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Executive summary

In this report, the complete state of the art about fouling, scaling and corrosion in industry
and water treatment plants has been collected and reported.

In the first part, a general view of fouling, scaling and corrosion is introduced, and, in the
second part, a complete study of fouling, scaling and corrosion associated to different
industrial processes has been summarized.
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1 Introduction

Water is a necessary and unique material for industry, and the recycle and reuse of water
become more and more important every day due to a more stringent environmental legislation,
the increase of the price of water and the lack of enough water resources.

The three major problems arising from uncontrolled process waters are biofouling, corrosion and
scale deposits (Demadis et al. 2007). Therefore, a review and a study of the industrial problems
regarding these topics is very important for understanding the risks associated to the reuse of
process and effluent waters.

Mineral scale deposits, formed by calcium carbonate, phosphate and oxalate, barium and
strontium sulphates, silica and magnesium silicate, among others, can produce major operational
problems for poorly treated process waters (Demadis 2004; Demadis et al. 2007). Deposits can
cause a drastic reduction in heat transfer rates in equipment devices such as boilers, steam
generators, evaporators, distillation units, heat exchangers, cooling tower fill, engine jackets, etc.
(Amjad 2000). This may produce an increase in fuel consumption and reduce the efficiency
(Michaud 2001a; b). Moreover, corrosion may be caused by these mineral deposits (Demadis et
al. 2007).

Fouling produces several problems in equipment, deteriorating its performance and limiting its
useful life. Several types of fouling and their combinations may occur in industry including
biological, particulate and precipitation foulings. Moreover, biofilms affect the interaction between
metal surfaces and the environment, producing corrosion in several biotechnological processes
applied to materials recovery and handling (Videla and Characklis 1992).

Hence fouling, scaling and corrosion are associated to an important economical cost in industry
and the risks associated to them due to the reuse of water must be analyzed.

This report is a result of the project AquaFit4Use, a large-scale European research project co-
financed by the 7" framework programme of the European Union on water treatment technologies
and processes.

The research objectives of AquaFit4Use are the development of new, reliable cost-effective
technologies, tools and methods for sustainable water supply use and discharge in the main water
using industries in Europe in order to reduce fresh water needs, mitigate environmental impact,
produce and use water of a quality in accordance with the industries specifications (fit-for-use),
leading to a further closure of water cycle.

For more information on AquaFit4Use, please visit the project website: www.aquafit4use.eu.
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2 Fouling
2.1 Biofouling

Usually process water is favourable to the growth of microorganism by pH, temperature, soluble
organic matter, nutrients and process time. Due to microbial activity biofoulings and deposits of
microbiological origin are formed and affect both machine productivity and quality of the final
product. This situation is more important in industries that have closed their water circuit.

2.1.1 Principal microorganisms

The most important sources of microbial contamination are feed water, raw materials, additives
used in the process, reused water inside the industry and the environment.

Principal microorganisms in water process are bacterias, fungus, yeasts and algae. The factors
that have influent in their growth are written in table 2-1. As is shown in the table, process waters
that work at alkaline pH present very favourable conditions for microbial growth. Table 2-2 show a
summary of the most often microorganisms founded in paper and petrochemical process waters
according to bibliography.

Due to diverse microambiental conditions between industries like process production, additives
and source of water, the composition of microorganisms between them is very different and every
industry must be studied separately for the identification of the most relevant microorganisms.
Aerobic bacteria are more often in process waters although sometimes when oxygen is low
anaerobic bacteria are predominant.

Anaerobic bacteria such as Clostridium produce fermentation of volatile fatty acids generating bad
odour. Sulphate reducing bacteria are very usual and they are responsible of the generation of
H,S with a characteristic bad odour. Bacteria that produce spores (Bacillus and Clostridium for
example) are very resistant and it is very difficult to eliminate them form the system. The principal
sources of these bacteria are additives and surface water.

Table 2-1 Factors that have influence in microorgan  isms growing up.

Optimum
Temperature Light Oxygen (ppm) Optimum pH Water
(’C)

Psicréfilas 15 Aerobic >4

BACTERIAS P It doesn’t Anaerobic < 4
Mesofilas 35 L , 6,5-7,5 Necessary
0,5-1 Mm Terméfilas 55 affect Facultative:don’t
affect
FUNGUS iﬁn‘gig S 'StpaJISCtS Fungus >4 5,0-6,0 No
max — ’ -
10 Mm Yeasts Tou = 45 germination Yeast don't affect 4,0-5,0 necessary
ALGAE <35 for green O, necessary for
> 100 mm algae Necessary photosynthesis 4,5-9,0 Necessary
PROTOZOOS It doesn’t Aerobic >2
10 - 1000mMm 20 affect Anaerobic < 2 6,575 Necessary
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Funguses are also usual in process waters, they do not form biofilm but different organic material
could became trapped in their structure generating deposits.

Yeasts are in industrial waters and although they do no generate biofilm they could produce the
fermentation of additives like starch. Also algae could be in these process waters and they
increase the nutrients of bacteria and may also produce green stains in the final product.

Table 2-2 Summary of the more often microorganisms present in process waters according
to bibliography.

REFERENCE MICROORGANISMS

(Blanco et al. 1997) Aerobic bacterias that produces spores (Bacillus), aerobic bacterias
without production of spores (Acinetobacter, Alcaligenes, Klebsiella,
Flavobacterium, Leptothrix, Micrococcus, Pseudomonas, and
Staphylococcus), anaerobic bacterias (Desulfovibrio), fungus
(Aspergillus), yeasts and occasionally algae.

(Vaiséanen et al. 1998) Bacillus, Burkolderia, Pantoea, Ralstonia y Thermomonas are the
usual species in the wet zone.

(Chaudhary et al. 1997) B. Alvei y Aerobacter aerogenes - paper industry in India.

(Oppong et al. 2000) Deinococcus grandis, Flectobacillus, sp.; Methylobacterium
zatmanii, Micrococcus sp; Roseomonas sp. — Biofilm deposits in
America.

(Harju-Jeanty and Filamentous bacteria: Sphaerotilus natans.

Vaatanen 1984)

(Raaska et al. 2002) Starch contamination by bacterias forming spores and
enterobacterias.

(Raaska et al. 2002), The higher contaminants of dry zone are bacterias that produces

(Hughes-van Kregten spores such as: Bacillus Brevibacillus, Paenibacillus.

1988), (Vaisanen et al.

1998)

(Diaz 2000) In petrochemical industries the most important anaerobic bacteria is

Desulphovibrio  desulfuricans. The most wusual fungus is
Cladosporium resinae. Yeasts like Candida sp. Saccharomices sp.
could be in the storage tanks.

Bacterias such as Thiobacillus produces H,SO,.

The presence of different kinds of microorganisms implies the necessity of a good identification of
the microbial problem for finding the best solution for each particular case.

2.1.2 Biofilm or slime

Biofilm or slime is an accretion or accumulation of microbial cells on any submerged surface.
Inside the slime, microorganisms are trapped in an organic polymer matrix of microbial origin. This
matrix allows the retention inside the slime deposit of dirt as well as secreted metabolic products
(Costerton 1994; Christensen and Characklis 1990). The formation of slime and their composition
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depends of the origin of contamination, of the initiation mechanism and of the subsequent growth
conditions (Characklis and K.C. 1990; Geesey 1994; Johnsrud 1997).

Although different mechanisms have been proposed for describing biofilm formation and evolution
the most general and widely accepted is the six-stage mechanism showed in figure 2-1 (Blanco
2003). Microbes obtain benefits of this association because the concentration inside the slime is
three to four orders of magnitude higher than that of the liquid media next to the surface, varying
from 10* to 10" CFU/cm® (Blanco et al. 1996; Franca and Lutterbach 1996; Johnsrud 2000;
Sanborn 1965; Suihko and Skytta 1997) and this association permit to the microorganisms growth
on surfaces made of materials traditionally considered toxic for them (Blanco 2003).

Biofilms are dynamic systems, inside the slime transport phenomena, pH and concentration
gradients are very important, a change in environment conditions may produce the appearance of
anaerobic conditions in the bottom of the slime where anaerobic species like sulphate reducing
bacteria can grow producing corrosion and odour problems (Briandet and Bellon-Fontaine 2000;
Ford and Mitchell 1990; Lee et al. 1995; Little et al. 1990; Lutey 1980; Miller 1995; Pope et al.
1984; Sanborn 1965; Watnick and Kolter 2000; Xu et al. 2000).

Formation of Adhesion of  Biofilm Anaerobic Growth Detachment
film layer primary growth conditions within the
biofilm biofilm and
formers MIC

Figure 2-1 Biofouling processes. Reference (Blanco 2003; Characklis and Cooksey 1983).

The nature of microorganisms present in mill slime may change from one mill to another.
Moreover, different areas and conditions in the same mill can lead slime deposits in which
microbial populations are made up of different species. A delicate balance between environmental
(physical and nutritional) and interbiotic factors influence the slime composition that is conditioned
by close microbial association of bacteria present in mills. Even so, slime deposits have
similarities (Blanco 2003):
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Slime, in general, requires consortia of species (Characklis and K.C. 1990; Geesey and
Costerton 1986). Although the predominant microbial population in slime deposits is
bacterial, fungi, algae, yeast and even protozoa, some authors propose that the usual
types of microorganisms that cause slime in industrial environments are the heavily
encapsulated, fast growing bacteria such as species of Pseudomonas, Aerobacter,
Alcaligenes, Arthrobacter, Proteus, Bacillus and others (Lutey 1972; Prendergast 1948;
Purkiss 1970; Sanborn 1965; Vaisanen et al. 1994). In addition, bacteria found most often
in paper and board machine slime include species of Sphaerotilus, Leptothrix,
Flavobacterium, Clavibacter, etc... (Purkiss 1970). There are also some fungi commonly
present in slime like Aspergillus, Cephalosporium and Penicillium (Geesey and Costerton
1986; Hughes-van Kregten 1988; Vaisanen et al. 1994).

Every slime deposit has two groups of microbial population (Safade 1988). Primary slime
formers cause the accumulation of slime by themselves included in this group there are
bacterial species (e.g. Enterobacter agglomerants or Pseudomonas aeruginosa) and
yeasts (e.g. Rhodotorula mucilaginosa) (Blanco 2003). These primary formers allow the
growth of colonies of secondary microorganisms, at this group belongs species of sulphate
reducing bacteria and Penicillium (Blanco 2003). Anyway, distinction between primary and
secondary slime-formers is difficult, because it is not easy to assess the importance of a
single specie in a slime-producing consortium. This is due to variations in nutrient
concentrations, presence of inhibitors and stimulants, physical conditions, seasonal
changes, pulp stock nature, process cleanliness etc...(Blanco et al. 1996; Characklis and
K.C. 1990; Geesey 1994; Johnsrud 2000; Van Loosdrecht et al. 1995).

Slime deposits will be modified quantitatively by microorganism accumulation in water circuits and
their consequent diffusion towards those points of the process where recycled water is held. As
closure increases more zones will become anoxic, facilitating the growth of anaerobic bacteria
and consequent corrosion, bad odour and gases problems. However is important to consider that
slime inside the process zone in a mill with high level of circuit closure do not differ in a significant
way from those found in mills with a low level closure, because these problems are mainly caused
by aerobic bacteria, which from deposits whose main effects are changes in the final product
quality and modified operating conditions (Blanco 2003).

Inside the different kinds of slime is important to consider than although pink slime represent less
than 10% of the total slime population in paper mills it is the more troublesome because is usually
more complex, viscous and rubbery. This kind of deposit develops in relatively inaccessible places
of the paper mill, making it more difficult to detect and control. Its name it's due to the pink
pigments secreted by the microorganism such the yeast Rhodotorula or bacteria Serratia. Other
microorganism as Herpetosiphon produced other colours as red, orange etc...(Johnsrud 2000;
Sanborn 1965).

Slime has some problems associated such as:

Slime detachment: changes in the properties of the final product. Slime may also provoke
productivity losses due to cleaning downtime and higher cost of chemicals.

Slime may produce microbiologically induced corrosion (MIC) (described in detail the next
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chapter).

Generation of gases: that provokes odour problems and risk of explosions.

The usual odours in a mill are from reduced sulphur compounds due to sulphate reducing bacteria
(Blanco 2003). Volatile fatty acids (VFAS) like acetate, propionate and butyrate accumulate in mill
water systems as a result of the metabolism of facultative anaerobic bacteria such as methane
producing bacteria (Blanco 2003).

Diverse authors have worked on combating odour. Claus (1987) combated bacterial fermentation
increasing the oxygen content of the whole system or reducing oxygen consumption.

Determination of the presence of moisture-volatile organic acids was useful. Robichaud (1990)
developed a strategy for controlling anaerobic bacteria by aeration, by agitation, installation of an
airline, chest ventilation and biocide treatment. Gudlauski (1996) considerer that treatment
strategies must be involved effective monitoring and control. Monitoring includes: water analysis,
measure microbiological population, checking suspects areas for toxic gas levels and
measurement of quality impact. Microbiological contamination can be chemically treated at water
sources. Volatile gas build-up may be avoided by aeration, biocide treatment and pH control.

The presence of undesirable gases generate explosion risk due to their accumulation in very
badly ventilated areas (Rowbottom 1989). Rowbottom (1989) found that in different board and
paper mills where explosions had occurred, they were due to hydrogen generation. Moreover,
more than 50% of the explosions happened when the paper machine begun to run. Hydrogen
could be produced in anaerobic conditions by different genera as Clostridium, Eubacterium and
Fusobacterium (Robichaud 1991).

CH,4 generated by methane producing bacteria is another gas associated with the risk of
explosions. Pyrite (FeS) can be also formed by anaerobic iron-sulphur reactions, which can give
rise to spontaneous combustion (Blanco 2003).

2.1.3 Degradation of additives

Tanks or vessels and associated piping may receive little cleaning, so they may be contamined
with deposits, which constantly feed microorganisms in the slurry or mixture, last point at which
contaminants can be introduced in the machine coater. Additive-metering or flow control valves,
basket screens and feed lines may harbour a diverse microflora. Infection of moulds in a fine
paper machine system due to contaminated clay and titanium is often observed (Johnsrud 2000).

2.1.4 Source and treatment of water

Fouling will occur depending on the site-specific physical, chemical and biological characteristics
of the feedwater and the operating conditions (Asano et al. 2006). Water is always a source of
microbial contamination. The quality of fresh water is very important inadequate microbial control
produce problems odours, low product quality, increase machine downtime and maintenance
costs (Blanco 2003). The microorganisms that may be introduced into the mill with fresh water are
not only water-borne microorganisms, but also, air-borne and soil organisms (Blanco 2003).

Troublesome organisms grow in the fresh water treatment plants, in reservoirs, basins, especially

under sunlight. Changes frequently occur in spring and autumn, increasing the difficulty of
physical and microbiological clarification of mill fresh water in treatment plants. These seasonal
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changes serve also to aggravate the accumulation of growths on all water contact surfaces, in
treatment plants, intake lines, power plant surfaces and heat-exchange equipment. The bacteria
are the more troublesome at all points of fresh water preparation and application. The filamentous
iron bacteria group, the sulphate reducing organisms and many types of capsulated and spore-
forming bacteria are common to both surface and well water supplies (Blanco 2003).

The main parameters that should be considered for establishing an adequate water treatment are:
colour, turbidity, pH, hardness (dissolved calcium, magnesium), iron, chlorides, other di- or
trivalent minerals, dissolved oxygen, free carbon, relation between BOD and COD and microbial
quality (Blanco 2003). Quantitative and qualitative data taken from water analysis will indicate the
main features of the fresh water treatment required to make the fresh water source adequate for
its application, this control in many cases, such as the control of primary filamentous types is
critical (Goldstein 1988; Robertson et al. 2000). Depending of water quality it must be treated or
not, anyway, if it was storage before use, water could become recontaminate with dust, algae and
in same cases with sulphate reducing bacteria that needs to be treated (Blanco 2003).

Recycled water from mill effluents are the consequence of the necessity of consuming less water
according to new environmental legislation and water scarcity. The internal reuses of the effluent
produces always a bigger contaminant load of process waters, for solving this problem improving
the treatment efficiency, and the use of fresh water in specific points of the mill could be used
(Blanco 2003), although some mills could work almost without fresh water, in some cases only
consuming water needed for replace evaporating looses, depending of the final product. Anyway
this reuses, in particular those that use the effluent as fresh water, increase microorganisms load,
generate bad odour problems, temperature increase and the corrosion levels are higher (Blanco
2003; Negro et al. 1995).

2.1.5 Microbial control

The actual trend in industry is a control in biocides use and development of new strategies of
microbial control.

The following solutions for slime measurement and control are used in practice:

* Visual assessment of the cleanliness of the machine.

« Other microbiological cultivating methods (for example, anaerobes).
« Content of adenosine triphosphate (ATP) as a biological indicator.

« Online slime measurements using specific devices.

Anyway, in this report we are going to show the different possibilities for microbial control in
industry although the actual trend is a use of environmental “friendly” strategies.

2.1.5.1 Biocide control

Two-fold must be considered for microbial control in industry: firstly, prevent and control of
deposits formation on the machines and secondly, reduce the amount of microbes or microbial
activity, especially in circulation waters, raw materials and fresh water.

Biocides are chemical agents used for controlling microbial activity in industrial processes and
final products. A biocide is a chemical which will kill living cells (Crouch and Shennan 1984) in
contrast to a biostatic substance that will only stop cell growth. Biocides include algaecides,
bactericides, fungicides, virucides and frequently are denominated microbiocides (Kleemann
1999).
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Biocides are used in a variety of industrial processes and represent a large and chemically
heterogeneous group of substances. There are two important categories in biocides: oxidants and
no oxidants.

2.1.5.2 Oxidant biocides

These biocides produce an oxidation of proteins causing a loss of enzimatic activty, organic
compounds hydrolysis and cell quick died.

- Chlorine gas: In water generate a mix between hypochlorous acid and hypochlorite ion.
The biocide efficacy depends of hypochlorous acid concentration. Is not very effective to
pH 8 and at low pH is more corrosive.

- Hypochlorite salt: principally sodium and calcium salts, although the most used is sodium
hypochlorite.

- Chlorine isocianurate: they generate chlorine in water

- Dioxidum chlorine: bleaching agent in textile, paper and pulp industry. Its more important
problem is its difficult manipulation.

- Bromide: hypobromous acid is an effective biocide in more pH range than hypoclorous
acid and is more accepted in environment because its life is shorter.

- Ozone: Itis a strong oxidant but its efficacy is affected by temperature, pH and organic
matter presence. It is a “green biocida”, its decomposition produces O,, and then after its
oxidant action, that is short, no more problems are produced in the environment.

- Hydrogen peroxide: is not really effective because contact time and concentration must be
high for getting good results and its activity is affecting by temperature.

Oxidant agents are effective by contact, then their preferred use in clean systems or in systems
with clean work conditions for maintaining an active biocide action. Oxidant action over slime is in
surface, maintaining the interior metabolitically active.

2.1.5.3 Non oxidant biocides

Non oxidant agents use other mechanisms for biocide action; usually they produce an alteration
of cell metabolism. Their use is being more extensive. They may be used such as principal
treatment or complement of oxidant biocides due to environmental limitations of chlorine or
corrosion control programs working at alkaline pH.

- Quaternary ammonium biocides: are nitrogenated cationic compounds like alkyl dimethyl
benzyl ammonium chlorides and dialkyl dimethyl ammonium chlorides. They have activity
over water surface tension, their cationic charge form a electrostatic bond with the cell
membrane disturbing the membrane permeability, destroying proteins and killing the cell.

- Organic-sulphate compounds: carbamates, sulphones and tionas. Their activity is pH

dependent. Carbamates work a pH above 7, sulphones are effectives between 6.6 to 7.5
and tionas work better between pH 7 to 8.5.
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- Aldehydes: formaldehyde and glutaraldehyde have been extensively used as biocides in
paper industry, as well as other chemical agents which act by in situ generation of
formaldehyde. Carcinogenic nature of formaldehyde has restricted its use but
glutaraldehyde is less toxic and more effective for pH values of 7.5-8.5 which are very
common in paper industry.

- Isotiazolone: they can control aerobic and anaerobic bacterias, including sulphate reducing
bacteria, fungus and algae. Their activity is affecting for the water hardness, ammonium,
chloride and suspension solids.

- Bromide organic compounds: this group includes the dibromo-nitrilo-propionamide
(DBNPA) that has a large range for bacteria control.

- Guanides: they act like cationic surfactants and they broke the enzimatic extracelular
reactions, then algae and bacteria cell wall growth.

- Phenol derivatives: phenol has a low biocide activity, that can be increased by halogen or
alkyl substitution, leading derivatives such as hexachlorophene and 2,2’-methylenebis(4-
chlorophenol) dichlorophene.

A great variety of commercial biocides is available although many of them are based in the same
active compound(s).

Environmental and health concern have brought to control and avoid some biocides like mercurial,
pentachlorophenol... Nowadays, legislation ensure the control this kind of products, for example
in Europe the “European Biocidal Products Directive (98/8/EC)”
(http://ec.europa.eu/environment/biocides/pdf/98 8 ec web.pdf#page=48) and in United States
the legislation proposed by the Environmental Protection Agency (EPA). The Biocidal Products
Directive aims at harmonising national regulations on the marketing of biocidal products in the
Member States. It requires that all biocides products have to be assessed and approved before
marketing and use.

The proper selection of anti-microbial agents must take into account performance composition
and toxicology and regulatory considerations. Process parameters like pH, temperature,
characteristics of the actual fauna present, must be correlated with biocide characteristics, like
activity spectrum, mode of action, environmental impact, stability, reactions with compounds
present in water, physical form, solubility (Jokinen 1999; Kleemann 1999). As biocides usually will
affect only a limited range of microbial population broad spectrum regulations have been
developed.

Furthermore, the biocide should be applicable over a wide range of operation conditions (pH,
temperature).

Characteristics of the “ideal” biocide are summarised in table 2-3 (Bunnage and Schenker 1995).
Anyway, working in biocidal control of slime formulations for biocide activity narrow for these
microorganisms can be used (Jokinen 1999) and combination of biocides may widen the microbial
spectrum of biocide attack (Blanco 2003). There are trend for working with enzymes, surfactants,
chelators or products of largely natural origin like lignin sulphonates (Blanco 2003).
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Biocide program developed for one mill may not be effective for another and studies must be
made for each mill in particular (Keedy 1988). Dose of biocide may be reduced by selection of the
correct biocide against the particular species of microbes causing the problem (Blanco 2003).

Moreover, the adequate dose may dependent of different factors, they can be deactivated by the
conditions under which they are used such as pH (Jokinen 1999) because many microbes break
down rapidly under alkaline pH and other are sensitive to acid, UV light and temperature. Some
microorganism may degrade the biocide over a period of time (King 1997). Furthermore their
minimisation may be improved trough proper application and targeted doses of biocides within the
machine system (Robertson and Rice 1998).

Is important considerer that an important amount of microbicides can be introduced into the
process by additives, raw materials or by direct application, a proportion of these compounds can
be retained in the wire and remain in the final product. 50% of retention was found in quaternary
ammonium compounds and lignin sulphonates and 50-100% for bromo-nitro-propanediol for
example in paper (Kleemann 1999).

2.1.5.4 Biocide control of slime formation

The slime deposit has resistance mechanism to biocide action related to diffuse limitations inside
the biofilm (Stewar et al. 1998), which generate a gradient of biocide concentration where the
slime surface will suffer biocide action, while the inner layers may be exposed to ineffective
biocide concentrations.

The chemicals that can be used in Europe according with the “European Biocidal Products
Directive (98/8/EC)” can be found in the web site of the European Chemicals Bureau: the
http://ecb.jrc.it/biocides/.

Water treatment

Controlling in many cases fresh water microorganisms, principally filamentous types, is critical.
Biocides like chlorine may be used, anyway other compounds may be useful (Robertson et al.
2000). The European Chemicals Bureau presents the list of drinking water disinfectants
http://ecb.jrc.it/biocides/.

Biofouling in water systems may produce a lot of problems like restriction of water flow, blockages
in pump inlets, reduction in heat transfer coefficients and corrosion. Microorganisms in water
systems can lead human health problems like infections by Legionella. The European Chemicals
Bureau presents the list of preservatives for liquid-cooling and processing systems
http://ecb.jrc.it/biocides/.

Degradation of additives

As has been written before, additive input streams are a possible source of microbial
contamination. Therefore, for avoiding problems of microorganism in the mill, additives storage
points must be incorporated into the biocide dosage points. An important point is considerer if the
nature of the biocide does not change the additive function. The European Chemicals Bureau
presents the list the products used for the preservation of additives.

2.1.5.5 Resistance to biocides

Microorganisms may be resistance to biocides. There are two different kinds of resistance, true
resistance, which is genetically encoded, and intrinsic resistance, which can be related to survival
mechanisms from the microorganisms such as endospores or capsules (King 1997).
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The problem of true resistance is that is genetically encoded and can be easily transferred to
descendants, then the biocide must be substituted periodically by another one functioning by a
different mechanism (Jokinen 1999).

Table 2-3 Fundamental characteristics of the “ideal " biocide.

Performance

Broad spectrum (against bacteria, mould, yeast, algae)
Applicable over a broad pH range (4.0-9.5)

Applicable over a broad temperature range (20-60 °C)
Economic cost / performance

Fast acting (rapid response to process fluctuations)
Compatible with other auxiliaries

Composition

Free of organic solvents
No smell

Liquid (easy to handle)

Toxicity

High LDso” (i.e. low toxicity with respect to handling)

High LCs,° (i.e. low toxicity with respect to effect on aquatic
life)

Non-irritant

No influence on biological waste water treatment plants
Easily degradable

Quickly degradable (short half-life)

No toxic metabolites

Registration
Should comply with all relevant regulations

The most common forms of intrinsic resistance are endospore and biofilm formation. Endospores
are more resistant to biocides than growing cells. The biocide must be used in the cells in order to
obtain effective control. Chemicals possessing sporicidal activity include ethylene oxide,
glutaraldehyde, formaldehyde, the halogens, peracetic acid, HCI vapour and hydrogen peroxide
(King 1997; Wainwright 1988). Slime deposits (biofilm) are probably the most common resistance
mechanisms in industry. One strategy to solve this problem is the use of dispersants, dispersing
the biofilm the microorganisms become sensitive again because the biocide can contact with
them King 1997).

2.1.5.6 Control of microbial problems not based on biocide action

The use of diverse measures allows an effective control of microorganisms (Blanco 2003).

Minimising microbial load from outside sources (e.g. raw water, raw material, etc.).
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Efficient control of growth in microbiologically vulnerable sites (correct biocide application,
good production hygiene).

Minimising unnecessary delays in the use of microbiologically sensitive materials (e.g.
starch).

Hygiene and control of cleanliness (adequate cleaning of machines and tanks).
Minimising precipitate and deposit formation on machines.

Minimising leakage of soluble nutrients to process waters.

Good housekeeping

A good housekeeping is of extreme importance in order to deal with microbial problems. It is very
important to keep the microbial critical materials clean and their delay times short. Careful control
of the whole plant operations, including regular and sufficient cleaning and strict control of the
delays in the use of easily spoiled materials is of great importance (Blanco 2003).

Some conceptual tools to make running practices systematic and more controllable include for
example GMP (Good Manufacturing Practice) and HACCP-analysis (Hazard Analysis Critical
Control Points). These systems were developed primarily for other purposes but their principles,
and those of other quality-system-based approaches, can contribute to better process hygiene
because control of microorganisms is connected to the overall operational practices in the mill.
One must also remember that the design of the equipment in mill will have important
consequences in terms of microbiology (Blanco 2003).

Surface-active agents and dispersants

Surfactants acts by loosening the biofilm, which renders the organisms in biofilm more vulnerable
to biocide attack, or to cleaning (Barnes 1984). They also reduce the size of dispersed particles,
making them less likely to be redeposited (Safade 1988). In addition, the attachment of microbes
on the surfaces can be reduced or the contact between the biofilm and the surface disrupted
(Schenker 1996; Schenker and Gould 1998; Van Haute 1999). The use of dispersants can
considerably enhance the effectiveness of biocide treatment or reduce the usage of biocides
(Blanco 2003).

Surface-active agents for slime control may be prepared by chemical synthesis, obtained as a by-
product of industrial processes (e.g. lignosulphonates), manufactured from natural raw materials
(e.g. paraffin wax, terpenes from orange or produced by cultivated microorganisms (Johnsrud
1997). The industrial dispersants can be divided in three categories:

Anionic dispersants: alkyl and aryl sulfonates are the most widely used dispersants of this
group. They consist of benzene sulphonic acids with alkyl chains of 10-15 carbon atoms in
the para position (Atwood and Florence 1983). These surfactants can be used as the
sodium salt or in conjunction with other surfactants (Blanco 2003).

Cationic dispersants: some of the chemicals, used commonly as cationic surfactants can
also have biocidal properties (Blanco 2003). An example of this combined action is that of
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gquaternary ammonium compounds.

Non-ionic dispersants: examples of this group of surfactants are n-octyl glucoside and
polyethylene oxide (10) cetyl ether (Blanco 2003).

The chemistry of dispersing agents can be designed to give different dispersing/solubilising and
emulsifying properties to the product, which may disrupt the biofilm, stabilise the emulsion with
cells and biofilm components and forma protective film on hydrophobic surfaces than delays the
attachment of biofilm (Blankenburg and Schulte 1996). Different dispersants chemistries, can be
designed, according to the propose use (Kanto et al. 2001).

The use of organic natural products have reported some problems like high concentrations
required and the microorganisms may use them like nutrient source (Blanco 2003). For example
lignosulphonates can enhance the growth of microorganisms under certain circumstances due to
the presence of sugars that can be used as nutrients by the microorganisms (Cardoso 1992;
Robertson and Taylor 1994).

The dosage and design of the treatment system is dependent of the problem to be solved.
Recommended addition points are, for example, the short circuit before the headbox, or to
clarified water (Johnsrud 1997). The dispersants treatments may be applied either to obtain
biocide-free microbial control programs, or in combination with biocide in order to reduce the
dosage needed (Schenker 1996).

Dispersants do not kill or do not always even inhibit the growth of microorganisms. Therefore,
their dosage or evaluation of their effect cannot be based on cell counts in circulation waters, for
example, and new efficient methods to evaluate their efficiency in mill conditions are required
(Blanco 2003).

Control of nutrient balances

The nutrients available greatly affect the microorganism populations in mills. Furthermore,
changes or depletion of certain nutrients (e.g. nitrogen, phosphorous) may trigger slime formation
or biofilm build-up. For example, high concentrations of calcium and magnesium lead to
phosphate complexing reactions. Therefore this nutrient is no longer available for the
microorganisms, even if there is plenty of phosphate in the water. There is an excess of carbon
even if carbon, nitrogen and phosphate are present in an optimal composition. Nutrient limitation
also occurs if there is an over-proportional carbon input in comparison to the other components
like nitrogen, phosphorous, minerals or trace elements (Pauly 1998; Pauly and al 1998).

Slime formation can be controlled by nutrient limitation rather than by biocides. This technique is
based upon the biological equilibrium between bacteria levels and the concentration of available
nutrients (Morros 1995; Oberkofler 1990; Potron and Dubout 1995). If this equilibrium is disturbed
due to changes in the medium conditions, the microbial population protects itself in different ways,
such as slime formation. The main limitation of this technique is that it is only useful for those mills
where there is a high closure of the water circuits, as there is no other way for achieving the
biological equilibrium.

In the case of anaerobic conditions, hydrogen sulphide formation can be controlled by addition of

nitrate to the water system (Jobbagy et al. 1994; Poduska and Anderson 1981) and the method
was applied to a paper mill with good results (Aesoi 2000).
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Enzymes

An alternative to chemicals are enzymes because they are non toxic and they have biological
origin (Siika-Aho et al. 2000). It is important to understand their limitations in industrial processes
and their synergic effects when used with other slime control chemicals.

It is important to consider that they are not consumed in the reaction; therefore the dosages
required are often low. They have a high selectivity. They may be inactivated by heavy metals,
alkylating agents and other electrophiles and oxidation agents as well as extreme temperature
and pH (Blanco 2003).

Enzymes have different used for microbial control as to prevent the formation of the slime deposit,
to digest the biofilm formed or in some cases to injure the microbial cells in s lime (Colasurdo and
Wilson 1988; Siika-Aho et al. 2000). An industrial enzymatic slime control would utilise preferably
enzymes attacking the structural components of the biofilm (Blanco 2003).

Products that are proved to be effective are the “(enzymatic) biodispersants” and are based
primarily on proteolytic enzymes and not on polysaccharidases, their use is often based on the
combined effect of biocides, dispersing agents and enzymes. The combination of enzyme
treatments with biocides and/or surface active agents may be more effective (Blanco 2003).

2.1.5.7 Other methods for microbial control

Microbial inoculants

Microbes used for microbial control can compete with other microorganisms by using the essential
nutrients more efficiently, growing faster or taking the physical space of their competitors and it is
possible that antagonistics effects can affect harmful microbes. For example, the substances
produced by the added biocontrol bacteria may inhibit the growth of the harmful ones (Blanco
2003).

Phages

Bacteriophages are viruses that infect and destroy bacteria. They multiply in the host after
infection and results rapidly in the total lysis of the infected hosts cells. Phages are harmful to the
environment and to humans.

A multidisciplinary approach to slime control using physical, chemical and biotechnology
equipment

At the moment there are several attempts to develop biotechnology slime control tools for
adapting technologies to the specific needs of the industry. For example, Pauly in 2001 showed
the integration of different biotechnological tools for controlling the slime formation

2.2 Particulate and organic fouling
This fouling is due to the accumulation of particles of organic matter.
Wastewaters contain high concentrations of dissolved organic matter including polysaccharides,

proteins, aminosugars, nucleic acids, humic and fulvic acids, organic acids and cell components
that may produce this kind of fouling (Bartels et al. 2005). Moreover polymers used for the
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treatment of wastewaters could produce this kind of fouling. Polymers also include those used as
filter aids in tertiary treatment and polymers recycled to the treatment process from dewatering
activities. Because these polymeric materials are sticky, they can accumulate and accelerate
fouling by forming stable organic/inorganic particulate matter (Asano et al. 2006).

Particles can attach themselves by flocculation or coagulation. The attachment of colloidal
particles typically involves electrical forces. The probability of attachment is sometimes referred to
as "sticking probability”, which for colloidal particles is a function of both the surface chemistry and
the local thermo and hydraulic conditions. For its nature this fouling mechanism is very sensitive
to factors that affect colloidal stability.

These kinds of fouling are specifically problematic in membranes. There are three accepted
mechanisms resulting in resistance to flow due to the accumulation of material: pore narrowing,
pore plugging and gel/cake formation caused by concentration polarization (Ahn et al. 1998;
Asano et al. 2006). The mechanisms of pore plugging and pore narrowing will only occur when
the particulate matter in the feedwater is smaller than the pore size or the molecular weight cutoff.
As the name describes, pore plugging occurs when particles the size of the pores become stuck
in the pores of membrane. Pore narrowing consists of solid material attaching to the interior
surface of the pores. It has been hypothesized that once the pore size is reduced, concentration
polarization is amplified further causing an increase in fouling (Asano et al. 2006; Crozes et al.
1997).

Gel/cake formation, caused by concentration polarization, occurs when the majority of the solid
matter in the feed is larger than the pore sizes or molecular weight cutoff of the membrane.
Concentration polarization can be described as the buildup of matter close to or on the membrane
surface that causes an increase in resistance to solvent transport across the membrane. Some
degree of concentration polarization will always occurs in the operation of the membrane system.
The formation of a gel or cake layer, however, is an extreme case of concentration polarization
where a large amount of matter has actually accumulated on the membrane surface forming a gel
or cake layer (Asano et al. 2006).

In paper mills that use recycled paper as raw material stickies are considered, in general, organic
contaminants causing major problems related to organic fouling (Blanco et al. 1998). Sources of
stickies are natural furnish (wood pitch), process chemicals used in the plant coating formulations,
sizing agents like AKD (alkyl keten dimmer) and ASA (alkenyl succinic anhydride), organic
papermaking additives used in the wet end and dryer section, etc. and incoming contaminant
material with the furnish (hot melts, contact adhesives, coating binders, starchs, ink binders, etc.).
The deposition behaviour of these organic matters is influenced by temperature, hydrodynamic
and mechanical forces, and changes in the chemical environment (pH-value, ion concentration).

With regard to narrowing the water systems, problems are also created by extractives due to the
accumulation of these contaminants.

These contaminants tend to be hydrophobic, tacky, low-surface energy, soft and deformable and
their presence may produce runnability problems in the machines, increasing the machine
downtime, reduce product quality and increase chemical and maintenance cost, and in summary
they contribute negatively to mill productivity (Blanco 2007).

There are different clasifications and defitions of stickies. Firstly stickies were classified as

macrostickies and microstickies according with their size. Microstickies are the stickies that pass
through 150 m, 100 m, or even 80 m slotted screens. But this classification by size is not

Page | 19



Summary report on scaling, fouling and corrosion parameters
UCM, HOL, PTS, VITO, 24/05/2010

enough. It is also necessary to consider the source of stickies generation. Stickies that carry over
from the repulping process are termed native or primary stickies. Stickies that precipitate out of
the pulp due to changes in pH, temperature or the chemical environment are termed potential or
secondary stickies. Secondary stickies are much more complex because they result from physical
or chemical changes which occur all along the paper manufacturing process (Blanco 2007).

Because stickies are so diverse there are not universal set of solutions to reduce their effect, mills
are more focused on practical aspects as (Blanco 2007):

- Prevent the release of stickies from the raw material (control pf pH, pulping dispersing
time and consistency as an example).

- Remove stickies during stock preparation.
- Minimize the negative effects in paper apareance.
- Prevent deposit formation in the paper machine.

Nowadays researchers are working in new strategies for stickies measure and control (Blanco
2007 and Miranda 2006).
2.3 Precipitation fouling and corrosion fouling

Precipitation fouling and corrosion fouling is the same as scaling and microbiologically induced
corrosion and due to their importance this kinds of fouling will be studied in more detail in the next
chapters.
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3 Corrosion
3.1 Definition

Since corrosion in the various industrial sectors has been treated with different nomenclature, a
better clarity on a standard definition for the corrosion of metals was defined by creating the

DIN EN ISO 8044. According to this standard, corrosion is the reaction of a metallic material with
its environment, which effects measurable changes in the material and can lead to an impairment
of the function of a metal construction part or of an entire system.

Depending on the corrosion and metal surface reaction, in most cases this reaction is of an
electro-chemical nature. However it can also be of a chemical or metal physical nature and
different types of corrosion can occur under different conditions.

Electrochemical corrosion is a type of corrosion that is involving a flow of electrons between
cathodic and anodic areas. Two half-cell reactions are involved, an oxidation reaction at the
anode and a reduction reaction at the cathode (Figure 3-1).

Figure 3-1:  Schematic representation of electrochem ical corrosion process (aqueous
corrosion of iron under near neutral pH conditions) [http://www.corrosion-
club.com/basictheory.htm ].
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For iron corroding in water with a near neutral pH-value, these half cell reactions can be
represented as:

Anode reaction: 2 Fe 2Fe* +4¢

Cathode reaction: O, +2H,0+4e 4 OH

There are obviously different anodic and cathodic reactions for different alloys exposed to various
environments. These half cell reactions are thought to occur (at least initially) at microscopic
anodes and cathodes covering a corroding surface. Macroscopic anodes and cathodes can
develop as corrosion damage progresses with time.

Electrochemical corrosion will always appear when a metal comes into contact with an electrically
conductive fluid (Electrolyte). Because these processes are similar with those of electrolytic
processes the corrosion in aqueous solutions is usually called electrolytic corrosion. The place
where the corrosion reactions take place is the pH-valuated boundary between the metal and the
electrolyte. Metallic materials and aqueous corrosive media are electrical conductors. The
reaction between metal and electrolyte is linked with the transport of charged particles through the
pH-valuated boundary and is essentially an electrolysis operation. The kinetics of electrode
reactions is controlled by the potential difference at the electrode-electrolyte interface.

Chemical corrosion is a chemical modification of a metal as a result of the influence of acids,
alkalis, salt solutions or gases. During that modification a layer of corrosion products is formed on
the metal surface. If this overlay is nonporous, water-insoluble and gas-tight the corrosion process
stops. Does that overlay not offer these properties corrosion will advance.

In case of chemical corrosion oxygen is the main reactant of metals. Except for precious metals,
oxide layers will occur on metals which come in contact with oxygen. Oxide formation accelerates
with increasing temperatures.

Resolution processes of non-metallic materials such as glass and ceramics also belong to the
type of chemical corrosion.

Metal physical corrosion is the reaction of a material with environmental media. Induced
modifications of material due to physical processes require interaction of substances, e.g.
diffusion of metal into grain boundary. Also absorption of hydrogen and hydrogen induced
cracking belong to this type of corrosion.

3.2 Types of corrosion phenomena

Corrosion is a process that occurs on surfaces of various materials. The attack of any material
may be understood as corrosion including metals, semiconductors, insulators, glass, ceramics,
polymers etc. Corrosion phenomena are the detectable modification of materials and can be
distinguished to the following types.
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Form Designation Scheme
constant corrosion due to
a) hydrogen accumulation
b) oxygen consumption
irregular Crevice corrosion

galvanic corrosion

M2 less precious M1

selective corrosi

on

heterogeneous structure

pitting corrosion

intergranular

(inercrystalline) corrosion

crevice

grain boundary attack

irregular, bound to mechanical
stress

stress corrosion

cracking crevice

F (static)

corrosion fatigue crevice

F (alternating)

3.3 Influencing parameters

Factors that influence corrosion can be distinguished into chemical and physical parameters.
Chemical factors are strongly related to the characteristics of the surrounding aqueous

environment [Greiner, 1993].

Influencing parameters

Chemical parameters

Physical parameters

pH value

dissolved salt
dissolved gas
suspended solids
microorganisms

relative area ratio
temperature

flow velocity

heat transfer
metallurgy
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pH-value

The pH-value of an aqueous solution determines the corrosion behaviour in a similar way as the
electrochemical potential does. This correlation is shown in Pourbaix diagrams, a plot of potential
against pH-value. In the range of 4 — 10, corrosion rate is fairly independent of pH-value, but it
increases rapidly when the pH-value falls below 4.

Dissolved salt

In water with low amounts of suspended solids and common temperature, corrosion accelerates
with increasing concentration of dissolved salts, because of the increasing conductivity. When the
salt concentration achieves the solubility product the corrosion ratio decreases because of salt
precipitatation. The precipitant can act as a retardant layer.

Dissolved gas

Several gases are dissolved in water. Carbon dioxide or oxygen are common, but also ammonia,
sulphide or chlorine gas which accessed via leakage are examples. Dissolving of carbon dioxide
decreases the pH-value and advances acid attack. In water, dissolved oxygen works as a
cathodic depolarizer and amplifies corrosion, especially if the oxygen concentration is irregular.
Every porous precipitation leads to a nearly oxygen free area beneath and furthermore to an
active anode, which increases local corrosion. Ammonia works selective corrosive to copper, the
resultant copper-ammonia-complex is highly corrosive. Sulphide is one of the most destructive
gases in cooling systems due to its low pH-value and the production of iron sulphide which leads
to galvanic corrosion. Chlorine gas is used to reduce microbial activity. The result is a low pH-
value and the prevention of the formation of anticorrosive biofilms on some metals.

Suspended solids

Sludge, sand, clay, kaolin and other suspended solids deposit in water systems. Those porous
precipitations lead to aeration cells very quickly, causing bigger corrosion damage than salt
precipitations.

Microorganisms

Microorganisms need hydrogen for their metabolism. This leads to depolarization of the corrosion
cell like with dissolved oxygen. Anaerobic bacteria are building differential aerations cells and
speed up the local corrosion attack. Other species produce acidic compounds. Sulphate reducing
bacteria produce hydrogen sulphide by chemical reduction of sulphate ions. Sulphate can be
oxidized to sulphuric acid and cause an acidic corrosion attack.

Relative area ratio

A combination of two different metals leads to a difference of potential. The metal with the more
negative potential forms the anode - a potential of corrosion exists. The corrosion rate is defined
by factors like for example the relative surface of the cathode and the anode. Corrosion velocity
increases proportional to the ratio of cathodic to anodal surface.

Temperature

With increasing temperature diffusion is increasing, surge and viscosity are decreasing. High
diffusion delivers dissolved oxygen to the cathode which depolarises the corrosion cell. Surge will
be decreased and thus leads to a depolarisation due to production of hydrogen. Low viscosity
assists both mechanisms because of better dissolution of oxygen and production of hydrogen.
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Heat transfer

Protecting heat transfer surfaces in cooling systems against corrosion attacks can be difficult
because of high temperatures of the metal surface. Oxygen is released from the solution and
aeration cells form.

Flow velocity

Increased flow increases oxygen access to the surface, removes protective surface films and thus
usually increases corrosion. A positive effect is possible by improving access for corrosion
inhibiting reactants.

Different metals

Direct contact of two different metals in a conductive solution causes a difference of the
electrochemical potential between the two metals. This builds a galvanic cell and corrosion of the
anodal metal follows.

Metallurgy

Metals are always uneven with defects in the surface like scratches, cracks or crevices. These
defects behave like anodes to the metal. Metal inclusion, precipitation on grain boundaries or
different neighboured grains assist the building of galvanic cell and furthermore corrosion.

Time

Time also affects the corrosion reaction. The kinetics of corrosion reactions can be very different
as is shown in the following picture. A linear rate of corrosion is observed for corrosion in acidic
environment where no protective layer is formed (curve a). Decreasing rates of corrosion result
from the formation of protective surface layers, e.g. magnetite layer in boiler water at elevated
temperature (curve b). Accelerated corrosion rates (curve c) are found when retroaction of
corrosion products takes place. Also typical are corrosion reactions with an incubation time, such
as pitting, crevice corrosion and stress corrosion cracking (curve d).

4

Cumulative damage

time

Figure 3-2:  Kinetics of corrosion [Cahn et al, 200  0].
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3.4 Types of corrosion

The following list provides types of corrosion according to DIN EN ISO 8044.
Types of corrosion without mechanical stress :

Uniform corrosion:

Shallow pit formation:

Pitting corrosion:

Crevice corrosion:

Galvanic corrosion:

Corrosion by

differential aeration:

Deposit attack:

Selective corrosion:

Corrosion by
condensed water:

Corrosion while
shut down period:

Microbiological corrosion:

Tarnishing:

corrosion with nearly the same wastage rate on the whole
facing.

corrosion where the wastage rate is locally different due to
corrosion elements.

corrosion with electrolytic attacks on metal only in small surface
areas which produce pits.

local accelerated corrosion in crevices due to corrosion
elements which are caused by different concentrations in the
corrosive medium.

accelerated corrosion of a metallic area due to a corrosion

element with a combination of metal-metal or metal-electrolyte;
the corrosive area is the anode of the corrosion element.

local accelerated corrosion due to a corrosion element during
differential aeration, where the lower aerated areas are more
eroded.

local accelerated corrosion during contact with different material.
type of corrosion where for example defined microstructures,

grain boundary areas or specific parts of alloys are favourably
corroded.

corrosion due to condensed water on metal facings.

corrosion only while shut down periods.
corrosion due to microbial activity.

reaction of metals with gas and accumulation of a thin coating
that reduces brightness.

High temperature oxidation: corrosion of metals with gas at high temperatures.

Types of corrosion under additional mechanical stresses
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Stress corrosion cracking:

Corrosion fatigue:

Strain induced corrosion;

Corrosion-erosion:

Cavitation corrosion:

Fretting corrosion:
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local corrosion which produces cracks in metals by the
simultaneous action of a corrodent and tensile stress; the cracks
can follow intergranular or transgranular paths and there is often
a tendency for crack branching.

means fatigue in a corrosive environment; it is the mechanical
degradation of a material under the joint action of corrosion and
cyclic loading.

mechanical damage of protective coatings due to critical
extension and contraction of the component.

result from the disruption of protective passive films by erosive
or abrasive processes.

occurs when operational pressure of a fluid drops below its
vapor pressure causing gas pockets and bubbles to form and
collapse.

corrosion due to fretting without external heat exposure.

3.5 Microbiologically induced corrosion (MIC)

Microbiologicaly induced corrosion (MIC) could be defined as an abrasion or weakness of a
material, metallic or not, initiated directly or indirectly by microorganisms. Directly: when the
microorganisms or any of their metabolities are responsible for corrosion. Indirectly: when the
simple presence of the microorganism changes any variable in the material that provokes
corrosion (Blanco 2003; Borenstein 1994; Randrup 1994).

MIC is one of the major economic problems in industry because have terrible effects in machinery

(Blanco 2003).

For determining if corrosion is due to microorganism or not various common symptoms have to be

considered (Lutey 1980):

Pitting corrosion is the most typical in MIC.

Slime is present.

H.S is present in anaerobic systems and iron hydroxides in aerobic systems.

Presence of fungal and/or bacterial populations.

It occurs in systems which allow accumulation of water in some areas.

pH 4.0-9.0 although there are many exceptions.

Five factors have influence in this type of corrosion (Characklis and Cooksey 1983; Ford and
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Mitchell 1990):
Development of oxygen concentration cells. Anode and cathode formation.

lons concentration cells.

Metabolic interaction. Every metabolic process change corrosion rates by donation or by
scavenging electrons. The extracellular enzymes can be particularly important.

Organic and inorganic acids formation. Metal solubility is better at low pH; therefore
protons scavenge electrons increasing the cathodic reaction.

Production of corrosive metabolites like H,S in anaerobic conditions.

In general every kind of microorganism that can appear in a mill is involved in MIC processes,
these are the results of a complex interaction between different microorganisms in which the
accompanying microflora allow the microorganism causing the real biodeterioration growth under
optimal conditions, such anaerobiosis ... (Blanco 2003; Geesey 1994; Sand 2000) the associated
microorganism are bacterias, fungus and algae and generally is associated to the microbiological
deposit forming and structures names tubercles (Herro 1991). In table 3-3 the most important
metabolic products causing MIC are showed (Randrup 1994; Vaataten and Nimela 1983).

Different MIC mechanism from development of concentration cells to inactivation of corrosion
inhibitors are showed (Blanco 2003; Characklis and Cooksey 1983; Little et al. 1991; Sand 2000):

a) Development of concentration cells

Macromolecule adsorption to surfaces is the first step in slime formation, but results in a potential
change on the metallic surface. Subsequent steps form a mature slime, in which metabolic
activities modify the electrochemical processes that were taking place on the surface. This will
create local anodes and cathodes, and also oxygen concentration cells. The areas under anerobic
conditions will behave as anodes, with the cathodes being the zones in the surroundings, in which
oxygen will be in a higher concentration figure 3-3.

b)  Production of reduced sulphur compounds

The principally microorganism that produces corrosion are the sulphate reducing bacteria. They
act in two different ways firstly they obtain energy oxidizing hydrogen and organic compounds,
reducing sulphates compounds to S(Il) using the hydrogen for producing H,S and also
depolarizes the cathode because of absorbed hydrogen consumption. The action of these
microorganisms produces important corrosions and they increase corrosion in two ways (Blanco
2003):
- Direct action, removing hydrogen from the media by the reaction that appears in figure 3-
4. in this case SRB stimulate cathodic reaction by depolarizing the cathode when they
remove hydrogen adsorbed on it.

- Indirect action, via chemical reactions in which S2- in presence of dissolved Fe2+ from the
anode producing FeS forming precipitates (Von Holy 1985).

c) Acid production
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Some authors (Ford and Mitchell 1990) consider that organic and inorganic acids, produced by
many microorganisms, are the most directly corrosive metabolites. Most of heterotrophic bacteria
(aerobic or anaerobic) secrete acids, whose type and quantities are dependent on the nutrients
present in the media and the type of bacteria. Generally, metal dissolution is favored by an acid
medium, and some Krebs cycle acids (e.g. succinic) could promote an electrochemical oxidation
of different metals by removing or impeding the formation of a passivation layer of metallic oxide
(Borenstein 1994; Little et al. 1991). The mechanism of these acids is not very clear but they have
abilities to chelate metals and their concentration in the bottom of the biofilm is usually higher than
outside (Ford and Mitchell 1990). Bacterias such as Clostridium produce acetic acid and butyric
corrosive compounds for stainless steel and carbon

d)  Ammonia production

Some microorganisms are able to generate ammonia by aminoacid metabolism, or by reducing
nitrates to nitrites. Dissolved ammonia has a very corrosive effect on copper alloys, because of
the high stability constants of Cu complexes (Little et al. 1991).

e) Metal salt deposition
Bacteria that deposit metal compounds can produce MIC by three different mechanisms:

- Metal oxidation catalysis (indirect oxidation).
- Accumulation of abiotic precipitates of metal oxides.
- Energy production by metal oxidation (direct oxidation).

All these mechanisms are associated with the formation of aggregates of cells, extracellular
matrices, and metallic ions called tubercles figure 3-5. Tubercles are initially created by the
microbial accretion of manganese and iron oxides. Bacteria excrete the EPS that binds the
mineral deposits, as well as nutrients inside and outside the developing tubercle. Any molecule
that goes into the tubercle is consumed biotically, or abiotically by oxidation by Fe (ll1).

The metabolic activity of the microorganisms reduces the pH inside the tubercle by producing CO,
and organic acids. However, there are different electrochemical gradient zones. The external
layers are aerobic and with a pH near neutrality, while internal regions are reducing and have an
acid pH.

Microorganisms that take part in this structure are sulphate reducing bacteria, nitrate reducing
bacteria, nitrite oxidizing bacteria, manganese-depositing bacteria (Hyphomicrobium) and iron
depositing bacteria (Gallionella). The main types of bacteria present in the tubercle are iron
oxidizing bacteria. This type of corrosion is very important on stainless steel, which is the material
mainly used for machinery in paper mills.

f) Metal reduction
Ford and Mitchell (1990) have demonstrated that this type of corrosion affects mainly soft steels,

where iron-oxide-reducing bacteria increase the speed of corrosion by destroying the ferric oxide
inactivation film, and replacing it for viscous and fibrous material that cause pitting corrosion.
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g) Hydrogen generation

Many mechanisms for this process have been proposed:
- Molecular hydrogen generation during fermentation.
- Hydrogen ion production by organic or inorganic acids, followed by reaction with metal.
- H,S production.
- Instability of metallic oxide films.

h)  Extracellular polymer formation

These polymers are excreted by bacteria present in slime and play an important role as follows
(Ford and Mitchell 1990):

- Protection of corrosive bacteria.

- Acidic behaviour.

- Chelation agent for metal ions from the corrosive site.

i) Deactivation of corrosion inhibitors

There are some products generally used to protect against corrosion (aliphatic, amines, nitrites)
that could be degraded by microorganisms, decreasing their effectiveness and helping microbial
development. Their effectiveness is also decreased because these products cannot stay in
contact with the metal surface, due to the biofilm formed (Little et al. 1991).

Figure 3-3. Concentration cells due to microbial co  lonisation. Reference (Blanco 2003).
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Figure 3-4. Reactions associated with removal of hy  drogen. Reference: (Blanco 2003).

WATER

Second layer:
- magnetite (black)

Top layer:
- hematite (rojo, marrén) Nucleous:
- carbonatos vy silicatos - Ferric hidroxide (black-green)
- Ferrous carbonate (black-grey)
- Fosphates, etc.
Fluid 1 ™

Surface under a corrosion

Region of loss of metal

METAL

Figure 3-5 Scheme of a tubercle. Reference: (Blanco et al. 1996).

Table 3-3 Metabolic products producing MIC.

Metabolic Physiologic Corrosion

Microorganism L . Effects
product origin material
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H,S
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CH,

H,SO,
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Sulphate reducing
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Desulfotomaculum

Ferment

NO, reducing
bacteria

H, producers

Metanogenic
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Organic acids
producers

Tiobacilus

Ferrous oxidants

Suphate reduction,
Lys of proteins
decomposition
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cetoacids
decomposition
Nitrites reduction

and aminoacids
desamination
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Anerobic
metabolism

Glucids and lipids
metabolism

S oxidation

Fe oxidation

Metals o alloys
including
stainless

Fe

Cu and alloys
Tanks with
static zones

Tanks with
static zones

Fe and alloys
except stainless

Almost every
metal

Fe and alloys

Acidity,
insoluble
salts

Carbonic
acidity

Soluble
complex
formation

Risk of
explosion

Risk of
explosion

Acidity

Strong
acidity

Abiotic
redox

3.6 Resistance of material

Some metals are more intrinsically resistant to corrosion than others, either due to the
fundamental nature of the electrochemical processes involved or due to the details of how

reaction products form. If a more susceptible material is used, a variety of techniques can be
applied during an item's manufacture and use to protect its materials from damage.

Although one of the main reasons why stainless steels are used is corrosion resistance, they do in
fact suffer from certain types of corrosion in some environments and care must be taken to select
a grade which will be suitable for the application.

Manufacturers or system designers provide tables with material resistances referring to
components in the surrounding medium on their homepages. The relevant components strongly
depend on the technical application. As an example, the material resistance against calcium

media is shown in the following tables for several synthetic materials and metals.
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Examples for material resistance => synt

hetic materials.

http://www.gtweed.com/852571F1006FB63A/832805A00690 FA8D8525711000593D22?0penview&startkey=C

Media

Fluoraz

'I'I
A
<

EPDM

e
o
Py}

HNBR

(@)
Py}

Calcium Acetate

1

Calcium Arsenate

Calcium Bisulfite

Calcium Carbonate

Calcium Chloride

Calcium Cyanide

Calcium Hydroxide

Calcium Hypochlorite

Calcium Nitrate

Calcium Phosphate

Calcium Salts

Calcium Silicate

Calcium Sulfide

Calcium Sulfite

Calcium Thiosulfate
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RATING SCALE

1. Excellent, recommended for both static and dynamic services
2. Good resistance, usually satisfactory in static applications, might work in dynamic applications

3. Limited resistance, might work under certain conditions
4. Not recommended for service
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Table 3-2: Examples for material resistance => meta  llic materials.

http://www.engineeringtoolbox.com/metal-corrosion-r esistance-d 491.html
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Calcium

Chloride 3 2 1 na 3

(alkaline)

CaIC|_um hypo- 2 2 2 na 3

chlorite

Carbolic acid 1 1 1 1

Carbon

dioxide, dry 1 1 1 1 1

Carbon

dioxide, wet 1 1 1 1 1

Carbon

disulfide L L 2 L 2

Carbon

tetrachloride 2 2 1 na 3

Carbonic acid 2 2 1 1

RATING SCALE

Corrosion Resistance 1) Good 2) Be Careful 3) Not Useable

3.7 Corrosion monitoring

The rate of corrosion dictates how long any process plant can be usefully and safely operated.
The measurement of corrosion in combination with actions to remedy high corrosion rates allows
cost effective plant operation together with reduced life-cycle costs associated with the operation.

Corrosion monitoring techniques can help in several ways:

1. By providing an early warning that damaging process conditions exist which may result in
a corrosion-induced failure.

2. By studying the correlation of changes in process parameters and their effect on system

corrosivity.

3. By diagnosing a particular corrosion problem, identifying its cause and the rate controlling
parameters, such as pressure, temperature, pH, flow rate, etc.
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4. By evaluating the effectiveness of a corrosion control/prevention technigue such as
chemical inhibition and the determination of optimal applications.

5. By providing management information relating to the maintenance requirements and
ongoing condition of plant.

Corrosion measurement employs a variety of techniques to determine how corrosive the
environment is and at what rate metal loss is being experienced. Corrosion measurement is the
guantitative method by which the effectiveness of corrosion control and prevention techniques can
be evaluated and provides the feedback to enable corrosion control and prevention methods to be
optimized.
A wide variety of corrosion measurement techniques exists, including:
Non destructive testing analytical chemistry
Ultrasonic testing.
Radiography.
Thermography.
Eddy current/magnetic flux.
Intelligent pigs
Analytical chemistry
pH measurement.
Dissolved gas (O,, CO,, H,S).
Metal ion count (Fe**, Fe*").
Microbiological analysis
Operational data
pH.
Flow rate (velocity).
Pressure.
Temperature

Fluid electrochemistry

Potential measurement.
Potentiostatic measurements.

Page | 35



Summary report on scaling, fouling and corrosion parameters
UCM, HOL, PTS, VITO, 24/05/2010

Potentiodynamic measurements.
A.C. impedance
Corrosion monitoring
Weight loss coupons.
Electrical resistance.
Linear polarization.
Hydrogen penetration.
Galvanic current.

Some corrosion measurement techniques can be used on-line, constantly exposed to the process
stream, while others require off-line measurement, such as those determined in a laboratory
analysis. Some techniques give a direct measure of metal loss or corrosion rate, while others are
used to inform that a corrosive environment may exist.

3.8 Corrosion inhibitors

A corrosion inhibitor is a chemical compound that, when added to a fluid or gas, decreases the
corrosion rate of a metal or an alloy. Inhibitors react with a metallic surface, or with the
environment this surface is exposed to, giving the surface a certain level of protection. Inhibitors
often work by adsorbing themselves on the metallic surface or protecting the metallic surface by
forming a film. Inhibitors are usually distributed from a solution or dispersion. Some are included
in a protective coating formulation. Inhibitors slow corrosion processes by either:

increasing the anodic or cathodic polarization behaviour
reducing the movement or diffusion of ions to the metallic surface

increasing the electrical resistance of the metallic surface

Some corrosion inhibitors are hexamine, phenylenediamine, dimethylethanolamine, sodium nitrite,
cinnamaldehyde, condensation products of aldehydes and amines (imines), chromates, nitrites,
phosphates, hydrazine, ascorbic acid and others. The suitability of any given chemical for a task
in hand strongly depends on the technical application. Many factors have influence, from the
material of the system they have to act in to the nature of the substances they are added into and
their operating temperature.
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4  Scaling

Scaling, also scale formation or precipitation fouling occurs whenever the ionic product of a
sparingly soluble salt exceeds its equilibrium solubility product. Scaling refers to the formation of
deposits of inverse-solubility salts. Inorganic scale deposits can form at any location where the
solubility of a particular anion and cation pair is exceeded. Some common minerals found in the
deposits are carbonates, sulfates, oxalates and silicates of calcium; barium sulfate; iron and
aluminum oxides; hydroxides, sulfates and carbonates of sodium. Calcium carbonate is the most
common scale mineral.

4.1 Solubility

Main parameters affecting scaling are salt concentration, temperature, fluid dynamic, pH-value
and time. Driving force for precipitation of a salt is its super saturation in the solution. The
precipitation is comprised of two main steps, the nucleation stage and the crystal growth.

A lot of substances, e.g. salts, are soluble in water up to a certain concentration. Then part of the
salt does not dissolve, but a precipitate remains. The solution is saturated and balanced with the
precipitate. There is a permanent replacement of ions between solid salt crystals and the
dissolved formation and vice versa.

For example

K = [Ca®*"] * [CO5%] / [CaCO3] => Ke-* [CaCOs] = [Ca®*] * [CO5”] = L = solubility product

The solubility product is the ion concentration of a saturated solution. This means the amount of a
salt that can be maximum dissolved at a special temperature. The less the solubility product is the
harder the salt is dissolvable. If the product of the concentrations of dissolved ions is higher than

the solubility product salt precipitates.

As follows some examples of solubility products at 25<C are listed. Conspicuously there are
different values in different references.
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Table 4-1: Solubility products at 25<.

Compound Formula |Solubility product |Reference
3.36 *10° 1); 4)
_ _ 3.8%10° 2)
Calcium Carbonate (calcite) CaCO3 S
2.8*10 3)
5*107 5)
2.07*10% 1), 4)
Calcium Phosphate tribasic Caz(PO,),|1* 107 2)
2.0 *10 3)
4.93*10° 1), 4)
. 9.1*10° 2)
Calcium Sulfate CaSO, =
9.1*10 3)
2*10° 5)
References:

1) http://www.nmsl.chem.ccu.edu.tw/pdf/CRC%20Handbook/08 22 00 Solubility%20Product%20Constants.pdf
2) http://www.csudh.edu/oliver/chemdata/data-ksp.htm

3) http://bilbo.chm.uri.edu/CHM112/tables/KspTable.htm

4) http://www.ktf-split.hr/periodni/en/abc/kpt.html

5) http://www.cci.ethz.ch/vorlesung/de/all/node38.html

4.2 Water hardness

Hard water is the type of water that has high mineral content (in contrast with soft water). Hard
water minerals primarily consist of calcium (Ca**) and magnesium (Mg®*) metal cations and
sometimes other dissolved compounds such as bicarbonates and sulphates. There are two ways
of describing water hardness, hardness and alkalinity. Hardness measures the amount of positive
calcium and magnesium ions; alkalinity the negative bicarbonate ions. Hardness in water can
cause water to form scales and a resistance to soap. It can also be defined as water that does not
produce lather with soap solutions, but produces white precipitate (scum).

The concentration of these substances is stated as degree of hardness as well as in

concentration units. The following table shows several units for hardness and conversion factors
[Krause, 1993].

Table 3-2: several units for hardness and conversio n factors.

dH e TH ppm mval/l mmol/l
German hardness 14H = 1 1,253 1,78 17,8 0,357 0,1783
English hardness 1= 10,798 1 1,43 14,3 0,285 0,142
French hardness 19H = | 0,560 0,702 1 10 0,2 0,1
ppm CaCOj3; (USA) 1 ppm = | 0,056 0,07 0,1 1 0,02 0,01
mval/l alkaline earth ion 1 mval/l = 2,8 3,51 5 50 1 0,50
mmol/l alkaline earth ion 1 mmol/l = 5,6 7,02 10,00 100,0 2,00 1

Carbonate hardness is an important criterion because it favours the formation of protective layers
(scaling). The stability of these layers depends on the pH-value and the temperature. Higher
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temperatures and higher pH-value values cause the HCOj3' ions to decompose to CO, and
CaCo:s.

CaCO,
Ca2+4l
% I §
100 5 ':
10 /
0,1
0,01 - ‘
4 6 8 10 12
pH value

Figure 4-1: pH-dependency of CaCO s-dissolution/precipitation [Hutter, 2008].

4.3 Methods to determine the potential of scaling

For the evaluation of the scaling potential several methods are possible. These methods can be

divided in methods which calculate the scaling potential with relevant water parameters and such
methods which analyze the amount of lime scale under selected laboratory conditions [Bobek et

al., 2004].

4.3.1 Marble resolution test

This method determines scaling potential of water with precipitated or soluted amount of lime
under selected laboratory conditions and is described in DIN-Norm 38 404 Part 10. Water is
mixed with solid calcium carbonate for two hours at room temperature. If the water is lime solving
a part of calcium carbonate dissolves, if not precipitation of lime scale occurs. With characteristics
of the water before and after addition of calcium carbonate, e.g. water hardness, the amount of
dissolved or precipitated lime can be determined.

The disadvantage of this method is that the real temperature in process water is not considered.

4.3.2 Scaling-Test

The scaling test is a method developed by PTS and can be used in process water. A part of the
circulation water flow is passed via bypass through a reservoir with weighted plates of stainless
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steel. The plates are underwater. After definite time (7-21 d) the amount of the scale is analyzed
gravimetrically by weighing the plates again.

This method has the disadvantage that it takes a lot of time. Furthermore gravimetrically analyzed
amount of lime scale is defective because lime scale can be removed by the water stream.

4.3.3 Langelier Index

The degree of either corrosiveness or scaling can be predicted using a Saturation Index (SI). The
Sl is a calculation that compares the actual pH to a theoretical pH based on physical and chemical
properties of water. The values range from negative to positive. Negative numbers indicate a
potential for corrosion and positive numbers predict scale formation. Values close to zero indicate
that the water is balanced and there should not be problems with corrosion or scaling.

Equilibrium curves can be determined and used to establish whether a water is scaling or non-
scaling. Established equations or indices for the prediction of the formation of CaCO; Langelier

Saturation Index (1934) and the Ryznar Stability Index (1944), which is a modification of the
Langelier Saturation Index.

The Langelier Saturation Index (LSI) describes the difference between the actual pH-value of the
water and the calculated pH-value of the water at which it would be saturated with CaCO; (pHs).

LSl = pH - pHs
The Ryznar Stability Index (RSI) is an empirical method, which is the difference between the
calculated pH-value of the water at which it would be saturated with calcium carbonate, multiplied
with two, and the actual pH-value of the water.

RSI =2 * pHs — pH
Calculation of pH s according to DIN 38 404 Part 10
This method which is described in DIN 38 404 Part 10 (1995) is calculating a saturation index

which provides the concentration of calcium and hydrogen carbonate, temperature and
conductivity of water.
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pHS: -5 |g fl + Ig Kc/K2 - |g C(HCO3- - Ig C(Ca2+) = Ll + L2 + L3 + L4

Li:=-51g f; numerical value of the ionic strength calculated from the conductivity cos in
mS/m:

Ilg f, =-0,5" (C5/6200)%% (1 + 1,4 (c,5/6200)°°)

L:=Ilg KC -lg K2 temperature-dependent, thermo-dynamic constant calculated for

temperature t, in C:

lg KC =(-8,481)-522,3 ((1/298,15)-(1/t,+273,15)))
-14,1" (In((t,+273,15)/298,15)+(298,15/(t,+273,15))-1)

lg K2 =(-10,239)+780,9° ((1/298,15)-(1/(t,+273,15)))
-15,1" (In((t,+273,15)/298,15)+(298,15/(t,+273,15))-1)

Ls:=—Ig c(HCO3) Negative common logarithm of the numerical value of the concentration of

hydrogen carbonate in mol/l calculated via acid capacity up to pH 4,3 (Ksa3)

Ly:=-1lg ¢ ca* Negative common logarithm of the numerical value of the calcium
g g g
concentration in mol/l

The equation shows that L; and L, are constants which can be combined to K. This means
pHs=-1lg c(Ca’) —Ilg c(HCO;) +K

Values of the constant K are shown in the next table.

Table 4-3: Values of the constant K [Cahn et al., 2  000].

Total dissolved temperature

Salts [mg/l] 20 C 30C 40 C 50 C
80 2.19 2.03 1.85 1.69
200 2.28 2.12 1.94 1.78
320 2.35 2.19 2.01 1.85
440 2.40 2.24 2.06 1.90
560 2.44 2.28 2.10 1.94
680 2.48 2.32 2.14 1.98
800 2.50 2.34 2.16 2.00

The values of Langelier Saturation Index and Ryznar Stability Index relate to scaling and
corrosion tendencies as shown in the next table.

Table 4-4: Values of Langelier Saturation Index and  Ryznar Stability Index [Cahn et al,
2000].
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LSI-Index RSI-Index Tendency of scaling

2.0 <4 Heavy scaling
0.5 5-6 Slight scaling
0 6-6.5 Balanced or at calcium carbonate saturation
-0.5 6.5-7 Non-scaling and slightly aggressive
-2.0 > 8 Undersaturated and very aggressive

The indices provide an estimation of the possibility for precipitation of calcareous scales in water.
A positive Langelier Saturation Index value indicates scale precipitation. Additions of calcium
hydroxide or sodium carbonate can adjust it. The carbonate deposit might create an effective
barrier for oxygen diffusion to metal. Corrosion then stops. If carbon dioxide concentration is too
high, the LSI value is negative and water will dissolve existing carbonate scale. Negative LSI
values might be preferable in heat exchange applications where scale precipitation would
decrease heat transfer rates. No protective scale will form if carbon dioxide content is excessively
low and the LSl is highly positive. The rapidly forming deposit will be porous and nonprotective. If
the carbon dioxide concentration is only slightly too low to keep the bicarbonate in solution,
calcium carbonate will deposit on the cathodic areas. The preferred LSl value is also slightly
positive at about 0.6-1.0. The Langelier saturation index is a thermodynamic value and does not
indicate scale formation rates.

Calculation of pH s according to Fitzpatrick
Fitzpatrick derived a more simple calculation for the saturation pH value [Held and Schnell, 2000].
pHs = (9,3 + A+ B) - (C + D)
with
A= (lg TDS - 1)/10
B=-13,12" Ig (T + 273) + 34,55
C =Ig (Ca*" as CaCO;) — 0,4
D = Ig (m-alkalinity as CaCOs,)

TDS = Total Dissolved Substances

In contrast to DIN 38 404 Part 10 Fitzpatrick uses for the calculation the sum of solids in water
(TDS in ppm) instead of conductivity. TDS contains only inorganic dissolved substances, so it is
more reasonable to call it IDS (Inorganic Dissolved Substances). The other parameters to
calculate pHs are the same as in DIN 38 404 Part 10.
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5 Fouling, scaling and corrosion in industrial
processes

5.1 Evaporative cooling

5.1.1 Principles and technology description

A huge part of the water used in industry is used for cooling a product or a process. The
availability of water in most industrialized areas and its high heat capacity have made water the
favored heat transfer medium in industrial and utility type applications.

During recent years the use of water for cooling has come under increasing pressure. As a result
cooling water use patterns are changing and will continue to do so. For many systems water is
used in a single-pass and returned to the water body. In a cooling tower the cooling water is re-
used several times. This, of course implies a profound impact on the chemistry of the water used
in the cooling tower as it influences corrosion, scaling, and fouling potential.

Scaling will cause significant loss of heat exchange capacity and clogging of pipes leading to
mechanical defects. Corrosion will damage the steel parts of the cooling system and —in time-
affect the system'’s integrity. (Bio)Fouling will also decrease significantly the heat exchange rate in
the cooling tower. Moreover it will pose a certain health risk as certain potentially dangerous
species —e.g. Legionella- may reside in the biofilm inside the cooling tower.

5.1.1.1 Principles

Heat transfer is simply the movement of heat from one body to another, the hotter being the
source and the cooler the receiver. Cooling water does not usually contact the source directly.
The materials are usually both fluids, separated by a barrier that is a good conductor of heat (e.g.
metal). Once the water completes its job and cools the heat source, it contains heat that must be
dissipated prior to re-using the cooling water. This can be done in a cooling tower.

In general there are three types of cooling:

Once-through cooling: water is taken from the plant supply, passed through the cooling
system and returned to the receiving body of water.

Closed circulating systems in which the water is circulated in a closed loop with virtually no
evaporation loss or exposure to the atmosphere or other influences that would affect the
chemistry of the water. The heat that is picked up in the closed loop is dissipated to the
open loop in which an air cooler, once-through water cooling or cooling tower is used as a
heat sink.

Open circulating systems in which the cooling water is circulated over a cooling tower
without the use of an extra heat exchanger. In this case the cooling water makes direct
contact with the ambient air.

In this document the focus will be on the effect of water quality in cooling towers in which the

water comes in contact with the ambient air to provide sufficient cooling to a process or primary
cooling circuit.
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E : evaporation B : blow-down M : Make-up.
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Figure 5-3 Different types of cooling.

The following definitions are used to explain the operation of an evaporative cooling process:

Recirculation rate (RR): this is the flow of cooling water being pumped through the entire
plant cooling loop. This is actually the same amount of water that is sprayed down at the
top of the cooling tower.

Temperature differential or range ( T): the difference between the average water
temperature returning to the tower from the plant and the water temperature from the
water in the basin.

Evaporation (E): the amount of water that evaporates to the atmosphere. Evaporation rate
is dependent on the amount of water being cooled (RR) and the temperature differential
( T). As a rule of thumb, for each 5,6C temperature drop 1% of the RR is evaporated.
The amount of evaporation that can take place in a given cooling tower (with fixed RR and

T) is primarily limited by the relative humidity of the ambient air. This is displayed by the
wet-bulb temperature. In high humidity areas this can be as low as 0,75% per 5,6<C of T.
Conversely E can be as high as 1,2% per 5,6C of T in arid regions.

Makeup (M): the amount of water required to replace the losses (evaporation, drift,...) in
the cooling tower.

Concentration ratio (CR): the ratio of the concentration of dissolved solids in the cooling
tower water (Cg) to the concentration in the makeup water (Cy). The CR should be
calculated for individual components to see if the system is in balance (all CR’s of all ions
are more or less equal).

Blow down (B): a certain amount of water needs to be discharged from the cooling tower
in order to prevent build up of impurities. The discharge rate should be determined by
calculating the mass load of dissolved solids in the makeup. The mass load in the blow
down should be equal.

Drift (D): losses due to droplets of water escaping from the cooling tower by the upstream
air flow. Typically these losses are in the range of 0,05% to 0,2% of the RR in conventional
cooling towers. When drift eliminators are applied this may decrease to 0,0005%. Drift is
actually a part of the blowdown from the tower.
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Some equations:
CR=C,/C,, =M /B

M=E" i
CR-1

E = RR (TZ - Tl)
560

Ambient air effects:

Cooling towers scrub the air passing through them to provide the evaporative conditions, handling
about 1500 m3 of air per m3 of water. It is not surprising then, the atmospheric environment has
large impact on the water quality in the cooling system. Most common influences of the ambient
air on the cooling water quality are:

Sand, dust particles.

Gases that affect pH: ammonia, NO,, SO,,... The most prominent is undoubtedly CO,,
which occurs at an average concentration of 0,03%vol in the atmosphere (<1ppm in water
at 20C).

5.1.1.2 Description of technology

The two most common examples of evaporative cooling are :
Open recirculating cooling towers: these can be divided into two groups :
o Natural draft: evaporation of water results in intake of fresh air at the bottom of the
cooling tower
o Induced draft: air is forced (countercurrent or cross-flow) into contact with cooling
water
Evaporative condensers: mostly for condensing refrigerant of an internal cooling circuit
(e.g. ice water circuit).

These systems are depicted in Figure 5-2. Natural draft cooling towers are mostly used for power
plants and contain no fill, nor drift eliminators. Induced draft cooling towers are widely used in
different industrial facilities for dissipation of heat. They mostly contain a fill to ensure close
contact of the cooling water with the ambient air and so called ‘drift eliminators’ at the top to
prevent (or limit) water droplets from escaping the cooling tower.
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cooling tower with natural draft cooling tower with induced draft (counterflow)

cooling tower with induced draft (crossflow) evaporative cooling condensor

Figure 5- 2 Different cooling systems.

5.1.2 Water quality demands and criteria for operat  ion

Cooling water requirements relate primarily to scaling and (bio)fouling. In some cases though,
also corrosion becomes an issue (e.g. biologically induced corrosion).

For defining the scaling and fouling potential there are several parameters and indices to be taken
into account. The two most important indices that predict whether a certain cooling water is likely
to form scaling or not are the Langelier saturation index and the Ryznar index. Both are based on
the calcium-carbonate equilibrium in the water.

5.1.2.1 Langelier saturation index (LSI)

The Langelier Saturation index (LSI), as it was mentioned in chapter 4.3.3., is an equilibrium
model derived from the theoretical concept of saturation and provides an indicator of the degree
of saturation of water with respect to calcium carbonate. It can be shown that the Langelier
saturation index (LSI) approximates the base 10 logarithm of the calcite saturation level. The
Langelier saturation level approaches the concept of saturation using pH as a main variable. The
LSI can be interpreted as the pH change required to bring water to equilibrium.
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Water with a Langelier saturation index of 1,0 is one pH unit above saturation. Reducing the pH
by 1 unit will bring the water into equilibrium. This occurs because the portion of total alkalinity
present as CO;> decreases as the pH decreases, according to the equilibria describing the
dissociation of carbonic acid:

H,CO, U HCO, +H*

HCO, U CO,” +H"*
The LSl is probably the most widely used indicator of cooling water scale potential. It is purely an
equilibrium index and deals only with the thermodynamic driving force for calcium carbonate scale

formation and growth in terms of pH as a master variable. It provides no indication of how much
scale or calcium carbonate will actually precipitate to bring water to equilibrium.

In order to calculate the LSI, it is necessary to know the alkalinity (mg/l as CaCO3), the calcium
hardness (mg/l Ca’* as CaCOs3), the total dissolved solids (mg/l TDS), the actual pH, and the
temperature of the water (C). If TDS is unknown, b ut conductivity is, one can estimate mg/L TDS
using a conversion graph such as the one presented in Figure 5-3.

Figure 5-3 Conversion TDS to specific conductance.
The Langelier saturation index is defined as :
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LSI=pH - pH,
where
pH isthemeasure pH inthewatel
pH, isthe pH at saturationin calciumcarbonatewhichis definedas:
pHs = (9!3+ A+ B) - (C + D)
where

Az [Log TDS-1]
10
B=13,12 Log(°C+273)+34,55

C = Log[ca?* asCacQ)]- 04
D= Log[alkalinityasCaCQ]

Three situations can occur:
If LSI is negative: no potential to scale, the water will dissolve CaCO;
If LSl is positive: scale can form and CaCO; precipitation may occur

If LSl is close to zero: borderline scale potential. Water quality or changes in temperature,
or evaporation could change the index.

5.1.2.2 Ryznar Stability Index (RSI)

The Ryznar stability index (RSI) attempts to correlate an empirical database of scale thickness
observed in municipal water systems to the water chemistry. Like the LSI, the RSI has its basis in
the concept of saturation level. Ryznar attempted to quantify the relationship between calcium
carbonate saturation state and scale formation. The Ryznar index takes the form:

RSI = 2(pHs) - pH
Where:

pH is the measured water pH
pHs is the pH at saturation in calcite or calcium carbonate (see 5.1.2.1)
The empirical correlation of the Ryznar stability index can be summarized as follows:
RSI 4-5: very high scaling potential
RSI 5-6: low to medium scaling potential

RSI 6-7: low scaling potential to slightly corrosive water (e.g. in combination with mild
steel).
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RSI 7-7,5: corrosive characteristics of the water
RSI 7,5-9: highly corrosive
RSI > 9: extremely corrosive

5.1.2.3 General cooling water parameters and consid  erations

Some general considerations concerning the quality of the cooling water:

The water must not contain solid particles which may deposit in the cooling water system.
Max size of solids particles is 0,1 mm.

The water must not nourish the growth of micro-organisms: this means that low molecular
organic compounds, nitrogen and phosphorous must be avoided or at least limited.

The water must not precipitate lime, gypsum or other materials into the cooling system at
the highest water temperature in the cooling system.

The water must not contain fibers, oil or grease.

Table 5-1 summarizes the most important cooling water variables.

Table 5-1 Important cooling water variables.

Parameter Effect

Ca, Mg define scaling tendency of water

Alkalinity, pH and T° define concentrations of carb onate,
bicarbonate and solubility of calcium carbonate
(scaling)

S0,%, SiO, sulfate and silica scales

Suspended solids fouling

hydrocarbons, glycols, NHs, SO,, H,S fouling, microbial growth, corrosion

Table 5-2 gives a range of concentrations for different parameters in the cooling tower water (not
the makeup water). This list is to be used with caution since a combination of some of these
values might in fact produce scaling or corrosion related problems or other:
Ammonia: high ammonia concentration must not be combined with high pH values, due to
formation of free NHs, which is toxic (see table 5-3). High ammonia concentrations in
combination with high organic content (BOD/COD) will result in excessive biofouling.
BOD: see above (ammonia).

Calcium, Magnesium, Iron: in combination with high alkalinity values this will present a
scaling problem.

Chloride: poses mainly a corrosion problem (pitting).

COD: see above (ammonia).
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Copper: although high concentrations of cupper ion will effectively decrease growth of
algae, will also increase corrosion of carbon steel.

Cyanide: high concentrations lead to corrosion problems.

Phosphates: in combination with hardness (Ca*, Fe**, Mg?",..) will form deposits.

Suspended solids: to be avoided as much as possible.

Pretreatment of feed water

Table 5-2 lists the normal and maximum values of the cooling water as it is used in the cooling
tower, which also reflects the quality of the blow-down water. Since the cooling tower acts
primarily as a thickener the required quality of the makeup water can be calculated by dividing the

values in Table 5-2 by the desired concentration factor.

Table 5-2 Cooling tower: required water quality.

Parameter normal values maximum values related problems
(ppm) (ppm)

Ammonia 0 20-40 bio-fouling

BOD 200 bio-fouling

Calcium 100-1200 1500 fouling/scaling

chloride <3000 5000 corrosion

COD 200 bio-fouling

Copper 0 0,5 corrosion

cyanide 0 10 corrosion

Iron 0-3 5-10 fouling/scaling

conductivity <6000uS/cm 15000pS/cm corrosion/scaling

phosphate 0-25 0-50 bio-fouling

suspended solids 40-200 200 fouling

Mg 50-1000 50-1000 fouling/scaling

pH 7-9 7-9 corrosion/fouling

Si <200 300 fouling

Sulfate <3000 5000 corrosion/fouling

LSl 0 0,5

RSI 5<RSI<7 7

More generally, there are some components that should always be taken into account when
setting up a pretreatment system for the production of cooling tower makeup water. These are:

Hardness : remove calcium, magnesium and iron as much as possible.

Dissolved solids

concentration factor.

remove dissolved solids will directly increase the achievable

Organics : especially small, easily biodegradable substances need to be removed from de
makeup water as these will induce easily biological growth in the cooling tower.

Nutrients : lower amounts of nitrogen and phosphorous as much as possible.
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A certain amount of alkalinity in the cooling water (at least less than 500ppm) is desirable, hence
a decarbonatation of the makeup water is not necessary. The reason is that alkalinity is one of the
best corrosion inhibitors as it protects the system from sudden pH-changes.

Table 5-3 Percentage NH 3 of total ammonia.

pH 6.5 pH 7.0 pH 7.5 pH 8.0 pH 8.5
20T 0,13 0,40 1,24 8,82 11.2
25C 0,18 0,57 1,77 5,38 15,3
28 0,22 0,70 2,17 6,56 18,2
30C 0,26 0,80 2,48 7,46 20,3

Corrosion in cooling towers is controlled either by using organic or inorganic inhibitors. The four
major inorganic inhibitors are:

Chromate

Zinc
Orthophosphate
Polyphosphate

Other inhibitors are:
Molybdate
Nitrite, nitrate
Various organic compounds

Silicate
Natural organics

Table 5-4 lists the most common additives that are used in cooling water treatment.

Table 5-4 Chemical components of cooling water trea  tments.

chemical treatment corrosion scaling fouling microb es
Chromates X

Zinc
Molybdates
Silicates
Polyphosphates
Polyol esters
Phosphonates
All-organics X
Natural organics

Synthetic polymers
Non-oxidizing biocides
Chlorine/Bromine

Ozone X

x X X X X
x X X X X
X X X X

x

5.2 Steam production
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5.2.1 Principles and technology description
5.2.1.1 Principles

A boiler or steam generator is a device used to create steam by applying heat energy to water.
Technically a boiler is a device consisting of a containing vessel and heating surfaces for
transforming water into steam. Figure 5-4 represents a schematic diagram of a two-drum, water
tube boiler. The steam drum, downcomer tubes, the mud drum and the riser tubes comprise a
closed hydraulic loop. As one side of this loop is heated by an external heat source an internal
recirculation is initiated. The purpose of the superheater is to transfer additional heat to the
saturated steam and to evaporate the last traces of water.

J'|]_[|] —= Gteam
Boiler or
steam drum
+— Feadwater

—_—

_h._

Heat

—h.-

Downcaomer

Lower or mud crum

Figure 5-4 Schematic view of a two-drum water tube boiler

As water in a boiler evaporates, salts in the remaining liquid become more concentrated, requiring
some of it to be drawn off to prevent foaming, scaling, corrosion, etc. Chemicals are added to help
control these undesirable developments and feed water is supplied continuously to replace the
losses by evaporation (e.g. use of life steam) and blow down.

Some definitions:

Boiler water: the water that is inside the boiler. The quality of this water is more or less
represented by the blow down water.

Boiler feed water: consists of condensate (if recovered) and makeup water. Depending on
the amount of condensate recuperation, more or less makeup water is required. Power
stations may have up to 99% condensate recovery and 1% makeup water, in industrial
plants with production of process steam boiler feed water may be 100% makeup water.

Makeup water: in order to compensate for the losses of steam and blow-down water
certain amounts of makeup water have to be added to the boiler feed water.
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For each of these three types of water a quality is determined which relates to the specific
environment in which the water is used.

5.2.1.2 Description of technology

Generally speaking there are four classes of boilers which are commonly used in industry:

Water tube, primary fuel fired drum type with superheaters and turbine drives or process
restrictions on steam purity.

Water tube, primary fuel fired drum type without superheaters or process restrictions on
steam purity.

Fire tube, primary fuel fired.

Coil type, water tube, primary fuel fired rapid steam generators.
In Figure 5-5 some common examples of fire tube and water tube boilers are given. The main
difference is that for water tube boilers the water is contained within the tubes and heated from
the outside of the tubes. The opposite configuration is used in fire tube boilers.

The complete steam generation system generally consists of:

Makeup water unit with specific treatment steps to ensure a good quality of the makeup
water.

Feed water unit; combines the steam-condensate with the makeup water and adds
chemicals to condition the boiler feed water.

Deaerator: to ensure only a very limited amount of oxygen is present in the boiler feed
water.

Preheater: to preheat the boiler feed water before it enters the boiler.
Boiler: fuelled with solid, liquid or gaseous fuel.

Superheater: further increase of pressure and temperature of the steam and removal of
water droplets.

Turbine: in case of power plants.

Condensate return system.
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Figure 5-5 Examples of common water tube and fire t

5.2.2 Water quality demands and criteria for operat

ube boilers.

ion

The quality and characteristics of the water fed to a steam generator to replace the steam losses
and blow down have a profound effect on the performance, life and safety of the steam
generation system. In general feed water for a boiler is made up of the returned condensate and
additional water that has been treated to remove unwanted contaminants (i.e. the makeup water).
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The principal objectives in conditioning boiler water are to prevent:

Scaling.

Corrosion.

Contamination of steam by salts in the boiling water.

In Table 5-5 and Table 5-6 the most important parameters are listed and the limits of these
parameters are given for several boiler pressures.

Table 5-5 ABMA * specifications — recommended boiler water limits f

or water tube boilers.

Drum type boilers

Drum pressure TDS alkalinity SS TDS in steam
(bar) (ppm) (ppm) (ppm) (ppm expected)
0-20 700-3500 140-700 15 0,2-1,0

20-30 600-3000 120-600 10 0,2-1,0

30-40 500-2500 100-500 8 0,2-1,0
40-50 200-1000 40-200 3 0,1-0,5

50-60 150-750 30-150 2 0,1-0,5

60-70 125-625 25-125 1 0,1-0,5
70-125 100 1 0,1

125-160 50 N/A 0,1

160-180 25 N/A 0,05

180-200 15 N/A 0,05

Once through boilers

>100 | 0,05 | | N/A | 0,05

Table 5-6 ASME * specifications —feed water limits for industrial w

ater tube boilers.

Boiler feed water limits

operating drum 0-20 20-31 | 31-41 | 41-51 | 51-62 | 62-69 69-100 100-138
pressure (bar)
dissolved oxygen 0,007 | 0,007 | 0,007 | 0,007 | 0,007 | 0,007 0,007 0,007
(ppm)
total iron (ppm) 0,1 0,05 0,03 0,025 | 0,02 0,02 0,01 0,01
total copper (ppm) 0,05 0,025 | 0,020 | 0,020 | 0,015 | 0,015 0,010 0,010
total hardness (ppm 0,3 0,3 0,2 0,2 0,1 0,05 not not
CaCOy) detectable | detectable
pH 7,5-10 | 7,5-10 | 7,5-10 | 7,5-10 | 7,5-10 | 8,5-9,5 | 9-9,6 9-9,6
nonvolatile TOC (ppm) | 1 1 0,5 0,5 0,5 <0,2 <0,2 <0,2
oil (ppm) 1 1 0,5 0,5 0,5 <0,2 <0,2 <0,2
Boiler water limits

silica (ppm SiO,) 150 90 40 30 20 8 2 [1
total alkalinity (ppm 350 300 250 200 150 100 not specified
CaCoOs)
conductivity (uS/cm) 5400- | 4600- | 3800- | 1500- | 1200- | 1000- 150 80

1100 900 800 300 200 200

1 American Boiler Manufacturers Association
2 American Society of Mechanical Engineers
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The technical basis for these guidelines is primarily the control of the magnetite-oxide layers
inside the piping of the boiler system. At high temperatures and starting from 10 bar pressure
magnetite is formed due to the reaction of Fe and H,O as stated below:

3Fe+2H,0® Fe,0, +2H,

This reaction forms a hard, resistant and passivati ng layer (magnetite) which needs to be
preserved in order to control corrosion issues in t he boiler system . The main corrosion
mechanisms that apply to boilers are:

Stress corrosion cracking (SCC) is the unexpected sudden failure of normally ductile
metals subjected to a tensile stress in a corrosive environment. The chemical environment
that causes SCC for a given alloy is often one which is only mildly corrosive to the metal
otherwise. Hence, metal parts with severe SCC can appear bright and shiny, while being
filled with microscopic cracks. This factor makes it common for SCC to go undetected prior
to failure.

Erosion corrosion: process where the protective oxide-layer (magnetite) is dissolved,
restored, dissolved, etc. so that the layer thickness gradually decreases (also known as
FAC or Flow accelerated corrosion).
Acid or lye corrosion: due to very low of very high pH values.
Besides corrosion there is also a danger of deposits on the inside of the piping. Deposits of scale
mostly occur in places where there is a large heat flux (inside the boiler pipes) of on the blades of
the turbine (for power plants).

For controlling the process of steam generation several parameters can be checked and
optimized in-line:

pH.
Conductivity.
Oxygen.
(Temperature).

5.2.2.1 Dissolved oxygen

For a very long time oxygen was considered to be the boiler system’s worst enemy. Studies in the
last few decades show that limited amounts of oxygen are actually desirable inside a boiler
system in order to preserve the well-formed magnetite oxide layer. Figure 5-6 shows that at
oxygen levels below 100ppb corrosion rate of the magnetite dramatically increases.
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Figure 5-6 Oxygen concentration and corrosion rate.

Of course, high levels (above 500ppb) of oxygen will generate the same effect and even worse.
The graph in Figure 5-6 is only valid for boiler water that is very low in conductivity. If conductivity
is high due to salts, oxygen concentrations of 100-500ppb will effectively destroy the inner parts of
the boiler system. Oxygen conditioning of the boiler feed water (100-5  00ppb O,) is allowed if
the feed water has a conductivity that does not exc  eed 0,15uS/cm.

5.2.2.2 Iron, Copper, hardness and suspended solids

In all cases, suspended matter in the feed water should be as low as is practically achievable. The
suggested limits for iron, copper and hardness in the feed water are set at a low range because of
the recognized sensitivity of the boilers and the great difficulty of effectively managing large
amounts of depositables by means of internal treatment alone.

5.2.2.3 pH

pH will also influence the magnetite layer. Generally speaking, pH ranges below 9 are totally
unfavorable, due to high to very high corrosion rates (as shown in Figure 5-7).

In the higher operating pressure range the indicated upward pH-adjustment can only be made by
adding volatile alkaline materials.

The parameter pH is also very much depending on temperature. For higher temperatures, the
optimal boiler pH can be significantly lower (as shown in Figure 5-8).
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Figure 5-7 pH and corrosion rate.

Figure 5-8 Optimal pH vs boiler pressure.

Page | 58



Summary report on scaling, fouling and corrosion parameters
UCM, HOL, PTS, VITO, 24/05/2010

5.2.2.4 Organic matter

The types of organic matter that can be present in industrial boiler feed water are numerous and
extremely varied. They may exist in the makeup water from natural sources, or be added as a part
of the boiler water chemistry. Table 5-6 lists suggested values for oily matter and non-volatile total
organic carbon. Oily matter is not restricted to petroleum products, it includes all non-volatile
hydrocarbons, vegetable oils, animal fats, waxes, soaps, greases, etc.

Organics are partially cracked in the boiler system due to the high temperatures. Small organic
molecules are formed (e.g. acetic acid, formic acid) which primarily build up in the condensate.

5.2.2.5 Silica

Maximum boiler water silica concentrations in the operating pressure above 41 bar are selected
so that volatile carry-over will not exceed 20ppb SiO; in steam. At lower pressures the boiler water
silica values are selected to avoid internal deposition of complex silicates (see also Figure 5-9).

100
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pH range 7-11
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o
)
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boiler pressure (bar)
Figure 5-4 Boiler pressure vs silica concentration limits

5.2.2.6 Alkalinity

The maximum boiler water alkalinity values presented in Table 5-6 are specified as total or M-
alkalinities, expressed in mg CaCOa4l/l for boilers operating below 62bars.

5.2.2.7 Conductivity

Conductivity reflects the total amount of dissolved solids in the boiler feed water and therefore
gives an indication of the scaling and corrosion potential, especially in combination with other
important factors, such as pH.

As operating pressures and temperatures increase, improvements in boiler feed water quality
have to be made, especially for impurities that could lead to deposits or corrosion in boilers.
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5.2.2.8 Foaming and selective carry over

Foaming and selective carry over are the two basic mechanisms of chemical carry over. Foaming
is the formation of bubbles on the surface of the boiler water. As the bubbles burst, moisture is
entrained in the steam. If the foam is stable, it may entirely fill the steam space of the boiler.
Foaming conditions may cause a considerable amount of carry over.

Selective vaporous carry over occurs due to the solvent properties of the steam for the various
water phase impurities which may be present. Particular boiler water salts, such as sodium
sulfate, sodium chloride, sodium hydroxide and sodium phosphates are soluble in the water and —
to some extent- in the steam phase. However the solubility of these salts is negligible and is not a
potential problem when boiler pressure is less than 165 bar. Selective carry over of silica can
occur at pressures as low as 30 bar. To minimize silica carry over the total amount of silica and
the boiler alkalinity must be watched.

5.2.3 Pretreatment of feed water

The quality of the water used to fill the closed system has an affect on the performance of the
corrosion control program. Typically, raw water as received from a municipality or private well, is
used to fill a closed system. However, this may not be the best alternative. Another option is to
use softened or demineralized water.

Hardness poses a scaling problem in hot water or high-temperature hot water systems. High-
temperature systems operate at 175 to 230C as comp ared to hot water systems that are typically
at or below 120<C. For hot water systems, the water should be softened if it exceeds 400 parts
per million (ppm) total hardness. For high-temperature hot water systems, however, soften the
makeup water if it exceeds 10 ppm total hardness.

Natural alkalinity in the form of bicarbonates and carbonates also will cause problems in hot water
systems. The carbonate alkalinity decomposes to hydroxide, which elevates the pH. This may
cause caustic attack of system metals. Use demineralized or dealkalized water if the total
alkalinity exceeds 400 ppm in hot water systems, or if it is greater than 15 ppm in high-
temperature hot water systems.

Overall, the water used in the closed system should be of the best quality available. As a general
rule, demineralized water is better than soft water, which is better than hard water. Some
engineers resist the use of demineralized water because of the common belief that is it more
aggressive or corrosive than raw or softened water. Although it is true that untreated, oxygenated
demineralized water is very corrosive, particularly at hot water temperatures, corrosion inhibitors
such as sodium nitrite and sodium sulfite passivate metal surfaces and remove dissolved oxygen
resulting in a final system water that is non-corrosive.

If the closed system experiences significant water losses (high makeup demand), the water
should be deaerated to prevent oxygen intrusion into the system. Fresh makeup water contains
up to 8 ppm of dissolved oxygen. If oxygenated water is continuously added to a closed system,
particularly at elevated temperatures, the result will be oxygen-pitting attack on mild steel. In this
situation, maintaining adequate chemical levels is required to protect the system from corrosion
damage.

Several chemical treatment methods have been developed for closed-loop systems. The selection
of one treatment method over another is determined by the water quality, the type of antifreeze
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protection used, the system metallurgy and any environmental or safety issues that must be
considered.

If the closed-loop system is new, it should be chemically cleaned prior to the start of the treatment
program. Chemical cleaning removes oil, mill scale, dirt, welding fluxes and other contaminants
that can interfere with the performance of the treatment program. Chemical cleaning is also
recommended for older systems that suffer from corrosion. After the system is clean, one of the
following treatment programs can be applied:

Sodium chromate has been used successfully for years in closed water systems. Alkaline
sodium chromate is an oxidizing agent and functions by forming a dense gamma oxide
film on mild steel. A minimum of 300 ppm sodium chromate is required for system
protection. High-temperature hot water systems and diesel engine cooling water require
higher dosages from 2,000 to 2,500 ppm

Chromates are toxic substances that tend to prevent microbiological growths. Recently,
largely because of this toxicity, the US Environmental Protection Agency (EPA) has
restricted the discharge of chromate. Chromate is known to cause dermatitis in workers
who come into prolonged contact with it. Also, because it is an oxidizing agent, chromate
should not be used with glycol-based antifreezes.

Borate-nitrite formulations provide equivalent corrosion protection to chromates. The
sodium tetraborate component creates a buffer in the system that stabilizes the pH
between 9.0 to 9.5. A minimum of 500 ppm of sodium nitrite is required for corrosion
protection on mild steel. A 1,000-ppm residual of sodium nitrite is recommended in high-
temperature hot water systems. And for those waters that are high in chlorides and
sulfates, 1,500 ppm is required. A general recommendation for inhibitor levels is 800 to
1,200 ppm as sodium nitrite.

Nitrites function as reducing agents in closed systems. As a result, they do not adversely
react with glycol-based antifreezes. Like chromates, high concentrations of nitrite attack
some pump seals. The exact mechanism for this attack is unclear, however. The same
seal may function very well in one system and poorly in another, leading experts to
conclude that other factors like suspended solids levels in the closed system may play a
greater role.

Nitrite-reducing bacteria are a potential problem in closed systems. When nitrite-reducers
are present, the nitrite level drops without a corresponding decrease in the specific
conductance. A reduction in both the nitrite level and the conductance, however, suggests
water is being lost from the system with a corresponding loss of chemical treatment.

The remedy for nitrite-reducing bacteria is to treat the system with 50 to 100 ppm of a
gquaternary ammonium biocide such as N-alkyl dimethyl benzyl ammonium chloride (12.5
percent). Oxidizing biocides such as chlorine should not be used since they oxidize the
nitrite and glycols.

Borate-nitrite-silicate inhibitors offer all of the advantages and disadvantages of the borate-
nitrite products. The added silicate, however, offers better protection for aluminum.

Molybdates are used alone or in combination with other inhibitors in closed water
systems. Molybdates are often referred to as "chromate substitutes,” since they function in
a manner similar to this classic inhibitor. In truth, molybdates are much weaker corrosion
inhibitors than chromate.
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Generally, a minimum of 100 to 200 ppm of molybdate as MoQy, is required for corrosion
protection. Higher dosages are required in more aggressive waters. The pH of the system
should be maintained above 7.5. Enhanced protection for copper and brass can be
obtained by blending molybdate with tolytriazole. Often molybdate is used in combination
with nitrite to provide better protection at lower molybdate and nitrite concentrations.

Molybdates do not tend to support the growth of bacteria. Because they are a weak
oxidant, they can be used in systems containing glycol. Although molybdates are accepted
as being less toxic than chromate, the EPA is more closely looking at the environmental
impact of molybdates. This eventually may lead to more stringent limitations on the use
and discharge of molybdate inhibitors.

Sodium sulfite-caustic soda  programs have been used successfully in many closed
systems. The sulfite residual should be maintained between 30 to 60 ppm with sufficient
caustic soda added to adjust the pH to within 9.3 to 9.5. This is an effective approach
when properly applied. It is less expensive than other options, and presents few disposal
problems. This treatment method is compatible with glycol.

If the closed system has leaks allowing air inside, the sulfite will be consumed at a rapid
rate. Continued addition of more sulfite will cause an increase in the total dissolved solids.
The use of caustic soda for pH adjustment causes the water to be poorly buffered.

Overfeed of caustic will increase the pH above the desired 9.0 to 9.5 range. Draining the
system or neutralization with sulfuric acid is required to bring the pH within range.

Hydrazine-morpholine is an all-volatile treatment approach that is very effective in high-
temperature hot water systems. Hydrazine reacts with dissolved oxygen and promotes the
formation of a dense, corrosion-resistant magnetic iron oxide film on the steel surfaces.
Sufficient morpholine is added to adjust and maintain the pH between 9.0 to 9.5.
Generally, a 50 to 200 ppm residual of hydrazine is maintained in the high-temperature hot
water system to guard against oxygen intrusion.

On the negative side, the pH of the water is poorly buffered by the morpholine, so
overfeed situations can cause the pH to climb above 9.5. Also, hydrazine partially
decomposes to form ammonia. This can cause accelerated corrosion of copper and brass.
Like chromates, hydrazine has recently come under scrutiny as a possible carcinogen.

Although it is not banned from use, many plants are seeking safer alternative to the use of
this corrosion inhibitor.

5.3 Reverse Osmosis
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5.3.1 Principles and technology description

5.3.1.1 Principles

Reverse osmosis (RO) is a pressure driven membrane filtration process next to particles filtration
(PF), micrdfiltration (MF), ultrafiltration (UF) and nanofiltration (NF). As indicated in Figure 5-10,
RO can remove in principle all constituents from a feed up to the size of salt ions in a salt solution.

0.lnm 1nm 10nm O0.1mm 1mm  10mm 100mm 1mm

[ virusses] || Bacteria | | |[__sand |

I Gelatines I IYeastceIIsI
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Filtration processes

Figure 5-10 Filtration processes and RO (Reverse Os  mosis).

The name “reverse osmosis” in effect points to the concept of “osmosis”, thus also to “osmotic
pressure”. In Figure 5-11 the concepts of osmosis and osmotic pressure are illustrated.

A = pure water Equilibrium :
B = salt solution hoynoger::o;s
1) mixture A+

evolves into

Reversible if pressure is exerted

Semi-permeable : .
P at surface S (= reversible osmosis)

membrane

Pressure
head :
2) osmotic
evolves into pressure

osmosis
Figure 5-11 Osmosis, osmotic pressure and reverse 0  SmMosis.

When considering situation 1, in which a volume of pure water in compartment A and a salt
solution in compartment B are separated from one another by an impermeable partition lid it is
obvious that, when removing the partition, the fluid A and the fluid B want to evolve towards the
dictated thermodynamic equilibrium, being a homogeneous diluted mixture of A and B. When now
considering situation 2 where the two compartments A and B are separated by a semi-permeable
membrane which, in the ideal case only allows water to be transported, the system also wants to
evolve towards a homogeneous mixture of A and B. This is possible by “osmosis” and the water
molecules of compartment A will diffuse through the membrane towards compartment B in order
to dilute the salt solution in compartment B. As a result, the liquid level in compartment B will rise
towards a level according to an equilibrium between the thermodynamic drive of the dilution and
the hydraulic pressure head which results from the fluid level difference between compartment A
and B. The water transport through the semi-permeable membrane is called “osmosis” and the
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pressure head is called “osmotic pressure of the salt solution”. If a pressure, larger than the
osmotic pressure, is exerted in the opposite direction (on surface S) then the process can be
reversed in a way that the water is forced out of the salt solution through the membrane from
compartment B into compartment A. This is called “reverse osmosis” (RO) and it is thus possible
to produce fresh water from salt solutions by such process.

The semi-permeable membrane allows water molecules to pass through and, if perfect, allows to
retain all ions. In practice there is however no perfect semi-permeable reverse osmosis
membrane and minute quantities of salt ions will also be transported along with the water through
the membrane. The degree to which the membrane can retain ions is called the membrane salt
retention capacity.

Another important parameter is the osmotic pressure, which can theoretically be expressed by:

p=b XRX% (ROY
where:

= osmotic pressure
R = gas constant
T = temperature (Kelvin)
€ = concentration

= constant.

The model suggests a simple linear relation between osmotic pressure and concentration or
temperature. For some (salt) solutions however, one has to introduce experimental equations,
based on regression such as e.g.

p=bx"  (RO?

Such experimental equations are needed for specific molecular solute weights or very high
concentrations.

When applying a pressure on a salt solution which is higher than its osmotic pressure, the water
molecules diffuse through the membrane and thus cause a water flux (permeate flux) J,,. This flux
is a main parameter in RO processes and depends on the membrane characteristics and process
parameter values, such as pressure. In solution-diffusion modeling of RO it was found that :

J,=ADP-p)  (RO3
with:

Jw = permeate flux
A = constant (membrane water permeability characteristic)

P = transmembrane pressure
This equation expresses a linear relation between the transmembrane pressure (TMP) and
permeate flux, when corrected for the osmotic pressure. This is illustrated schematically in Figure
5-12. When reaching the osmotic pressure of the salt solution, the TMP will induce the diffusion of
water through the membrane. When further increasing the TMP, the permeate flux increase
approximates linearity. The permeate flux in RO is thus said to be pressure driven.
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Figure 5-12 Permeate flux versus transmembrane pres  sure.

With respect to the undesired, but inevitable, flux of solutes through the real and non-perfect
semi-permeable RO membranes, the driving factor for the diffusion of salt ions is not the TMP but
the solute concentration gradient across the membrane. It can be shown that:

J,=B Dc, (RO4

where:

Js = solute flux
B = constant (membrane solute permeability characteristic)
Cs = solute concentration gradient across the membrane

The solute flux through the membrane is thus said to be proportional to the solute concentration
gradient across the membrane.

With respect to J,, and Js it is important to point to the concentration polarization effects during
actual RO (see Figure 5-13). In practice, RO is done in a cross-flow mode and the salt solution
feed is flowing parallel (“tangentially”) to the membrane surface. The feed is pressurized to a
pressure above the osmotic pressure and a permeate flux is induced accordingly. As a result of
this permeate flux there is a convective flow of feed perpendicular to the membrane surface. The
water then diffuses through the membrane and is collected as permeate. Evidently, the salt ions
are retained by the membrane to the level of the retention capacity of the RO membrane. This
retention induces an increased solute concentration at the membrane surface. The zone which
constitutes the increase in solute concentration from the bulk concentration Cyyy up to the
membrane wall solute concentration C,, is called the boundary layer. The boundary layer
thickness can be controlled by the tangential flow velocity value since a higher velocity will cause
an increase in turbulence in the vicinity of the membrane surface. A higher turbulence will cause a
smaller boundary layer thickness and a lower value of C,q.
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Figure 5-13 Concentration polarization during RO.

In the RO process, the control of concentration polarization is very important since there are three
negative effects resulting from it:

- with an increased thickness of the boundary layer and a higher value for C4, the osmotic
pressure difference across the membrane is also higher and therefore the permeate flux
will decrease as indicated by equation RO3. A lower value of C,,, thus promotes a higher
water flux and less energy consumption.

- anincreased value for C,, also initiates a higher concentration gradient Cg across the
membrane and therefore also a higher salt diffusion rate through the membrane according
to equation RO4.

- anincreased value for C,, also increases the risk for attaining the solubility limits of
slightly soluble salts which will precipitate at such point on the membrane surface and
cause scaling of the membrane surface (see also 5.3.2). Scaling may cause a reduction in
permeate flux, thus an increase in TMP and energy to sustain the nominal demanded
permeate flow.

A final important process parameter is the recovery. This is defined as the ratio between
permeate and feed flow. When the feed is for instance split in two equal volumes or flows of
permeate and concentrate, the recovery is 50%.

5.3.1.2 Description of technology

RO membrane modules exist in different designs: tubular, flat or spiral wound. Tubular or flat
membrane modules are used in some specific applications. The use of spiral wound membrane
modules however include nearly all of the RO installations. The production principle of a spiral
wound RO membrane is shown in Figure 5-14. A RO membrane itself is a very thin film of about 1
pm thick, cast on top of a porous support, thus obtaining an asymmetric flat sheet. Between two
of such sheets (A and B) a permeate spacer S is sandwiched. Thereafter three sheet sides of A
and B are glued to one another in order to obtain a seal at those three sides. The actual RO
membrane thin films are located at the outside of this composite. The fourth side thus remains
open. This open side is then glued to a permeate tube (having drill holes) in a way that the
permeate from between the membranes can be drained. The composite is then wrapped around
the central tube, along with a feed spacer. The feed spacer will allow feed to pass the spiral
wound construction (module) in the axial direction, in other words parallel to the central permeate
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drainage tube. The feed thus enters the module at the front at a high pressure. The pressure
forces water to permeate through the thin RO film on top of the porous support and is then able to
flow in a spiral trajectory through the permeate spacer towards the drill holes and then into the
permeate tube. The permeate is then collected. As a result of the removal or permeate, the feed
is leaving the module as a concentrate.

Permeate spacer
Membrane

Feed

ee spacerw / / /Gluejoints
Spiral wound

membrane —

Feed

Concentrate

—

Permeate

— Permeate

Figure 5-14 Spiral wound RO module (left: Osmonics; right: Hydranautics).

A typical module length is 1 m and a typical module diameter is 0.2 m. The amount of permeate
which can be produced by such a single module is restricted as a result of permeate flux versus
pressure characteristics. The pressure and permeate flux are indeed limited from module safety
(mechanical damage, fouling risk), energy consumption and permeate quality considerations.
From these considerations a RO installation design involves the use of multiple membrane
modules in series in a specific configuration.

At first, the membrane modules are mounted in pressure tubes. Typically, a pressure tube is 6 m
in length and then holds 6 membrane modules. The permeate tubes of each membrane module
are interconnected in order to collect all permeate from all modules in the pressure tube. The feed
is transported through the pressure tube while feeding at once all membrane modules in series.
To increase the production of permeate, pressure tubes are placed in parallel in a so-called bank.
As a rule of thumbs, the recovery that is allowed in one bank is 50%.

In order to save the hydraulic energy of the concentrate at the exit of the bank, the pressurized
concentrate of one bank can still be used in a succeeding bank, either directly when the
concentrate pressure is still high enough or by using an intermediate booster pump to increase
the concentrate pressure to a level which is required by the next bank. It is very common in RO
practice to use a pressure tube configuration as depicted in Figure 5-17. Such a configuration is
called a Christmas-tree set-up and consists of succeeding banks showing a decreasing number of
pressure tubes in each next bank. In the first bank, the recovery is typically 50% which means that
the feed flow is divided in a permeate flow being equal to the concentrate flow. As a result, the
concentrate flow which can be sent to the second bank is only half the original feed flow entering
the first bank. As a rule of thumbs, a second bank can, with the incoming concentrate as a
reference, provide a recovery of another 50%, or with the original feed as the reference, an
additional 25% of recovery. In an analogous way, a third bank can provide another 12.5% of
recovery with the original feed as the reference. A Christmas-tree set-up having three banks
(symbolically coded by 4:2:1) therefore allows to realize an overall recovery of about 90%. At a
recovery of 90% the concentrate shows a concentration which is tenfold the concentration in the
original feed. The fouling risks are therefore located in the (last) modules of the last bank.
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The set-up in Figure 5-15 is also called a “single pass” set-up. Variants can be considered:
in a “single pass with recycle” mode, part of the concentrate at the end of the last bank is
recycled to the entrance of the first bank and mixed with the feed. In this way the flow is
increased at the entrance of the first bank and therefore also the tangential velocity. As a
result, the recovery can be increased.

in “a two pass” mode the permeate is treated in a second RO set-up in order to further
increase the quality of the permeate.

in a “feed bypass” mode only part of the feed is treated by RO and mixed with the remaining
part of the feed. In this way, the feed can be upgraded with respect to concentration
specifications. As an example, the hardness of a feed can be reduced in to a lower level.

Feed Membrane modules
_ﬁ_' Pressure tube /Concentrate \

g 1 S A Bank 3
LT T T T TF pank
Permeate

Bank 1 >

RO “Christmas tree”-configuration

Figure 5-15 RO installation set-up of pressure tube  s.

The modeling of RO with respect to the retention of specific constituents, as shown in Figure 5-
16, is rather complex since the concentration within the concentrate is increasing along the axis of
the membrane modules within the pressure tube.

The modeling of a RO installation is complex since only by integration of differential equations
along the axial direction (“x"-axis), the permeate flux (J,,) and solute fluxes (Js;) can be modeled
for one membrane module. Such module model can then be integrated into a Christmas-tree
configuration in order to imply all modules which are interlinked. This approach has been
implemented by all RO membrane producers into freeware models which enable to simulate a
complete RO installation design. The use of the RO design freeware is explained in Brauns
(2003). The design software is however not a “press-on-the-button” type of software which would
calculate automatically the optimal RO design.

A disadvantage of the producers membrane data file is that the freeware is a black box and the
user is thus forced to use all individual versions from the different membrane producers. An
overview of the freeware is shown in Table 5-7.

It also very important to notice that the model calculations within the software are based on the

solution-diffusion principle. There are no calculations involved with respect to flux decline as a
result of fouling phenomena, except for the risk of scaling. From this perspective the simulations
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are optimistic in nature. Long-term pilot-tests are therefore advised to study the effects of fouling
under design conditions, including feed pre-treatment tests and dosing of chemicals/anti-scalants.

DP (x)

Permeate

/

Support

Membrane |

7

/

J

——

Feed

Retentate

——

DP(X)

dx

Figure 5-5 Differential calculus approach.

Table 5-7 RO membrane producers and freeware.

Company Membrane type [RO-freeware [nternet

Dow Filmtec Rosa http://www.dow.com/liquidseps/design/software.htm

Hydranautics |Hydranautics Rodesign, http://www.membranes.com/index.php?pagename=imsdesiqg
Rodata n

Koch Fluid Systems  |Ropro 6.1, http://www.kochmembrane.com/sep ro.html
Costpro

(Osmonics Osmonics \WinFlows http://www.gewater.com/index.jsp

Toray Toray TorayDS http://www.toray-membrane.com/application/page.aspx

5.3.2 Water quality demands and criteria for operat  ion

Table 5-8 is a compilation of generalized industrial water quality standards. For each quality,
indicative values for specific parameters such as conductivity, Total Dissolved Solids (TDS),
hardness, etc. can be stated. RO feed water is mostly type Q1, with pretreatment.

Table 5-4 Classes of water quality from Q1 (natural  water) up to Q9 (Ultrapure) (Judd and

Jefferson, 2003)

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9
Q1.a: natural Potable Softened Dealkalised Deionised Purified Apyrogenic High  Ultra
Q1.b: river purity pure

Q1.c : well/ground

For a specific RO application, the quality demands regarding the feed are determined by the
applications conditions, which can differ substantially from one application to another. The main
concern is to avoid membrane fouling at specific RO process parameter values.

Main fouling phenomena in RO processes are: particulate and colloidal fouling, fouling by scaling,

bio-fouling and fouling by the absorption of specific molecules at the membrane surface. Fouling
which can be removed by mechanical action such as turbulence is called reversible fouling.
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Irreversible fouling can only be removed by chemical means. Chemical cleaning of the membrane
surface is needed when the RO process is no longer considered to be functional, e.g. the flux is
too low or the requested TMP has increased too much.

Particulate and colloidal fouling

The feed of a RO installation can contain silt (particulates) and colloids. The effect of these
constituents (bacteria, clay, algae, corrosion products, particulate or colloidal silica, ...) can be a
reduction in permeate flux or an increase in pressure. Only a sufficient tangential velocity of the
feed within the RO membrane module can cause turbulences to counter to a certain extent the
fouling effect. Some pragmatic technical measurement methods were introduced in order to try to
evaluate the fouling propensity of a feed as to decide if the feed needed to be pre-treated for the
removal of (part) of the fouling constituents. A well known approach is the SDI (Silt Density Index)
measurement method which is standardized by ASTM D4189. The SDI method is a
straightforward technical dead-end filtration test, using a MF membrane with a pore size of 0.45
pm at a prescribed filtration pressure. The test evaluates the deterioration of the permeate flux in
time, according to the concentration and accumulation of the particulate contaminants at the
membrane surface. From correlations by experience, the SDI of a RO feed should be < 5 but
some membrane producers prefer even < 3.

A second test that can be used to evaluate the silt characteristics of a feed is a turbidity
measurement. Turbidity methods are described in ASTM D1889 and ASTM D6698. The turbidity
of RO feed water should be less than 1 NTU (Nephelometric Turbidity Units).

Scaling

When sparingly soluble salts occur in the feed of a RO installation, there is a risk of precipitation.
The RO process splits the feed into a permeate and a concentrate. Since the permeate shows a
very low salt concentration as a result of the high salt retention of the RO membranes, the salt
content in the concentrate will increase according to the recovery of the RO installation. At a
recovery of 50%, the concentration of salts in the concentrate will nearly double. With higher
recovery values, the salt concentration in the concentrate will increase very rapidly as illustrated in
Figure 5-17. Sparingly soluble salts can attain their solubility limit and precipitate on the
membrane surface as a scale. Such a scale can have a detrimental effect on the permeate flux.

Sparingly soluble salts are e.g. CaSO,, CaCOs;, CaF,, BaSO,, SrSO,, and Cas(PO,),. Their
chemical equilibrium equations are known and from these equations the risk of scaling can be
determined when knowing the ion concentrations in the feed, the membrane retention
characteristics and the envisaged recovery value. These values dictate the concentrations in the
concentrate and thus make it feasible to check for solubility limit conditions regarding a specific
sparingly soluble salt in the concentrate. Such calculations will indicate either that the feed needs
a pretreatment to remove a specific sparingly soluble salt or that an antiscalant must be added.

In principle the chemical equilibrium calculations for the concentrate can be done by using the
appropriate equations which are available from suppliers (e.g. Koch-Filmtec). However, the
calculations can also be done by using freeware obtainable from antiscalant producers. An
example, as obtained by the software from Genesys, is demonstrated in Figure 5-18Figure 5-.
The rectangles within the histogram represent the “excess status” towards the solubility limit for
individual salts, having 100% as representative for that limit. The red rectangles (above 100%
level) clearly indicate a scaling risk for BaSO, and CaF, (and also for Fe and silica). The software
then automatically suggests the addition of an antiscalant which will suppress the risk of
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precipitation on the membrane surface. The effect is clear from the suppressed rectangles shown
at the right hand of Figure 5-16. The values then are well below the risk level of 100% for all
substances shown. In case the concentration of a scalant is too high and there is no adequate
antiscalant to counter the scaling risk, there is no other option than either to lower the
concentration of the scalant through pre-treatment of the feed or to reduce the RO recovery. As
illustrated in Figure 5-17, a decrease in recovery in the region above 80%, has a significant effect
on the scaling risk. It should be kept in mind that the highest concentrations are found in the last
membrane modules within the RO installation and that in these modules the scaling process will
start. The method ScaleGuard® was designed to study and predict such scaling (van de Lisdonk
et al., 2000; van de Lisdonk et al., 2001).
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Figure 5-17 Theoretical concentration increase fact  or versus recovery. The retention of
salts by the RO membrane is assumed to be ideal.

Figure 5-18 Scaling risk calculations and antiscala  nt dosing (Genesys). Red rectangles
indicate scaling risk. Left: without antiscalant, r ight: with antiscalant.

The composition of commercial antiscaling products is proprietary knowledge from the suppliers.
The type of antiscalant and its dosing, as suggested by freeware anti-scalant software thus
results from their expertise. Also for phosphate scaling which was/is difficult to counter,
antiscalant products emerged with a high efficiency.
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When scaling has occurred on the membrane surface, a chemical cleaning (acid, base) is needed
to dissolve and remove the scale. In the case of silica scaling however, chemical membrane
cleaning could be useless as a result of a non removable silica based scale. In those cases the
membranes are definitely lost and need to be replaced, thus at a high cost. RO operators
therefore consider silica as a major scaling risk. Silica is often present in feed waters in the
concentration range of 1-100 mg/L in its dissolved or colloidal form. The dissolved weak acid
forms can polymerize in complex ways into insoluble colloidal silica which can result in membrane
scaling. This is determined by the solubility of silica, depending strongly on pH, and interactions
with other constituents in the feed to form insoluble silicates. The solubility shows a low value at
neutral and lower pH (around 125 mg/L) and is higher at higher pH values (e.g. 875 mg/L at
pH=10.6 and 25<). In the presence of metal ions su ch as Al** and Fe*" the solubility limit is even
suppressed and a feed concentration of less than 0.05 mg/L is a standard requirement for both
metal ions. Removal of such ions by pretreatment can help to avoid a silica type of scaling.

Next to silica, iron and manganese also pose important risks. Iron and manganese can be in
solution in low oxygen concentration feeds (e.g. well water) and are then present as Fe** gerro)
and Mn**. If aerated (oxygen supply) these will react towards insoluble Fe** (ferri) and Mn**
colloidal hydroxide compounds which can foul the membrane. The concentration limits are pH
depending but for iron the permissible concentrations are always very low as calculated by the
anti-scalant software. The best approach therefore is pretreatment of the feed to remove iron.

Biofouling

Bacteria are most often present in the RO feed and will form colonies at the inside of the RO
membrane modules on the feed spacer surface and the membrane surface itself. The bacteria
produce a biofilm on those as a habitat. Since the feed is transporting nutrients along with the
convective flow towards the membrane when producing permeate, the bacteria will thrive on such
supply towards the biofilm. Once formed, a biofilm is very difficult to remove. Moreover, bacteria
can survive in a biofilm on a very low supply of nourishment and even in ultrapure water systems
they were detected. To avoid biofouling, the feed needs to be pretreated (see 5.3.3).

Fouling by absorption of organics

There are several classes of organic foulants : FOG (fats, oils and grease), proteins and
carbohydrates. The adsorption of organic foulants causes flux decline which might be non
recoverable. Since many organic foulants show a negative charge at high pH, fouling by these
foulants could be avoided by pH control as a result of a negative charge of the membrane
surface. FOG are very difficult to remove. Emulsion type of organic foulants create a film on the
membrane. Proteins and carbohydrates can result from bacterial activity.

Table 5-9 RO related feed water quality parameters.  COD: Chemical Oxygen Demand; TOC:
Total Organic Carbon; AOC: Assimilable organic Carb on; FOG : Fats-Oil-Grease; BFR :
Biofilm Formation Rate.

Parameter Quality target or required action
Design/ Scaling

K mg/L See RO installation design

Na* mg/L See RO installation design
NH," mg/L See RO installation design
Ba'™" mg/L See RO installation design
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Parameter Quality target or required action
Design/ Scaling

Ca"™ mg/L See RO installation design
Mg™ mg/L See RO installation design
Mn™* mg/L See RO installation design

Max 0.05 advised (www.dow.com)
st mg/L See RO installation design
cr mg/L See RO installation design
F mg/L See RO installation design
HCO; mg/L See RO installation design
NO;3 mg/L See RO installation design
COz” mg/L See RO installation design
S0,” mg/L See RO installation design
PO,> mg/L See RO installation design
Conductivity pHS/cm See RO installation design
TDS mg/L See RO installation design
LSI Antiscalant dosing (software)
Hardness mg/L (CaCO3) Antiscalant dosing (software)
Alkalinity mg/L (CaCO3) Antiscalant dosing (software)

Silica mg/L Antiscalant dosing (software)
Aluminum mg/L Antiscalant dosing (software)

Max 0.05 advised (www.dow.com)
Fe™ mg/L Antiscalant dosing (software)

Ferrous iron max 4 (at pH<6 ; oxygen<0.5 ppm) (www.dow.com)
Fe™" mg/L Antiscalant dosing (software)

Ferric iron max 0.05 (www.dow.com)
pH Membrane pH limit specs by supplier
Temperature T See RO installation design
Particulate/colloidal Fouling
TSS mg/mL Pre-treatment
SDI Should be < 5 from experience
Turbidity NTU Should be < 1 (from experience)
Particle count number/mL
Organic foulants
COD mg/L <10 (www.dow.com)

TOC mg/L If >3 mg/L: pretreatment (www.dow.com)
AOC pg/L Ac-C Max 10 , target < 5 (www.dow.com)
BFR pg ATP/cm°’.d  Max 5, target < 1 (www.dow.com)

Organic foulants (FOG)

mg/L

If >0.1 mg/L : pretreatment (www.dow.com)

Biofouli ng

Micro-organisms CFU/mL Pre-treatment

Other

Free chlorine mg/L Membrane chlorine limit specs by supplier

Max 0.1; advised to remove (www.dow.com)

Table 5-9 presents a systematic overview on the feed water quality demand which assists in
guiding the RO operator towards an adequate RO process. The parameters are classified from
the perspective of the fouling classes and/or design. The operator is able to look up the
corresponding action to determine the limit of a specific contaminant concentration level and the
potential pretreatment action (see 5.3.3) to respect the limit as estimated from e.g. the modeling
software or from the membrane producer specifications. In case a specific fouling phenomenon
cannot be countered by a pretreatment action, cleaning of the membrane to remove or contain
the effect of the foulant is a common practice.
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5.3.3 Pretreatment of feed water
5.3.3.1 Scaling

If the design simulation data from the RO design freeware indicate a scaling risk, the freeware
from the antiscalant producers will advise on dosing of specific antiscalants or on adapting the pH
of the feed by the addition of an acid or a base to shift the chemical equilibrium towards a higher
solubility situation. At too high scalant concentration the dosing of antiscalants can be insufficient.
This problem can only be resolved by the (partial) removal of that specific scalant in the feed. A
number of fysicochemical methods are available which allow to precipitate/flocculate the
unwanted foulants and remove them by sedimentation or filtration (see also 5.4.3). lon exchange
softening can be used to substitute divalent ion based salts with low solubility (e.g. based on
Mg**, Ca™) with highly soluble ones (based on Na"). It is also possible to add lime in order to
induce carbonate precipitation (lime softening ; quick lime CaO or hydrated lime Ca(OH),).
Another option is to use NF which allows to remove divalent ions such as Ca™" to a large extent
while passing monovalent ions. This could be called “NF softening”.

5.3.3.2 Particulate and colloidal fouling

It is advised to remove as much as possible the particulates and colloids from the feed. The SDI
specification can be a reference. It is common to use cartridge filters in front of the entrance of
the first RO bank to withhold particulates. The minimum pore size of these absolute filters should
be 10 um and a pore size of 5 um is recommended. If colloidal silica or metal silicates are
present, even a pore size of 1 to 3 um is advised.

It is possible to have the cartridge filtration preceded by sand filtration.

Also methods of in line filtration involving coagulation or coagulation/flocculation are used. In the
latter, the flocs (e.g. hydroxide flocs) can settle and be removed. The supernatant can then be
further treated by filtration.

It is also possible to pretreat the feed by pressure driven membrane filtration (MF, UF or even
NF). This involves a complete additional membrane filtration installation. The advantage is the
high quality of the RO feed, the disadvantage the cost of the additional filtration installation. In the
case of the use of NF, the pretreatment also involves the removal of divalent ions, thus a
softening treatment. This results in a lower osmotic pressure and a partial removal of scalants and
hence in a RO feed which needs less RO filtration pressure (lower energy consumption) and less
RO anti-scalant dosing. This principle of NF pretreatment could be useful for reuse of industrial
process water when having important salt concentrations.

5.3.3.3 Organic foulants

Organic foulants are mostly hard to remove by pretreatment except for pressure driven
membrane filtration.

Bacteria may produce extracellular polymeric substances (EPS) which constitute a very broad
family of foulants, including proteins and carbohydrates. A high pH promotes the solubility of
these compounds. It also promotes a negative charge of such compounds, which will then be
repelled by the negative charge of the membrane surface. Therefore pH control of the feed could
be a pretreatment solution to avoid organic fouling of the membranes to a certain extent. Cleaning
of the membranes is often the only solution to control flux decline from such organic fouling.

Humic organics are mostly present in natural waters at concentrations of 0.5 mg/L to 20 mg/L of
TOC (Total Organic Carbon). These organics should be removed when the TOC > 3 mg/L.
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Alternative pretreatments are coagulation by hydroxide flocs, UF or adsorption on activated
carbon.

Oil and grease contamination at concentrations > 0.1 mg/L in the feed must be reduced.

Coagulation or activated carbon can be used. Such substances adhere very fast to the membrane
surface and can then only be removed by membrane cleaning.

5.3.3.4 Biofouling

The adhesion and growth of bacteria on surfaces happens very quickly. As a result, preventive
actions are needed. New RO membranes are always packaged with a biocide included. Used RO
membranes should be repackaged for that reason in an analogous way (preferentially in a sealed
containment) if an intermediate storage is needed. When mounted in an RO module, care should
be taken not to contaminate the system and a disinfection rinse can be needed to avoid biofouling
problems after the mounting phase of the installation. This is also the case for the skid
components (tubing, pumps, valves, ...) which can likewise be a source of bacteria if no
preventive measures are taken.

The feed/concentrate side of the membrane in the module is evidently exposed most to a
bacterial contamination while the permeate side is expected not to be contaminated at all.
However, in the case of defects in the membrane surface or a sealing in the permeate tube
interconnections of the membrane modules, the risk of a transfer of bacteria towards the
permeate side is not unrealistic.

From these considerations, an optimal strategy is to make sure that there are no bacteria present
in the feed. Since e.g. cartridge filters or activated carbon will not obstruct bacteria to enter the
modules, other measures need to be taken.

5.3.3.4.1 Disinfection by UV treatment

UV photons are capable of the destruction of bacteria and viruses. Evidently, the effect of UV
radiation can be prohibited by the presence of other particulates. For a specific feed, tests are
required to check for the relevance and efficiency of UV treatment.

5.3.3.4.2 Disinfection by pressure driven membrane filtration

UF or NF are able to obstruct bacteria and even viruses to a large extent from passing the
membrane pores (Figure 5-19). In order to reject bacteria, the minimal pore size is about 0.1 pm
which points to the use of UF (or NF) membranes.

5.3.3.4.3 Disinfection by chemicals

Biocides such as hypochlorite, chloramine, ozone, peroxides or iodine eliminate bacteria but can
also be dangerous towards the RO membrane material. In most cases, they need to be removed
from the feed, before entering the RO membrane modules.

The following criteria should be met for biocides (www.dow.com):

- Compatible with the membrane.
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- Fast acting.
- Cost effective.
- Biodegradable.

- Compatible with current and upcoming regulations.
In addition they should not diffuse into the permeate. Such biocides were developed and can be
obtained from biocide producers.

Free chlorine in the feed will degrade polyamide membrane materials and will cause a permanent
loss of rejection. Free chlorine needs to be removed by activated carbon or a chemical reducing
agent. The membrane producers mostly specify also an exposure limit of their membrane material
as a maximum ppm.hours value. E.g. a max of 1000 ppm.hours indicates a max of 1000 hours at
1 ppm free chlorine or 10000 hours at 0.1 ppm free chlorine. Cellulose acetate RO membranes
are much less sensitive to free chlorine and could be considered in applications with a high risk of
biofouling as they would allow chlorine sanitization to a certain extent.

Figure 5-19 Size of fouling constituents.

5.3.3.5 Cleaning of RO membranes

A cleaning action of a fouled RO membrane is evidently linked to the type of fouling which has
occurred at the membrane surface (see Table 5-10).

In the case of inorganic scale formation, acid cleaners are generally used to remove the scalant
(carbonates, hydroxides). Acid cleaners are conventional acids such as sulfuric acid, hydrochloric
acid, nitric acid, ...). Also organic acids could be used such as citric, oxalic and acetic acid.

In the case of the presence of organic foulants (proteins), alkaline cleaners are used such as
caustic soda. Also silica can be removed in this way. The addition of surfactants can promote the
cleaning action of the alkaline agent. Surfactants can be non-ionic, anionic or cationic.

Enzymatic cleaners can degrade organic foulants but there reaction kinetics are slow and they are
also expensive.
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An important aspect of cleaning are indeed kinetics. Cleaning (re)actions can be speeded by
increasing the temperature of the cleaning solution. This is possible by CIP (cleaning in place)
while using a heated CIP tank and by circulating the cleaning solution through the membrane
modules at a higher temperature. Typical cleaning times are 30 min. In case particulates are
produced during the cleaning, it is advised to have a 5 pum filter to remove them from the closed
CIP circuit.

Table 5-10 Some common foulants and examples of cle  aning solutions (Judd and
Jefferson, 2003)

Foulant Cleaning solution

calcium carbonate - hydrochloric acid pH 4
- citric acid 2%, ammoniated to pH 4

calcium sulfate, barium sulfate - citric acid 2%, ammoniated to pH 8
- EDTA solution salt, pH 7-8

metal oxides - citric acid 2%, ammoniated to pH 4
- sodium hyposulfite 1 %

silica - caustic soda pH 11

organics - caustic soda pH 11
- alkaline detergent

biological fouling - formaldehyde 1%

- hypochlorite

5.4 Pressure driven filtration by porous membranes (MF, UF,
NF)
5.4.1 Principles and technology description
5.4.1.1 Principles

Next to RO, other types of pressure driven membrane filtration techniques exist which are based
on porous membranes. Such membranes enable to separate specific constituents by the fact that
the constituents are larger in size than the pores within the membrane, with the exception of NF
where charge effects and diffusion also play a role. As a result of the pore size effect, it is
possible to classify porous membranes in particle filtration (PF), MF, UF and NF. PF will not be
discussed further in this section since the method is related to a coarse filtration that is mostly
done in a dead-end mode while using dept-filtration effects.

Arbitrary, even overlapping, boundaries between RO, NF, UF and MF can be found in the
literature. It is therefore only possible to give indicative boundary values (see also Figure 5-10):

MF: constituents smaller than a few um but larger than around 0.1 um (suspended solids,
micro-organisms).

UF: constituents smaller than around 0.1 um but larger than around 0.01 um (large dissolved
molecules, suspended colloidal particles).

NF: constituents smaller than around 0.01 um but larger than around 0.001 um (multivalent
ions and small charged or polar molecules).

Typical permeabilities are:
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- For MF: > 50 L/h.m2.bar.

- For UF: 10-50 L/h.m2.bar.

- For NF: 1.5-12 L/h.m2.bar.

- For RO: 0.05-1.5 L/h.m2.bar.

In principle, pressure driven membrane filtration can be performed in dead-end mode but in most
cases such mode shows an excessive decline of the permeate flux as a result of membrane
fouling. During dead-end filtration all constituents which are transported to the membrane surface
as a result of the permeate extraction and which are retained by the membrane pores will
accumulate on the membrane surface. A fouling layer is thus formed which also contributes to the
permeability since the hydraulic resistance to the permeate flow is dictated by the combined
membrane and fouling layer resistance.

The cross-flow mode was already explained in 5.3.1 on RO. A tangential flow of feed/concentrate
showing a sufficiently high tangential velocity induces turbulence at the membrane surface to
disturb the build up of the fouling layer from the convective transport of foulants in the
perpendicular direction to the membrane surface. In this way the stagnant foulant layer on the
membrane surface is minimized. This lowers the filtration resistance and ensures a sufficiently
high permeate flux.

A tangential feed velocity can also be obtained by using air bubbles to scour the membrane
surface and thus remove the fouling layer or control its thickness.

Moreover, since MF, UF and NF are pressure driven membrane filtration being based on porous
membranes, it is also possible to backwash the membranes by sending back a small fraction of
the clean permeate through the pores in order to wash off a large amount of the fouling layer.

The semi dead-end mode involves the cyclical feeding of the both sides of a pressure tube
containing a number of membrane modules. At the start of the cycle the tangential flow is
considerable and therefore the filtration mode is mainly cross-flow. However, during the filtration
the fouling layer thickness is increasing and therefore the permeate flux is decreasing which leads
to a gradual shift to a dead-end like type of filtration. The filtration cycle is then halted at a specific
TMP or a specific permeate flux value whereafter the fouling layer is removed by a forward flush
through the complete pressure tube using the feed itself. The filtration cycle can then be
restarted.

In section 5.3 the solution-diffusion modeling of RO was explained. It should be remarked that RO
is the only pressure driven membrane filtration technique which can be modeled to a satisfactory
extent. There are no universal models for MF, UF or NF. Design software for MF, UF and NF,
having the same model based functionality as the existing RO design freeware, is thus still
lacking.

A pragmatic and approximate approach to design a pressure driven membrane filtration
installation is however possible, being based on experimental data (Brauns et al., 2002). The
global layout of the tool is illustrated in Figure 5-20.

The software tool allows the input of the experimental filtration data obtained from a filtration
experiment, based on e.g. one basic filtration module at chosen cross-flow tangential velocity and
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TMP. The corresponding permeate flux data are recorded at steady state conditions and then can
be used as input data in the software tool. It is possible to estimate a relevant design since the
software tool allows for an instant iterative calculation of permeate and concentrate flows, while
determining the number of sections which are needed in a stage and so forth.

5.4.1.2 Description of technology

Membranes are produced in different formats: flat sheets, tubular or capillary (hollow fiber). Such
different membrane shapes can be mounted in different ways in different types of filtration module
configuration.

Flat sheet membranes (rectangular or circular) can be mounted in a plate&frame type of modules

(example in Figure 5-21). They can also be implemented in a spiral wound module (see also
section 5.3 for RO membranes).

Figure 5-20 Pragmatic design and cost calculation s oftware tool.
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Figure 5-21 Pleiade rectangular plate&frame membran e module ( www.rhodia-eco-
services.com ).

Tubular membranes are bundled in a casing in a way that a sufficient total membrane surface
area is available in order to produce an envisaged permeate flow (example in Figure 5-22).

Tubular membranes are used in conditions of a high fouling potential (high level of suspended
solids) of the feed since a high cross-flow can avoid blocking/plugging effects which would occur
when using other types of membrane modules. A high tangential flow velocity also strongly
reduces concentration polarization effects. It is also possible to use (large) air bubbles in a vertical
mounted module to create an airlift effect and to scour the membrane surface with the air bubbles
to avoid/remove foulant layers and to increase the permeate flux. In some cases it is even
possible to use sponge balls to wipe and clean the membrane surface area to stabilize the
permeate flux. Depending on the application and fouling conditions, the life span of such
membranes can range from 2 to 10 years. Typical applications of tubular membranes involve oily
waste waters in metalworking, degreaser recovery, paper and pulp wastewater treatment, paint
and pigment recovery, cosmetics waste water, juice clarification.

Figure 5-22 Koch tubular membrane modules (  www.kochmembrane.com ).

Monolithic (ceramic) tubular modules also exist, as shown in Figure 5-23. Such monoliths are
produced through powder processing and firing (sintering), in an analogous way as used in the
porcelain and brick industry. They exist as single tube or as multi-bore monolith (see the other
examples in Figure 5-23. The monolith shows a bulk pore size which is mostly not directly
conform to the filtration purpose. Often, this is also a requirement since a large pore size in the
bulk allows an adequate drainage of permeate without too high pressure losses. As a result, the
monolith will preferably be used as a support for the actual membrane which is applied as a very
thin layer on the internal bore surface.
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Figure 5-23 Ceramic monolithic membrane modules (Le  nnTech).

Hollow fibers based membranes can be considered as the extrapolation of tubular membranes
towards very small diameters. The outer diameter ranges from a few mm down to sub-millimeter,
while the membrane has lost the stiff characteristics of a tubular membrane and thus shows a
high pliability. The hollow fibers are sealed leak-free at both sides by enclosing the ends in a
polymer resin while ensuring to keep those ends open to be able to transport the permeate into
the permeate collector, which they are sealed to.

From the description of the different configurations in MF, UF and NF it is clear that the
technological complexity within pressure driven membrane filtration is significant.

An important mutual aspect within whatever MF, UF and NF configuration evidently is membrane
fouling. As explained for RO, the measurement of the fouling potential of a feed is a pragmatic
approach to anticipate on the need for operational changes of the filtration process. In the case of
RO, the SDI fouling measuring technique allows to some extent to judge on the necessity to pre-
treat the feed. For the other pressure-driven membrane filtration processes, the only technique
which is sometimes applied, is the Modified Fouling Index (MFI).

5.4.2 Water quality demands and criteria for operat  ion

In section 5.3.2 reference was made to a water quality classification. The feed of a MF, UF or NF
could be of quality Q1 and therefore fouling type aspects as described in section 5.3.2 are
analogous here. As already stated, fouling is an extremely complex process involving many
different types of possible fouling phenomena which may moreover interact with one another.
Therefore only very general remarks can be made here with respect to feed quality demands. NF
is distinguished from MF/UF further in this section from the ability of NF to also withhold ions to a
certain degree.

5.4.2.1 MF and UF

Since MF and UF show pore sizes which can be regarded as showing no retention for ions, it can
be indicated that scaling effects do not need to be included in the analysis. MF and UF are
intended for the removal of suspended solids. MF includes the removal of suspended particles
down to the size of tenths of a micrometer and bacteria. In addition to the MF performance, UF
includes the removal of molecules in solution down to a molecular weight of about 1000.

A very important aspect of MF and UF is that their performance is based on pressure. The
permeate flux is proportional to the pressure difference across the membrane. At the very start of
the filtration with a fresh membrane, there is no fouling present yet, and the flow is high. Fouling
immediately starts to build and the fouling resistance increases with time, eventually reaching a
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steady state. The fouling resistance has a negative influence on the water flux and causes energy
losses since part of P is wasted by the additional fouling hydraulic resistance. It is by trying to
reduce the fouling resistance that the flux can be maintained at an acceptable level and that the
energy loss can be countered. Since this resistance in MF and UF is mainly conditioned by
suspended solids, the water quality demand relates to the concentration, particle size distribution,
particle shape, etc. of those suspended solids and their interaction with the pores of the
membrane and membrane surface area.

Important in this respect is the type of membrane structure that is presented to a feed. There are
two types of membrane structures: homogeneous or skinned (asymmetric). The asymmetric
structure shows a skin, having the smallest pores, while the structure underneath shows a fractal-
like appearance (figure 5-24) with a rapidly increasing pore size. From the structure, a skinned
membrane has a favorable “low” hydraulic membrane resistance.

Figure 5-24 Skinned (asymmetric) membrane.

In contrast, a homogeneous membrane shows the same pore size throughout the whole
membrane structure. The hydraulic membrane resistance is very large in the case of a thick
membrane and therefore the membrane is mostly put as a layer on top of a supporting porous
layer showing much larger pores.

In the case of a skinned membrane the risk of pore blocking (by a relatively deep penetration of
suspended particles within a pore) is much less than with a homogeneous membrane. These
considerations emphasize the complexity of filtration and the need for experimental testing of a
specific feed with a specific MF or UF membrane to learn about their combined fouling behavior.

Water quality demand with respect to MF and UF is linked to the complex fouling propensity
characteristics of the feed and this can only be determined experimentally. As to the water quality
imposed, after the selection of the membrane, it is not possible to introduce here a generally valid
table of constituents to be avoided, with some kind of limiting concentration in the feed, since
there is a vast multitude of membrane materials, membrane configurations and module concepts
on the market. It is thus necessary to strictly follow the specifications of the membrane producer.
In some cases e.g. it is possible that membranes are irreversibly fouled by specific surfactants or
cationic polymers in the feed. Their presence thus needs to be avoided as indicated by the
membrane manufacturer.
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Regarding reversible fouling, cross-flow induced turbulence by a high feed flow or by air sparging
can counter foulant cake layer thickness or concentration polarization effects (gel layer in UF).
Well known additional mechanical cleaning actions to counter or temporarily remove reversible
fouling effects also include backwashing or backpulsing. The removal of irreversible fouling can
only be obtained by a chemical cleaning treatment of the membrane.

Reference can also be made to ASTM D7285 - 06 Standard Guide for Recordkeeping
Microfiltration and Ultrafiltration Systems:

1. Scope

1.1 This guide covers procedures for well-defined recordkeeping of microfiltration (MF) and
ultrafiltration (UF) systems.

1.2 This guide includes a start-up report, recordkeeping of MF/UF operating data, recordkeeping
of pretreatment operating data, and a maintenance log.

1.3 This guide is applicable to waters including surface water, ground water and some wastewater
(secondary effluent) but is not applicable to membrane bioreactors or process streams.

1.4 This standard does not purport to address all of the safety concerns, if any, associated with its
use. It is the responsibility of the user of this standard to establish appropriate safety and health
practices and determine the applicability of regulatory limitations prior to use.

2. Referenced Documents

D1125 Test Methods for Electrical Conductivity and Resistivity of Water

D1129 Terminology Relating to Water

D1253 Test Method for Residual Chlorine in Water

D4195 Guide for Water Analysis for Reverse Osmosis and Nanofiltration Application

D5090 Practice for Standardizing Ultrafiltration Permeate Flow Performance Data

D6161 Terminology Used for Microfiltration, Ultrafiltration, Nanofiltration and Reverse Osmosis
Membrane Processes

D6698 Test Method for On-Line Measurement of Turbidity Below 5 NTU in Water

D6908 Practice for Integrity Testing of Water Filtration Membrane Systems

An important item in permeate flux data comparative analysis is the need to normalize the
permeate flux to a reference temperature. Since water viscosity has a significant effect on flux,

resulting in about 3% flux decline with 1C at a gi ven TMP, such a normalization is needed to be
able to rule out the temperature effect from other effects such as fouling.
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5422 NF

NF membranes show an important retention for divalent (and up) ions under specific conditions
and as a result, scaling effects need to be included in the analysis. As to the water quality
regarding scaling, the same reasoning can be used as in the case of RO (section 5.3). However,
the situation for NF is largely different from RO since the retention of ions in NF is clearly not as
pronounced as in RO. Depending on flux, the retention of non-monovalent ions can be high to low
and therefore the concentration of sparingly soluble constituents in the concentrate in the last
membrane module cannot estimated as well as in RO. The solution-diffusion model for RO is in
fact not relevant in NF. The modeling of NF is still discussed although some approaches do exist
(e.g. the software Nanoflux http://www.fist.fr/es/filtration-separation/nanoflux-software-advanced-
tool-for-the-prediction-and-scaling-up-of-nanofiltration-processes.html).

As to other types of fouling, induced by suspended solids and also large molecules in solution, the
same remarks are valid as discussed for MF and UF. As a result, NF membrane selection also
needs to be based on experimental work.

5.4.3 Pretreatment of feed water

The pretreatment of the MF, UF or NF feed water could involve the removal of coarse constituents
which could block or damage the membrane module. Techniques such as depth filtration (sand
filtration, filter cartridges,etc.), continuous paper or cloth band filtration, press filters, gravitational
settling, flocculation, oil skimmers, ... could be applied to eliminate unwanted constituents from
the feed. In the case of the presence of chemical substances which can damage the membrane
material, such should be removed or neutralized by appropriate methods (chemicals, adsorption,
skimming (of oil),etc.).

Since MF is able to prefilter a UF or NF feed, to enhance the UF or NF, a pretreatment by MF
itself has become common practice. In an analogous way UF can be used as a pretreatment of
the feed of a NF or even a RO.

Biofouling of the membrane surface can be countered by dosing biocides to the feed or by UV
treatment.

In the case of NF, antiscalants can also be dosed.

5.5 Electrodialysis

5.5.1 Principles and technology description
5.5.1.1 Principle

At first, dialysis is considered here briefly. When having a solution “A” with a high concentration of
ions which is separated with an ion conductive membrane from a solution “B” with a low
concentration of ions, the concentration gradient will induce the diffusion (dialysis diffusion) of ions
from “A” to “B”. In the case of a cation conductive membrane (CM) the cations within “A” will
diffuse through the membrane to “B” while the anions will be retained in “B” (in “A” water is
splitting into H" and OH™ and H" ions then can also diffuse to “B”). In an analogous way, in the
case of anions, these will pass through an anion conductive membrane (AM) from “A” to “B” while
this is compensated with a transfer of OH™ from “B” to “A”. These diffusion processes are
spontaneous and require no energy supply.
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When applying an electrical field across the ion conductive membranes the ions will move
according to this field. The anions will move to the anode (positively charged electrode) through
an anion conductive membrane while the cations move through a cation conductive membrane to
the cathode (negatively charged electrode) as illustrated in Figure 5-25. In this way it is possible
to force ions out of a solution towards a solution with a higher concentration. This is called
electrodialysis (ED) which thus allows ion transport against a gradient (desalination). It can be
remarked that RO involves a desalination with transport of all the water through the RO
membrane while ED involves desalination with the transport of only the solute (ions) through the
ED membrane. ED thus shows a restricted need of material transport.

5.5.1.2 Description of ED technology

The transport of ions through a membrane requires a specific membrane material, closely related
to ion-exchange resins. The two types of ion conductive membranes are illustrated in Figure 5-26.
In the case of homogeneous membranes, a polymer structure shows a homogeneous distribution
of fixed ions which allow the counter ions to move through the structure. In Figure 5-26 the fixed
ion is an anion and as a result, the membrane material is cation conductive since it allows cations
to move freely through the structure. These are thus cation selective membranes (CM). They are
produced from polymers showing fixed negative groups (e.g. SO5, COO’, PO3*, HPO,, AsO;7,
SeO03). In an analogous way, an anion conductive membrane shows fixed positive groups (e.g.
NH;", RNH,", RsN*, RsP", R,S"). Homogeneous membranes show a good conductivity and good
mechanical properties but at a high material cost.

Cation membrane Anion membrane
M* X
- + - +
X < M+

Figure 5-25 Transport of ions through ion-conductiv e membranes.

In the case of heterogeneous membranes (Figure 5-26), a polymer structure (e.g. polyethylene) is
used as a matrix for the embedment of ion-exchange particles. The particles then need to contact
one another in order to ensure the ion conduction. Heterogeneous membranes show a low
conductivity and low mechanical properties but at a low material cost.
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Figure 5-26 Homogeneous (left) and heterogeneous (r  ight) ion conductive membranes
(Strathmann, 2007).

The classic set-up of ED is shown in Figure 5-27. A cell pair consists of a set of two ED
membranes, one CM and one AM. Both membranes define two compartments: the diluate and
the concentrate compartment. This cell pair can be repeated multiple times. In the example in
Figure 5-27Figure 5- only 8 cell pairs are shown but typically 200 cell pairs are used between two
electrodes. The cations will be transported by the electrical field from a diluate chamber at the
right hand side through the CM into the concentrate chamber at its left hand side. In an analogous
way the anions will be transported by the electrical field from the diluate chamber at the left hand
side through the AM into the concentrate chamber at its right hand side. This results in a
decreasing concentration in the diluate compartment while the concentration in the neighboring
concentrate compartments will accordingly increase. In Figure 5-27 there is an extra CM at the
right hand side which does not belong to a cell pair, as defined, but this additional membrane
simply is used to block specific anions to move to the anode. As an example, when having a
sodium chloride solution, the chlorine ions are prohibited to move to the anode in order to avoid
the production of lethal chlorine gas.
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Figure 5-27 Classic ED set-up.
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In practice, the membranes are mounted in an ED stack (Figure 5-28). In order to create sufficient
space between the membranes spacers are implemented. Obviously, the ED stack needs two
separate hydraulic flows: a diluate and a concentrate flow. The feed solution is therefore entering
the stack and is split into two separate streams. For this reason, specific openings and special
channels are provided in the AM/CM membranes and the spacers which allow the passage of
either the diluate or concentrate.

At the front and the end of the ED stack, cathode and anode electrode cells are implemented
which are provided with electrodes and which allow to cycle a special electrode rinsing solution
(Electrode Electrolyte; EE; e.g. sodium sulfate). Such EE handles the transport of ions at the
electrodes and therefore ensures the electrical field across the ED stack and the electrode
reactions. Since ED involves an electrical current, evidently electrons need also to be transported
in the electrical ED circuit, outside the ED stack, corresponding to the ionic current within one cell
pair of the ED stack. At the cathode therefore the reaction

26 +2H,0® H,+20H"

occurs, while at the anode the reaction

H,0® 2H++%02+2e'

occurs. Since the EE is circulated in a closed loop from the anode cell to the cathode cell and
back to the anode cell, electrical neutrality is ensured. Without a closed EE circuit, this would not
be the case. There can thus be no two separate EE circuits for the anode and cathode. The two
interconnections, cathode-to-anode and anode-to-cathode of the EE closed circuit between the
anode and cathode cells, need to have a sufficient length to guarantee a much higher electrical
resistance when compared to the inner resistance of the stack. Otherwise, there would be
substantial current losses through the EE circuit from the ionic conductivity of the EE solution
itself.
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Figure 5-6 Schematics of an ED stack (Strathmann, 2 007).
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It should be remarked that each cell pair shows the same ionic transport, thus also the same
current and therefore the same current density (A/m2 of membrane surface area). As a result, the
advantage of an ED stack is that the total transport of ions is proportional to the number of cell
pairs, while each cell pair itself functions at a restricted current density.

The principle of multiple cell pairs in an ED stack therefore has a number of benefits:

- Two electrodes serve a large number of cell pairs and therefore the electrode cost is also
much lower (platinum, tantalum, titanium materials are expensive).

- The amount of displaced ions is proportional to the number of cell pairs.

- Over-potential/Ohmic electrode losses are distributed over a large number of cell pairs and
become negligible.

- H" and OH reactions at the electrodes only could influence the nearby cell pairs.
- The total amount of hydrogen and oxygen gas being produced at the electrodes is limited.
However, there are also some engineering limitations to the number of cell pairs:

- The total stack voltage is proportional to the number of cell pairs and there is a voltage
limitation regarding direct current sources, available on the market.

- Hydrodynamic limitation: an even distribution of concentrate and diluate over all cell pairs
needs to be achieved (hydraulic pressure losses and flow considerations).

It is possible to purchase complete ED stacks from ED installation suppliers. As an example, an
industrial ED stack with the capacity of treating 3320 m?3 per day and a membrane surface area of
370 m2 is shown in Figure 5-29. The cell pairs in an industrial ED stack have a specific membrane
surface area and corresponding height. The degree of ion removal is related to many parameters,
as discussed further. One obvious parameter is the stack height: when e.g. considering a co-
current mode (the diluate and concentrate flow are in the same direction) the amount of ions
being transported is a function of the traveling distance of the diluate and concentrate in the
respective compartments. The total ion transport over the height of an ED stack is restricted and,
as a result, a configuration with a number of ED stacks in series could well be needed under
specific conditions. This resembles somewhat the situation of RO where a number of RO modules
also needs to be placed in series in order to obtain a sufficient transport capacity from the flux
restrictions. An ED design software thus needs to be able to perform model simulations and to
estimate the value of the parameters related to the ED stack configuration.

Model parameters include:

- Feed, diluate, concentrate characteristics: composition (ion concentrations), flow rate,
conductivity, temperature, pH, etc.

- Stack: width, height, AM and CM characteristics, spacer type, number of cell pairs,
voltage, current, current efficiency, limiting current, concentration polarization, etc.
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Figure 5-29 EUR40 stack from Eurodia ( www.eurodia.com ).

A very important ED process parameter is concentration polarization in the diluate compartment,
being linked to the flow value and thus turbulence at the membrane surfaces. Concentration
polarization at the membrane surface is induced by the transport of ions from the bulk towards
(diluate compartment) or from (concentrate compartment) the membrane surface. Since the
transport in the ED membranes is rather fast (transport numbers are higher in the membrane than
in the salt solution), a boundary layer is formed which shows an ion concentration gradient at the
membrane surface (see Figure 5-30):

- Inthe diluate compartment ranging from the low concentration of the diluate bulk towards
a significantly lower concentration in the vicinity of both AM and CM surfaces.

- In the concentrate compartment ranging from the high concentration of the concentrate
bulk towards a significantly higher concentration in the vicinity of both AM and CM
surfaces.

cell pair

Figure 5-30 Concentration profiles in ED cell pair (Lee et al., 2002).
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When increasing the current density in a ED stack, the concentration at the membrane surface in
the diluate compartment will decrease to very low levels. When attaining a specific current density
called limiting current density, the supply of salt ions from the diluate bulk diluate towards the
membrane then even becomes critical. At that point, further supply of cations and anions will
result from water dissociation which really needs to be avoided in ED from the perspective of

energy usage efficiency. The limiting current needs to be determined experimentally (Lee at al.,
2006) and is expressed as:

. _ n.b
lim = a.G .U

with:
- ljim = limiting current
- ¢ = concentration of the diluate

- u =tangential velocity of the diluate in the diluate compartment
a, n and b = experimentally determined model parameters.

The limiting current is obtained (Figure 5-31) by measuring a feed'’s current (I) versus voltage (V)
behavior at different flow rates (u) and different concentrations (c). The effect of the tangential
fluid velocity u, as dictated by the flow and the cross sectional surface area of the diluate and
concentrate compartments, is linked to an increased turbulence with flow. An increased
turbulence with an increased flow induces a higher disturbance of the boundary layers at the
membrane surfaces. As the boundary layers thereby are reduced in thickness it is obvious that
the concentration gradients are reduced accordingly and therefore also the limiting current. The
experiments allow for each configuration the determination of the point of deviation from the initial
Ohmic | versus V behavior. That specific point indicates the limiting current (Figure 5-31). The
limiting current data can then be processed by regression techniques to determine the model
parameter (a, n and b) values. In this way the limiting current experimental model is obtained and
can be implemented in the ED design software which enables to calculate the limiting current
density for whatever parameter configuration. An ED design software is described in Lee et al.
(2002).
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Figure 5-31 Determination of limiting current (Lee et al., 2006).

In the design model of Lee et al. (2002) it is very important to consider the conditions at the
diluate output port of the ED stack. There, the diluate will show its lowest concentration and
therefore the risk of exceeding the limiting current is at that location. Lee et al. (2002) introduced a
differential equation with respect to the complex diluate concentration change along the height of

Page | 90



Summary report on scaling, fouling and corrosion parameters
UCM, HOL, PTS, VITO, 24/05/2010

the ED stack and solved the equation by integration. In this way it is possible to calculate the
concentration at the diluate output port and thus the limiting current risk. Evidently, the design
model is complex/non-linear and therefore software is needed to perform the calculations. This
can be done by using a solver software (as implemented at VITO, Figure 5-32).
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Figure 5-32 ED design software at VITO.

It should be remarked that the model of Lee et al. (2002) is based on a number of assumptions
which restrict its applicability. The assumptions are:

- The diluate and concentrate are co-current. This restricts the ED evaluation to this mode
and the counter-current mode can therefore not be calculated.

- The value for the ion-valence (z) is limited to one single value (z=1 or z=2 or ...). This
restricts the evaluation since a mixture of salt ions with different ion-valences is not
possible in this way.

- The equivalent conductance is assumed to be a constant throughout the stack. In reality
the value of is concentration dependent and therefore the model of Lee should be re-
worked for this effect.

The modeling of ED as described in the literature should therefore be extended into a more
universal ED model which allows to calculate other modes, the situation for mixtures of ions with
different valences and the conductivity concentration dependencies of the different constituents.

The development of such an elaborated ED model and its software implementation will obviously
need a major effort. It is also clear that ED modeling is not at the same level as for RO.

From the design calculations, a stack configuration can be estimated. Since industrial ED stacks
can be purchased (Figure 5-29) one has to consider the specifications of such stacks in the
design calculations. The stacks have a specific geometry (membrane surface area, thus also
height), cell pair number, etc. and as a result, the design needs to take the “discrete character of
possible choices within ED stack selection” into account. As an example, from the design
calculations the