When it comes to gaseous pollutants, scrubbing efficiency mostly depends on scrubber 

temperature, sufficient residence time, nature of the scrubbing liquid and on the size of 

the droplets the nozzles of the scrubber generate. For example, when scrubbing TRS-

compounds, a polar scrubbing liquid should be used with sufficient cooling to enhance 

the exothermic reactions and condensation. Sufficient residence time must be taken into 

account when designing scrubber sizing. When considering scrubber efficiency in terms 

of particulate removal, the most important parameters include sufficient gas velocity to 

enhance impaction, suitable droplet size and a suitable scrubbing liquid. In both cases, 

scrubber construction is important. The main design parameters involving scrubber 

sizing include gas velocity, liquid-to-gas ratio and pressure drop. 

Fouling is a common problem associated with wet scrubbers. Some parts of wet 

scrubbers, for example, nozzles and packing material, are more susceptible to clogging, 

which often occurs due to increased solids concentration and build-up. Scrubber fouling 

can be prevented by suitable constructional choices, along with other operational 

aspects such as pH control, sufficient residence times or by using chemical agents. 

Scrubber nozzles need to be able to withstand abrasion, as the scrubbing liquid, which 

may contain abrasive particles, is pumped through the scrubber nozzles with pressure. 

After all, nozzle condition is one of the key aspects regarding high scrubber efficiency. 

Therefore, construction material choice is important when it comes to inhibiting 

abrasion and the ability to withstand acidic or alkaline solvents. Additionally, enough 

measurement devices should be applied to detect such problems. 
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The main problem with the current LOG-system at Arizona Chemical Oulu is the 

accumulation of a rosin-based material, which fouls the pipeline. According to theory, 

scrubber setup seems suitable for the current system. However, as the accumulating 

rosin-based material did not dissolve to a 50% caustic solution, TOFAs would be the 

preferred scrubbing liquid option. Solubility tests were conducted to investigate the 

dissolution of the accumulating rosin-based material in fatty acids. The solid rosin-

based material dissolved into TOFAs at room temperature already. However, according 

to the results of the conducted solubility tests, the dissolution velocity of the rosin-based 

material in fatty acids increased with increasing temperature. Accordingly, one of the 

main reasons for the accumulation of the rosin-based material that passes through the 

scrubbers is unsuitable washing liquid. Because of this, a design of piping changes, that 

would enable to change the scrubbing liquid of the caustic scrubbers to fatty acids, was 

initiated. 

The amount of the solid material passing through the scrubbers was measured with a 

specifically designed filtering collection system. In addition, pH measurements were 

conducted to find out the minimum liquid changing interval for the scrubbers using 

caustic scrubbing solution. According to the conducted filtering system measurements, 

another reason for the accumulation of the rosin-based material seems to be nitrogen- 

and steam cleaning of pipes. Additionally, reaction products and the temperature of the 

scrubbing liquid circulation seem to have an effect on the amount of the accumulating 

material. If the scrubber outlet gas temperature rises because of insufficient cooling, the 

amount of the accumulating rosin-based material will also rise along with the amount of 

condensation liquid. If the scrubbing liquid circulation does not provide sufficient 

cooling for the passing gas in order for condensation to occur in the scrubber, it will 

occur in the pipe after the scrubber.  

According to the conducted pH- and concentration measurements, the washing 

efficiency of the scrubber on the distillery side of Arizona Chemical Oulu remained at 

its maximum for 8 hours with the contemporary operation capacity. This can therefore 

be considered as the minimum scrubbing liquid changing interval for an 8% caustic 

solution. This test was not repeated, as the design for the piping changes, which would 

enable to change the scrubbing liquid of this scrubber to fatty acids, begun after the test. 

After verifying that caustic consumption in the scrubber on the refinery side of the 
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facility was low, and that the concentration of combustible gases and vapors within the 

scrubber was nonexistent, the design of the piping changes required to change the 

scrubbing liquid to fatty acids was initiated for this scrubber as well. 
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Appendix 1 (1) 

Table 1. Some important properties of noncondensible gases 1/2. (Air Products and 

Chemicals Inc. 2015, National Center for Biotechnology Information 2004a,b,c,d,e,f, 

2005) 

Chemical Formula 

Molecular 

weight 

[g/mol] 

Density at 

~20 
o
C [g/cm

3
]  

Vapor density 

(relative to air) 

Boiling point 

at 760 mmHg 

[
o
C] 

Hydrogen 

sulfide 
H2S 34.08 0.0014 7.84 -60.33 

Methyl 

mercaptan 
CH4S 48.11 0.960 1.66 5.94 

DMS C2H6S 62.13 0.848 2.14 37.22 

DMDS C2H6S2 94.20 1.063 3.24 109.72 

α-pinene C10H16 136.23 0.859 4.70 156.22 

β-pinene C10H16 136.23 0.860 4.70 166.00 

Methanol CH4O 32.04 0.792 1.11 64.61 

 

 

Table 2. Some important properties of noncondensible gases 2/2. (Air Products and 

Chemicals Inc. 2015, National Center for Biotechnology Information 2004a,b,c,d,e,f, 

2005) 

  
Melting point 

[
o
C] 

Flash point 

[
o
C] 

Solubility in 

water at 25 
o
C 

[mg/l] 

Vapor 

pressure at 

25 
o
C 

[mmHg] 

Hydrogen 

sulfide 
H2S -85.50 207

b 
N/A 15 200 

Methyl 

mercaptan 
CH4S -123.00 < -17.78

 a
 15 400 1 510 

DMS C2H6S -97.78 -48.00
 b
 22 000 502 

DMDS C2H6S2 -84.72 24.00
 b
 ~2500 28.7 

α-pinene C10H16 -62.50 32.78
 b
 2.49 4.75 

β-pinene C10H16 -61.50 31.11
 b
 4.89 2.93 

Methanol CH4O -97.78 11.11
 b
 >100 000 127 

a
 Open cup measurement. 

b
 Closed cup measurement (the closed cup tests give approximately 5-10 

o
C lower values). 

 

 



 

 Appendix 1 (2) 

 

Figure 1. Particle sizes of common health issue-related particles along with the applicability ranges of some removal mechanisms, measurement types 

and removal methods (SAS 2013, Laitinen & Ojala 2014) 



 

 

Appendix 2 (1) 

Table 1. Different techniques for waste gas emission reduction in relation to the type of 

pollutants and treatment method. (European IPPC Bureau 2003a, p. 11; 2014, p. 34) 

 
Dry 

matter 

Wet 

matter 

Inorganic 

particulates 

Organic 

particulates 

Inorganic 

gases or 

vapors 

Organic 

gases or 

vapors 

Odor 

Technique 
 

Particulate recovery & abatement 

Gravitational 

separator (P) 
A A A A 

   

Cyclone (P) A A A A 
   

Wet dust scrubber 

(F) 
A A A A 

   

ESP (F) A A A A B B 

 Fabric filter (incl. 

Ceramic & metal 

filters) (F) 

A 

 

A A 

  

 

Catalytic filtration 

(F) 
A A A A 

 
B 

 

Two-stage dust 

filter (ad) 
A 

 
A A 

   

HEAP (filter) (ad) A 
 

A A 
   

HEAF (ad) 
 

A 
     

Demister (P, ad) 
 

A 
  

B 
  

Gas recovery 
 

Membrane 

separation (P)     

 

A 
 

Condenser (P) 
    

B A 
 

Cryocondensation 

(P)     
B A B 

Adsorption (F) 
    

A A A 

Wet gas scrubber 

(F)     

 
  

-water B B B B A A A 

-alkaline B B B B A A A 

-alkaline 

oxidation 
B B B B 

  
A 

-acidic B B B B A A A 

Gas abatement 

Biofiltration (F) 
    

A A A 

Bioscrubbing (F) 
    

A A A 

Biotrickling (F) 
    

A A A 

Moving-bed 

trickling filter (F) 

    

A A A 

Thermal oxidation 

(F)    
A 

 
A A 

Catalytic oxidation 

(F)      
A A 

AOP (photo/UV 

oxidation) 
     A A 

 



 

 

Appendix 2 (2) 

Technique 
Dry 

matter 

Wet 

matter 

Inorganic 

particulates 

Organic 

particulates 

Inorganic 

gases or 

vapors 

Organic 

gases or 

vapors 

Odor 

Gas abatement 

Ionization      A A 

Flaring (F) 
     

A A 

Combustion gas treatment 

Dry alkali 

injection (F)     
A 

  

Semi-dry alkali 

injection (F)     
A 

  

Wet lime injection 

(F)     
A 

  

SNCR (F) 
    

A 
  

SCR (F) 
    

A B 
 

NSCR (F) 
    

A 
  

Wet gas scrubber 

for NOx (F)     
A 

  

A    Primary application 

B    Secondary application 

F    Final treatment technique 

P    Pretreatment technique 

ad  Additional treatment method 

 

 

 

 

 

 

 

 



 

 

Appendix 2 (3) 

Table 2. Different techniques for waste gas emission reduction in relation to waste gas 

flow rate. (European IPPC Bureau 2003a, p. 12; Schenk 2009, p. 9-10) 

Technique 100 [Nm
3
/h] 1 000 [Nm

3
/h] 10 000 [Nm

3
/h] 100 000 [Nm

3
/h] 

Particulate recovery & abatement 

Gravitational separator  B B A A 

Cyclone B A A B 

Wet dust scrubber 
 

B A A 

ESP (1-stage) 
  

B B 

Fabric filter  B B A A 

Ceramic filter 

 

A B B 

Catalytic filtration  B B B 
 

Two-stage dust filter  
 

B B 
 

HEPA B B 
  

HEAF  A A B 
 

Demister 
 

B A A 

Gas recovery  

Membrane separation 
    

Condenser B B A B 

Cryocondensation B B 
  

Adsorption B A A B 

Wet gas scrubber 

    -water B B A A 

-alkaline B B A A 

-alkaline 

oxidation 
B B A B 

-acidic B B A A 

Gas abatement  

Biofiltration B A A A 

Bioscrubbing B B B B 

Biotrickling B B B B 

Moving-bed trickling filter 

 

B B 
 

Thermal oxidation 
 

B A 
 

Catalytic oxidation 
 

B A 
 

Ionization B B B B 

AOP (photo/UV oxidation) 

 

B B 

 Flaring B B B B 



 

 

Appendix 2 (4) 

Technique 100 [Nm
3
/h] 1 000 [Nm

3
/h] 10 000 [Nm

3
/h] 100 000 [Nm

3
/h] 

Combustion gas treatment 

Dry alkali injection 
  

A B 

Semi-dry alkali injection 
  

B A 

Wet lime injection 
 

B B B 

SNCR B B B B 

SCR 
 

B A A 

NSCR  
  

B 
 

Wet gas scrubber for NOx    
B 

 
A Common application 

B Applicable 



 

 

Appendix 2 (5) 

Table 3. Waste gas treatment techniques in relation to the pollutants to be abated. 

(European IPPC Bureau 2014, p. 337; Schenk 2009, p. 9-10) 

Principle  Technique 
Dry 

particulates 

Wet 

particulates 

Droplets/ 

aerosols 
VOC SO2 H2S NOx 

Gravitational 

separation 

Settling 

chamber 
X X * 

    

Cyclones X X 
     

Dust 

scrubbing 

Wet dust 

scrubber 
X X 

 
* * * 

 

Spray 

chamber 
X X 

 
* * * 

 

Venturi 

scrubber 
X X 

 
* * * 

 

Filtration 

Dry ESP X X 
     

Wet ESP X X 
     

Fabric filter X 
      

Ceramic and 

metal filter 
X 

   
* 

 
* 

Catalytic 

filtration 
X 

  
* 

   

Two-stage 

dust filter 
X 

      

HEPA X 
      

HEAF 
  

X 
    

Mist filter 
 

X X 
    

Membrane 

filtration    
X 

   

Condensation 

Condenser 
   

X 
   

Cryogenic 

condensation    
X 

   

Adsorption 

Active 

carbon    
X 

 
X 

 

Zeolites 
   

X 
   

Polymeric 
   

X 
   

Dry sorbent 

injection     
X 

  

Semi-dry 

sorbent 

injection 
    

X 
  

Wet sorbent 

injection     
X 

  

Absorption 

Wet gas 

scrubber 
* * 

 
X X 

  

Acid gas 

scrubber 
* * 

 
X 

   

Alkaline gas 

scrubber 
* * 

 
X X X 

 

         

 



 

 

Appendix 2 (6) 

Principle  Technique 
Dry 

particulates 

Wet 

particulates 

Droplets/ 

aerosols 
VOC SO2 H2S NOx 

 

Biotechniques 

Biofiltration 
   

X 
 

* 
 

Bioscrubbing 
   

X 
 

* 
 

Biotrickling 
   

X 
 

* 
 

Moving-bed 

trickling 

filter 
   

X 
 

* 
 

Thermal 

oxidation 

Thermal 

oxidizer    
X 

   

Catalytic 

oxidizer    
X 

   

Flaring 
   

X 
   

Cold 

oxidation 

Ionization 
   

X 
   

AOP 

(photo/UV 

oxidation) 
   

X 
 

X 
 

Chemical 

reduction 

SNCR 
      

X 

SCR 
      

X 

NSCR 
      

X 

X Technique can be used as the primary method for the removal of the component. 

* Not the primary removal method, but the pollutant may be removed to some extent. 

 



 

 

Appendix 3 (1) 

Table 1. Important parameters and other essential information regarding different 

scrubber types. (Woodard 1998, p. 24-27, Ch. 5.4; EQM 1993, p. 14, Ch. 9) 

Table 2. Parameters (required time for 90% oxidation (t90) and reactor volume) and the 

total costs concerning AOPs. (Vega et al. 2014, p. 118) 

Scrubber 

type 

PM10/PM2,5 

control 

potential 

Velocity 

[m/s] 

Liquid-to-

gas ratio    

[l/ (m
3
/min)] 

Pressure 

drop [kPa] 
Comments 

Spray 

chamber 
Fair 

3.0           

(32 - 43)
b,c (0.94)

c 0.25 - 1.0        

(0.25 - 1.5)
c 

Cyclonic are more 

efficient than 

conventional 

Packed-bed Poor 
0.6 - 1.8   

(1.2 - 2.4)
 - 0.25 - 2.5 For low dust loadings 

Impingement 

plate 
Good < 4.3 0.27 – 1.3 0.50 - 0.75

d
 

Low efficiency for sub-

micron particles 

Mechanically

-aided 
Good - - - 

High energy 

consumption to achieve 

good control PM10/PM2,5 

potential 

Venturi Good 27 - 122
a
 0.53 - 13 1.2 - 17.4 

High energy 

consumption to achieve 

good control PM10/PM2,5 

potential 

Orifice Good - - 0.5 - 5.0 
Low efficiency for 

particles < 2 µm 

Condensatio

n 
Good - - - 

Excellent control 

possible 

Charged Excellent - - - 
High operational costs 

(electricity) 

Fiber-bed Fair - - 0.05 - 0.75 
For soluble particulates 

only 
a
 Venturi throat velocity varies with pressure drop, volumetric flow rate, gas density and liquid-to-gas 

ratio. 
b
 Varies with pressure drop and gas density 

c
 Values for cyclonic spray chamber 

d
 Pressure drop per plate 

 

 
 

  
Total cost [€/m

3
] 

 
Applied AOP t90 

Reactor volume 

[m
3
] 

Amortised Operational 
Water 

treatment 

UV/H2O2 
a 13.39 40.17 0.141 0.241 0.384 

H2O2/Fe
2+ b

 11.18 33.54 0.048 0.009 0.058 

UV/H2O2/Fe
2+ b

 2.98 8.94 0.058 0.061 0.120 

O3
 c 2.60 7.80 0.041 0.091 0.133 

a
 C0,H2O2 = 0.20 mM, 

 b
 C0,H2O2 = 0.20 mM and 

 a
 C0,Fe2+ = 0.018 Mm, 

 c
 C0,O3 = 0.20 mM 



 

 

Appendix 3 (2) 

 

 

Figure 1. Diagram of a spray tower scrubber. (Woodard 1998, p. 4, Ch. 5.4) 



 

 

Appendix 3 (3) 

 

Figure 2. Diagram of a packed-bed scrubber. (Woodard 1998, p. 7, Ch. 5.4) 

 



 

 

Appendix 3 (4) 

 

Figure 3. Diagram of a plate tower scrubber (impingement plate scrubber).  (Woodard 

1998, p. 10, Ch. 5.4) 

 

 



 

 

Appendix 3 (5) 

 

Figure 4. Diagram of a mechanically-aided scrubber. (National Air Pollution Control 

Administration 1969, p. 64 [4]) 

 

 

 

 

 

 

 



 

 

Appendix 3 (6) 

 

Figure 5. Diagram of a venturi scrubber. (Woodard 1998, p. 13, Ch. 5.4) 

 



 

 

Appendix 3 (7) 

 

 

Figure 6. Diagram of an orifice scrubber. (Woodard 1998, p. 15, Ch. 5.4) 



 

 

Appendix 3 (8) 

 

Figure 7. Schematics for a charged wet scrubber and condensation growth scrubber. (Woodard 1998, p. 11-12, Ch. 5.4)
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Appendix 4 (1) 

 

Figure 1.  Schematic diagrams of different incinerator types. (Woodard 1998, p. 5-8, 

Ch. 5.5) 



 

 

Appendix 4 (2) 

 

Figure 2. An alternative incinerator option with gas preheating. (De Nevers 2000, p. 

376) 



 

 

Appendix 5 (1) 

 

Figure 1. A diagram depicting the construction of scrubbers used at Arizona Chemical 

Oulu.



 

 

Appendix 5 (2) 

 

Figure 2. A schematic diagram of the Arizona Chemical Oulu LOG-system. (Simanainen 2014b, p. 2)



 

 

Appendix 6 

Table 1. Consistency of the accumulating material along with its other important 

properties. (Simanainen 2015b) 

Fatty acid wt% Fatty acid wt% 

Myristic Acid (C14:0) 0.00 13 beta 7,9 (11) abietic 1.28 

C16:0 Palmitic 0.14 8,12 abietic 0.51 

C16:1 0.00 C24:0 0.00 

Anteiso-heptadecanoic acid (C17:0) 0.12 Abietic 6.30 

Margaric (C17:0) 0.11 Dehydroabietic 25.65 

Stearic (C18:0) 0.08 Neoabietic 0.37 

Oleic (C18:1 - 9 cis) 0.46 Dehydrodehydroabietic 3.24 

C18:1 -11 0.00 Mercusic 0.00 

C18:2 - 5,9 0.00 Total identified 59.31 

C19: 0 0.00 Unidentified 6.46 

Linoleic (C18:2 - 9,12) 0.26 

  Cyclopinolenic 0.00 Summary 

 C19:1 - 9 branched 0.00 Saturated 1.39 

Pinolenic (C18:3 - 5,9,12) 0.00 Total C16 0.14 

C18:3  isomer 0.00 Total C17 0.23 

C19:2 - 5,9 branched 0.00 Total C18:0 0.08 

C19:2 - 9,12 branched 0.00 Total C18:1 0.46 

C18:3 - 9,12,15 0.00 Total C18:2 0.40 

C18:2 conjugated (group) 0.00 Total C18:3 0.00 

C20:0 Arachidic 0.00 Total C19:0 0.00 

C18:3 conjugated (group) 0.00 Total C19:1 0.00 

C20:1 -11 0.00 Total C19:2 0.00 

C18:2 conjugated 0.14 Total C20:0 0.00 

C18:3 conjugated (group) 0.00 Total C20:1 0.00 

C20:2 – 5,11 0.00 Total C20:2 0.00 

C20:2 - 11,14 0.00 Total C20:3 0.20 

C20:3 - 5,11,14 0.20 Rosins 56.85 

C20:3 - 7,11,14 0.00 PAN number 7.48 

8,15 Isopimaric 2.32 Non Eluting 34.23 

Secodehydroabietic 2 0.00 Linoleic/ Oleic ratio 0.57 

8,15 Pimaric 1.92 

  Pimaric 2.07 Calculated Iodine Value 1.70 

Behenic C22:0 0.95 Softening point (
o
C) 84.60 

Sandaropimaric 3.12 Melting point (
o
C) 115.00 

Dihydroabietics (group) 5.34 Water (%) 4.20 

Levopimaric 0.00 Ash (%) 1.96 

Palustric 0.81 

   7,9 (11) abietic 1.11 

  Isopimaric 2.81 

  



 

 

Appendix 7 

 

Figure 1. A figure and a diagram of the filtering system used for measuring the amount of the accumulating material.



 

 

Appendix 8 

Table 1. Initial data and test results for the solubility tests of the rosin-based material. 

Weight of 

sample (g) 

Temperature 

(
o
C) 

Mixing 

(1/min) 

Time of 

dissolution 

(min) 

Left over 

weight (g) 

Dissolved 

material 

(g) 

Dissolution 

speed 

(mg/min) 

2.183 30.6 175 435 0.481 1.702 3.91 

1.697 31.3 175 435 0.386 1.311 3.01 

1.687 52.1 175 435 0.993 0.694 1.60 

1.689 51.5 175 290 0 1.689 5.82 

1.694 71.6 175 153 0 1.694 11.11 

1.716 79.8 175 89 0 1.716 19.28 

1.706 91.6 175 50 0 1.706 34.12 

1.683 108.8 175 21 0 1.683 80.14 

 

 

 

Figure 1. Dissolution time as a function of temperature for the pieces that completely 

dissolved in the solvent. 
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Appendix 9 

Table 1. Results of the pH and concentration measurements regarding scrubber T-981. 

Measurement Time 
NaOH concentration 

[%] 
pH 

1 5.1.2016 09:30 24.1 12.3 

2.1 14.1.2016 08:00 11.2 13.0 

2.2 14.1.2016 14:00 10.3 12.5 

3.1 10.3.2016 07:25 41.8 11.2 

3.2 10.3.2016 12:35 41.3 11.8 

4.1 14.3.2016 08:05 42.2 11.2 

4.2 14.3.2016 14:05 40.7 11.4 

 



 

 

Appendix 10 (1) 

Table 1. Average values regarding the operational parameters of the scrubbers during 

the first filtering system measurements. 

Scrubber Liquid level [%] 
Temperature of the 

outlet gas [
o
C] 

Scrubbing liquid 

temperature [
o
C] 

Pressure 

[mbar] 

T-980 39.22 51.38 49.03 998.14 

T-981 54.16 55.62 50.00 993.01 

T-982 67.11 59.49 49.99 993.06 

 

 

Table 2. Average values regarding the operational parameters of the scrubbers during 

the second filtering system measurements. 

Scrubber Liquid level [%] 
Temperature of the 

outlet gas [
o
C] 

Scrubbing liquid 

temperature [
o
C] 

Pressure 

[mbar] 

T-980 44.49 44.26 46.12 999.03 

T-981 50.37 57.30 45.47 993.34 

T-982 68.43 59.97 50.01 993.09 

 

 

 

 

 

 

 



 

 

Appendix 10 (2) 

 

Table 3. Average values regarding the operational parameters of the scrubbers during 

the third filtering system measurements. 

Object /measurement 
Liquid level 

[%] 

Temperature 

of the outlet 

gas [
o
C] 

Scrubbing 

liquid 

temperature 

[
o
C] 

Pressure 

[mbar] 

T-980 /1 42.17 36.78 39.04 991.59 

T-980 /2 41.84 37.33 40.29 991.82 

T-980 /3.1 condensing liquid test with 

scrubbing liquid circulation off) 
56.17 67.02 36.62 998.45 

T-980 /3.1 condensing liquid test with 

scrubbing liquid circulation on) 
55.00 62.93 59.31 995.48 

T-980 /3.2 42.67 37.33 37.58 991.56 

T-981 /4 49.36 64.49 59.87 990.08 

T-981 /5 53.46 63.46 60.00 994.02 

T-982 /6 65.95 62.89 60.00 992.79 

T-982 /7.1 54.90 63.91 59.99 992.80 

T-982 /7.2 55.41 60.97 59.99 990.62 

T-982 /8 59.12 78.88 82.52 991.27 

Measurement 1 - Nitrogen cleaning of pipes after a loading from SS1. 

Measurement 2 - Makeup nitrogen into vessels during vessel emptying. 

Measurement 3 - Steam cleaning of pipes through the scrubber. 

Measurement 4 & 5 - Multiple reactors operational, multiple lines to scrubber clogged. 

Measurement 6 - Multiple steam cleaning phases towards the feeding tanks of the short path evaporator 

and after rosin product loadings. 

Measurement 7 & 8 - Condensate analysis.   

 

 

 

 

 

 



 

 

Appendix 11 

 

Figure 1. Rosin particles had accumulated on the knit-mesh demister in scrubber T-981. 

 

 

Figure 2. The packing material in scrubber T-981 covered in solid material. 


