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The most important ability of humans, which distinguishes us from other species, is the ability to think.  This has enabled us, relatively weak and frail beings, to plan and largely adapt our environment to suit us and make us the dominant species on this planet.  This adaptation poses a threat to the environment, as we have not always completely considered the consequences of our actions.  This makes it necessary for many of us to think more and temper our adaptations.  Humans do not always use their thinking faculty enough.  If, with this unit, we achieve nothing but an expansion of the willingness to think, an important part of the objectives will have been achieved.

One of the practical consequences of overpopulation is increased pollution of the water resources that provide the human need for potable water.  To provide water with a quality suitable for drinking, extensive additional treatment is required.  About one-third of the Earth’s population does not have access to the necessity of drinking water treatment nor the luxury of safe sanitation.  As a consequence, millions of people worldwide die annually after contracting waterborne diseases.  Even in the most developed countries, people die from waterborne diseases and of toxicity contained in water.  This may be natural toxicity from cyanobacteria – although these really thrive as a result of pollution – and synthetic toxicants.   Some of these can accumulate in animal cells and may, in a lifetime of exposure, increase the risk of such diseases as cancer, birth abnormalities and long-term genetic degeneration.  Whereas it is not possible, within reasonable practical and financial restrictions, to eliminate all health risks, a properly designed water treatment plant can reduce the risks of water pollution to health by several orders of magnitude.  

Drinking water treatment is essentially a physical-chemical process with some interaction with the world of microbiology.  This course will concentrate on the various unit processes used in drinking water treatment.  While domestic wastewater treatment is essentially a biological process, there are a number of physical-chemical unit processes also employed in wastewater treatment.  Wastewater treatment is aimed at alleviating pollution of the environment mainly, however, with increasing water demand, there is also the need to reuse water for a variety of purposes and proper treatment and responsible disposal also becomes a health issue.  This course will not ignore these applications, and frequent references will be made to the parallels.  This course is mainly about the physical-chemical technology to improve water quality for municipal purposes.   The less commonly used unit processes of adsorption, ion exchange and membrane processes will be done superficially as, these technologies are studied more fully in the course CE525X Industrial Wastewater Management and Recovery.   The text has been divided into a number of modules, each addressing one or more unit processes.  There will also be a module on advanced wastewater treatment (again essentially physical chemical) and one on the treatment and disposal of the underflow concentrates from either water or wastewater treatment as these topics are very similar in concept.

Module 1 addresses the quantitative and qualitative aspects of water demand, including some background in water chemistry and biology to understand water quality measurement better.  Modules 2, 3 and 4 constitute the typical treatment sequence followed in potable water treatment, i.e. screening, coagulation, flocculation, sedimentation, filtration and disinfection/oxidation. Module 5 addresses non-conventional water treatment unit processes used as additional tools to ensure good quality water from polluted sources.  Most of these also find application in wastewater treatment, particularly advanced treatment.  Module 6 introduces tertiary treatment and water reclamation.  Module 7 completes the picture of modern treatment technology in considering treatment and disposal options for sludges, the waste stream generated in water and wastewater treatment plants. 

A number of problem assignments will be set, mainly aimed at problem solving or design work and one based on own research.  Problems are staged, leading to the design of particular wastewater treatment processes or unit processes.  The assignments, together with the laboratory practicals during the residential school, will count 40% of the marks for this unit.  Three exams, based on problem solving, design and short questions on the principles, will count the other 60% of the marks.   Short summaries or problem sheets will be permitted in the exams.  The exams will each cover some of the modules to date.  There will be no comprehensive final exam. 

A handbook, Droste RL (1998) Theory and Practice of Water and Wastewater Treatment, Pitman is prescribed. 
MODULE 1

WATER QUANTITIES AND QUALITY

This beautiful planet of ours is under threat of explosive population growth of one species: Homo sapiens.  If you can read this, you are part of the problem.  This overpopulation by one species is threatening the existence of many others and has in fact led to the extinction of a number.  Technological developments since the ability to master fire, have led to excessive demands on natural resources, notably fresh water.

This module will cover sources of fresh water, quantities required by growing populations, threat to water quality through pollution, water chemistry and water quality requirements in Australia.

1.1 FRESH WATER SOURCES
We should develop an understanding of the limitation of fresh water sources in nature.   In spite of the fact that 70% of this planet is covered with water, almost 97.25% of this is saline.  Although the technology exists to extract fresh water from seawater, it is a capital and energy intensive process, not a viable and sustainable option for large-scale supply.  The remaining 2.75% is not saline, but 3/4 is frozen and concentrated in the polar regions and virtually all of the rest is stored as largely unavailable underground water.   An almost insignificant fraction (0.014%) is open surface water.  The total volume of this is 230000 km3, but poorly distributed, most of it in a few major lakes where very little of it is available to the general world population or it runs down in the Amazon River, at a rate an order of magnitude larger than Mississippi River, again largely unavailable for human use. 

The source of fresh water on land originates from rainfall.  The amount of precipitation on landmasses is extremely variable as a function of both position and season.   Many desert areas receive less than 50mm/a, while wet tropical regions receive over 2000mm annually.   The mean precipitation in Cherapunji in India is 10,600 mm/a and 26,461 mm/a has been recorded.  By comparison, Australia's high rainfall area, the coastal strip between Ingham and Cairns, receives about 3000 mm/a.  The fraction of rainfall that results in runoff is even more variable than rainfall.  In low rainfall areas the runoff fraction approaches zero and even between 500-1000 mm/a it is usually only 5- 20%.  Close to half of the landmasses receive too little rainfall to support sustainable cropping or to generate much storable runoff.
To extend available sources, H. sapiens has developed methods to even out fluctuating availability of surface runoff resulting from rainfall by building dams to intercept and store water and by transferring water between catchment basins.  These schemes interfere with the normal flow patterns and variability of rivers and grave environmental consequences result, particularly in coastal and estuarine waters, which are the cradle of much of the life forms that exist in the oceans.

1.2  CALCULATION OF WATER DEMAND AND STORAGE
Water demand in cities is a function of domestic, industrial and public amenity demand.  Very often these demands are lumped together as they are all functions of human activities.  It could be said, for instance, that the per capita water consumption of Australians in cities is about 500L/d, but that this figure is closer to 250L/d for domestic purposes only.  About one third of this again, is for garden use.  More accurate figures can be derived at if the activities are considered separately.  Irrigation, apart from public parks and grounds in cities, is mainly rural and should be calculated separately.

Industrial requirements depend on the product and process and specific water requirements are expressed as m3 per tonne of product are available from many industrial surveys (e.g. see Resource Recovery from Waste RE454).  These vary considerable depending on the degree of water economy.  It may, for instance, require from 5 to 200 m3 of water to produce one tonne of steel, not counting water used in mining. 

Irrigation requirements can be calculated as an equivalent volume based on the application rates per annum multiplied by the area irrigated.  Irrigation may be a supplement to rainfall ranging from 200 mm to 1000mm per annum.  An irrigation rate of 200mm/a (0.2m/a), irrigating one hectare (10,000 m2) represents a water demand of 2,000 m3/a, or for a km2, 2 x 105 m3km-2 a-1.  This happens to be about the arial water consumption of suburban regions, but that is coincidental.

Municipal water demand is mainly a function of population size.  Since water treatment plants and water distribution systems need to remain functional and adequately sized for decades, the size of future populations needs to be calculated by engineers and planners.  This is part of the science (art?) of Demography.

Exercise 1.1   A farmer wants to irrigate an area of 100 ha at an annual application rate of 300 mm, supplied from a dam to be built in a small catchment.  Assuming a loss of water through evaporation and infiltration of 50%, calculate the required volume of the dam to hold enough for one year’s supply.

Predicting future population sizes

Populations of all living organisms grow according to available resources.  These resources may be limited to food and water for microorganisms, but are very complex combinations of habitat factors for higher organisms.  Some bacteria will grow exponentially, doubling the population size every 20 minutes, provided the necessary substrate in water and necessary temperature is maintained.  This could lead to enormous masses within days, as the following calculation will demonstrate.
A typical bacterium has a volume of 1 (m3, i.e. 10-18 m3.  Since the density of bacterial mass is close to that of water, this also represents a mass of one tonne as 1m3 of water would.  If this bacterium divides and multiplies every 20 minutes, as some do, we will have 2 bacteria after 20 minutes, 4 after 40 minutes, 8 (i.e. 23) after 1 hour and 272 after 24 hours.  The bacterial mass after 24h of unrestricted exponential growth is then 272 x 10-18 tonnes, or 4722 tonnes.  In less than another 20h, this biomass would grow to the mass of the earth.  This does not happen, as the nutrients run out, of course.  

When the availability of a restricting growth factor becomes limiting, the growth becomes first linear and then decreasing towards a saturation value.  Ultimately, after saturation level has been reached, the population actually decreases.

Note: The mass of the earth can be calculated from the circumference of 40,000 km, a mean density of 5.5 tonne/m3 and 4/3r3.

Some calculators cannot handle such large numbers as 272.  If factored to (218)4, the value of 218 can again be factored to 2.16x105.

Exercise 1.2  A vizier once beat a middle-eastern potentate at chess.  His wish for a reward, “one rice grain on one block of the chess board, two on the next and again double on the next and to forth” was easily granted as the potentate regarded this wish to be very humble.  Estimate the mass of rice won by the vizier. (Answer c. 2x1011 tonnes).

At 4t/ha, it would take all of the continental areas of the world 10 years to produce a crop as calculated.  It may be more rice than has ever been harvested.
Human populations also grow exponentially.  It takes between 20 (at a growth rate of 3% per year) and 70 years (at a rate of 1% per year) to double the populations.

Exponential growth as a function of time, t, for a population y can be expressed as 





dy/dt = ky

Therefore


log y = kt  + C

Linear growth as a function of time can be expressed as





dy/dt = ka
Decreasing rate growth towards a saturation level, S, can be expressed as





dy/dt = kd(S-y)

Therefore
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Both S and kd are unknowns in this equation.  An estimated value of S can be used and tested and adjusted against different sets of data points as may be available in the case of cities and towns.

Exercise 1.3  Estimate the population of Pythonville in the year 2020 from cencus data as provided by the Pythonia Shire Council as below. Use different methods to find the best possible prediction. 

Year


Population

1968


    3678

1976


    4650

1985


    5890

1995


    7241

The method to be followed, involves plotting the sizes of the past populations on a linear scale against the years to establish a trend.  If the growth appears to be linear, the line can be extended, to find the population by extrapolation.  If not, it can be plotted on semi- logarithmic paper and extended similarly.   Most calculators or computers can be used to fit the appropriate curve.
Variability in demand 

Human activities in the cities are largely a function of a diurnal cycle and it comes as no surprise that water consumption varies with this pattern.  Most people consume no water during the night while they sleep, but the first action after awakening, is to go to the bathroom and use water for flushing and washing, resulting in a peak demand around between 7 and 8 am.   This tapers of to a fairly regular usage during the day, with a possible smaller peak towards the late afternoon for garden sprinkling, cooking and washing up after work.  Not all days are similar either, with lower water demands over weekends and higher demands during hot and dry summer days due to garden irrigation demands and topping up of swimming pools.

The maximum hourly/annual mean demand can vary from 2 to 6, 2.5 to 3.5 being typical.

The maximum   daily/annual mean demand can vary from 1.3 - 4, 1.5 to 2.5 being typical.

The maximum weekly/annual mean demand can vary from 1.1 - 2.3, 1.2 to 2 being typical.
Water treatment plants have to be designed to meet the maximum demand, however, they cannot cope to well with a variable flow and are too expensive to be operating at less than, say 75% capacity.  Flow balancing can even out the hourly fluctuations, but reservoirs become impractically large to address variations in daily demand and certainly in weekly variations.  This has to be met by plant output.  

The diagram I drew on the board showing diurnal variations in flow is known as a Rippl diagram.  Make sure you understand what a and b mean in terms of production excesses and deficiencies and why we need a reservoir with a volume of at least a + b to even out the fluctuations in demand.  

The principle of balancing production and demand by storage is called flow equalization.  Obviously, if there was a variation in quality, storage and mixing would lead to a more consistent quality.  This would be called quality equalization.   Water storage has one further function and that is providing residence time for some reactions to complete.  Water stabilization and chlorine (particularly chloramine) reactions are slow and additional reaction time could improve the water quality.

Effect of restrictions and pricing
Shortages of supply and the need to dampen unconstrained usage particularly during peak demand times, forces water suppliers to impose restrictions on consumption.  This can take various forms: voluntary, small pipe size, limited hours or only certain days for even and odd street numbers.  The other restriction could be cost structure.

To effectively control and restrict water consumption, it has to be metered.  This brings about a capital, maintenance and administrative cost.  Although this creates jobs, it is really a wasteful, unproductive exercise.  It is effective, however, and opens up the possibility of differential pricing on a sliding scale to discourage excessive usage.  It also provides useful data for actual consumption and helps to detect unlawful usage and leaks. The administrative cost could be reduced by an honesty system where occupiers take their own readings with random spot checks, but this has been found to present difficulties with access and the level of understanding of the public of all matters technical.

1.3  THE EFFECT OF POLLUTION ON WATER QUALITY

Humans develop a number of wastes as part of their industrial and agricultural activities and have developed the filthy technology of diluting their bodily wastes with water.  Water is a cheap diluent and solvent and provided the quantities of waste are limited, similar to the quantities encountered under natural conditions, this approach could be sustainable.  However, due to the large populations congregating in metropolitan areas, the pollution burden has become excessive and disturbs the delicate balance in the river ecosystems and coastal waters.  The types of pollutants could be classified roughly as

organic, i.e. containing mainly carbon and hydrogen.  Many of these are putrescible and will be broken down by bacteria in water, but these processes require oxygen, which could consequently be depleted from the water causing fish deaths and bad taste and odors.  Organic substances may also color water.

plant nutrients, mainly P and N, originating from human and animal excreta and fertilizers used in agriculture.  Water enrichment with nutrients, eutrophication, can lead to excessive plant growths and algal and cyanobacterial blooms. All of these photosynthesize during daylight conditions and produce oxygen, but all respire too and during the dark hours consume oxygen, sometimes to depletion, resulting in fish deaths.  The latter can cause taste and odor problems and also produce toxins some of which can be difficult to remove.

synthetic toxins and heavy metals originating from the manufacture of pesticides, photographic processing, metal plating and mining can accumulate in the food chain, often because they are more soluble in fats than in water.  Predators, such as whales, seals and humans, at the end of the food chain, can be poisoned in this way when these toxic wastes find their way into the water environment.  Some synthetic organics can be difficult to remove from water supplies.  Heavy metals may interfere with biological treatment of wastewater and are removed with the sludge, rendering the sludge less useful as a fertilizer.

pathogens originate from people.  One sick person can start a whole epidemic when the pathogens from feces find their way into the water environment and water is again drunk from these polluted sources.  Disinfection of water can inactivate most pathogens, but there are some hardy ones, notably Cryptosporidium, which is resistant to most disinfectants and the cyst is small enough to pass through a sand filter.

salinity i.e. salts released as a consequence of mining and industrial activity mainly. Although largely innocuous, salinity can influence sensitive species (e.g. tobacco plants) and impose a limitation the usefulness and reusability of water.  Sulfates and chlorides, an important part of salinity, increases the corrosivity of water, which has implications for the distribution system.  Sodium can be detrimental to soils.  The removal of salinity is costly and has other practical limitations such as brine disposal.

natural pollution is usually not severe and includes organic and inorganic components.  Some organic compounds released by decaying vegetable matter or peaty soils are of humic or fulvic acid form.  These can react with oxidants during water treatment and produce organohalogens.  These reaction products can be carcinogenic.  The inorganic components add to the salinity of the water, usually only small contributions.

Pollution makes water less suitable for a variety of human uses and certainly for drinking purposes.   This deterioration in quality needs to be quantified and most of the practical work in this unit will be addressing measurement of pollution.  However, we first need to understand some basics of chemistry as applied in the water industry and in pollution protection.

1.4 WATER CHEMISTRY 


Chemistry is the science of the property of substances and of the reactions that transforms them into other substances.  Chemistry is an important element of Geology (Geochemistry), Medicine (Pharmacy), Astronomy (Astrochemistry), Biology (Biochemistry), Nuclear Physics and Chemical, Metallurgical and Environmental Engineering. 

Chemistry is extremely important, at the basis of life itself and understanding its principles is imperative to mastering natural resource management/engineering and recovery processes.  A short overview of some chemical processes is warranted before embarking on the treatment of water and wastewater.

Matter, Substances and Mixtures

Matter is found in one of three phases: solid, liquid or gas.  Matter can be homogeneous (steel, polyethylene, glass, water) or inhomogeneous (soil, concrete, wood, milk, sewage).  A homogeneous mixture (air, seawater, brandy) can be separated in two or more components by physical processes (distillation, adsorption, membrane filtration), but a substance cannot.  However, chemical processing can decompose substances that are compounds (water, salts, acids, alkalis, alcohols).  Compounds are built out of some of over a hundred elements  (hydrogen, oxygen, carbon, silica, iron, chlorine, calcium most commonly) of which only about half play a significant role in environmental processes.  

Sometimes, matter occurs in mixtures of two or three phases.  Separation will not occur quickly, mainly because of physical inhibitions.  In most of the examples as in Table 1 below, one phase is dispersed in the other in colloidal form, i.e. minute particles.  Very often electrostatic forces ensure that like particles remain separated within the multi-phase mixture.   
Table 1.1  
Combination


   Terminology


        Examples

Liquid-gas
aerosol
fog, sprays

Solid-gas
aerosol
smoke, dust

Gas-liquid
foam
soap solution

Liquid-liquid
emulsion
milk

Solid-liquid
sol, suspension
turbid water


paste
mud, toothpaste

Gas-solid
solid foam
polyurethane foam

Liquid-solid
solid emulsion
opal, pearl

Solid-solid
solid suspension,
pigmented plastics



alloy
stainless steel

Solid-gas-liquid

    
     sol foam


          scum, milk shake

Atomic Structure

Atoms are composed essentially of a nucleus containing protons and neutrons surrounded by a number of electrons.  The protons are positively charged, neutrons electrically neutral and the electrons negative.  The number of protons determines the element, e.g. H has 1, He 2, Li 3, Be 4, B 5, C 6, N 7, O 8, F 9, Ne 10, Na 11, Mg 12 and Pb 82.  Neutrons are present in about an equal number as the protons, but variable within elements, leading to isotopes, e.g. H usually 0, but also 1 and 2, He 1 and 2, Li 3 and 4.  The number of protons is balanced by an equal number of electrons.

Protons and neutrons have a mass of about 1.66 x 10-27 kg each, but this is usually expressed as 1 atomic mass unit.  The mass of electrons is negligible.  The most common isotope of element no 17, chlorine, Cl-35, has 17 protons and 18 neutrons and therefore has an atomic mass of 35.  Chlorine also has an isotope with 20 neutrons with an atomic mass of 37.  The natural ratio of Cl-35 to Cl-37 is a bit over 3:1.  Because of this, the average atomic mass of chlorine is 35.457, usually approximated to 35.5.

Electrons are essentially discrete quantities of electromagnetic and kinetic energy arranged in a cloud around the nucleus in orbitals.  These orbitals, in which there are a maximum of two electrons, are again arranged in shells, in which kinetic energy levels increase as a function of distance from the nucleus.  The first of these shells around all atoms has only one orbital.   The next shell (n=2) has four (22) orbitals, the third nine (32), etc.  Within each of these shells, the first orbital (called s) has a lower energy level than the rest.  The 2nd to 4th orbitals (called p) are also at a lower energy level in the third and higher shells than those subsequent.  Electrons prefer to populate the lower energy orbitals and shells.

Atoms can be shown with the electrons in the outer shell represented as dots.  According to this model (by Lewis) the first two electrons of every element go into the first shell, the next eight into the second shell and the eighteen following on that, in the third shell.      




                        .                              .                                         .  .
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Special stability results when the outer shell (or at least all its s and p orbitals) is filled by either gaining or losing electrons.  The noble gasses at the right-hand side of the periodic table all have filled outer shells (or all s and p orbitals filled with a total of eight electrons - a so-called octet) and as a result are quite stable.  

Those elements just to the left of the noble gases, the halogens F, Cl, Br, I are all one electron short for an octet in their outer shell and desire to take up an electron for stability to form  F-, Cl-, Br- and I- ions.   For fluoride (F-) and iodide (I-) , this could be represented by          




       . .                              . .
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       .  .                               .  .

The halogens could share electrons with hydrogen or with a metal from Group 1 to achieve this in a so-called ionic bond, e.g. hydrogen fluoride, HF:




  
   . 

    . .




  H .  +  :  F  :               H  :  F  :             





  .  .                              . .
Here the H nucleus, through sharing, has two valence electrons (like the noble gas He) while the F has a completed octet (like the noble gas Ne).  The same electrons contribute to filling of the outer shell for both atoms.  The shared electrons constitute an ionic chemical bond that holds the atoms together.  In a water solution, the hydrogen and fluoride move around independently as H+ (essentially just a nucleus of hydrogen, i.e. a proton) and F- (with a complete octet in its outer shell).  The same applies to halide salts, i.e. compounds of metals and halogens.

All left-hand elements in the periodic table, hydrogen and the alkaline metals, have only one electron in their outer shell.  Donating this electron results in a completed pair or octet in the outer shell and thereby greater stability.  Again, in solution, the metal cations and halogen anions (or halides) move around independently.




       . .                       . .          . .




Li  : Cl  :               :  K  :    :  F  :      (or   K+  +  F-)




       .  .                        .  .          .  . 

(Note that had KF been shown as the compound, the octet around K would not been shown - there would be only one shared electron, one of the octet around F.   In other words, normally, we would not show the electrons around the K as we have done here just for illustration.)

The next column to the right, the alkaline earth metals (Ca and Mg) have an excess of two electrons which they can donate and do so to achieve stability.  Other metals, towards the center can give up 3 or more electrons.  Likewise, in the column to the left of the halogens, oxygen and sulfur have a deficiency of two electrons.   Accepting two electrons will fill these.  N and P, further left, could take up three electrons and C and Si four.
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The CaO bond is mainly ionic in character, while the other three are considered covalent, i.e. the electrons are shared more or less equally.

Atoms could also share electrons to complete their outer octet in binary compounds (also covalent bonds) as happens in the molecular form of hydrogen, oxygen, nitrogen and the halogens.




      . .    . . 
       . .     . .                 . .       . .


H : H

  :  F :  F :                  : Cl  : Cl :           :  O  ::  O  :          :  N  :::  N :




     . .     . .                      . .     . .
Unit of Expression

The concentration of ions or chemicals in solution is normally expressed as mass of the element or compound in milligrams per liter of water, abbreviated as mg/L, in the SI units.  Occasionally, the term parts per million (ppm) is used rather than mg/L.  These concentrations are almost identical, since 1L of water or low concentration solution has a mass of about 1kg or1,000,000 mg.  

Elemental concentrations expressed in units of mg/L can usually be interpreted to mean that the solution contains the stated number of milligrams of that particular element.  For example, water containing 1.0 mg/L of fluoride means that there is 1.0 mg of F ion by mass per liter.  However, in some cases, the concentration given in mg/L does not relate to the specific element of which concentration is being expressed, but rather an equivalent effect.  For example, hardness, which is a measure of the calcium ion and magnesium ion content of water, is given in mass units of equivalent calcium carbonate.  This facilitates treating hardness as a single value rather than two concentrations expressed in different mass units, one for Ca2+ and the other for Mg2+.  Just so, the alkalinity of water may consist of one or more of the following ionic forms:  OH-, CO32-, and HCO3-.  For commonality, the concentrations of these various radicals are given as mg/L of CaCO3.  All nitrogen compounds - ammonia, nitrate, and organic nitrogen - are expressed in units of mg/L as nitrogen and phosphates are given as mg/L as P, but sometimes as P2O5. E.g. 40 mg/L of Ca2+ is equivalent to 100 mg/L as CaCO3, 23.4 mg/L of Mg2+ is equivalent to 100 mg/L as CaCO3, 106 mg/L of Na2CO3 or 168 mg/L of NaHCO3 is equivalent to 100 mg/L as CaCO3.  

The concentrations of some compounds in water are expressed in terms of the element of importance, such as the N in NO3- or NH3+.  Nitrate-nitrogen, NO3-- N, is expressed as N, i.e. 14 mg/L (as N) is the preferred way of expressing 62 mg/L of nitrate. For instance, the limit for NO3--N in drinking water is set at 10mg/L.  Since the atomic mass for N is 14 and O is 16, the ratio of molecular mass of nitrate to nitrogen is (14 + 3x16)/14 = 4.43.  The limit, expressed as nitrate, should therefore be 44mg/L.

Stoichiometry 











Compounds always occur in definite ratios of elements.  These elements are indestructible by ordinary chemistry and must all be incorporated in any products resulting from a reaction.

Example 1.1:  Water is softened by the precipitation of calcium hardness as CaCO3.  The calcium in the water occurs as calcium bicarbonate and is converted and removed by the addition of sodium hydroxide.  Write a balanced reaction.

          Ca(HCO3)2  +  NaOH      CaCO3  +  NaHCO3  +  H2O

This is a reaction with a simple 1:1 ratio of all reagents and products.

Example 1.2:  When methane, CH4, is burned, it reacts with oxygen to form carbon dioxide and water vapor.  Write a balanced reaction equation and calculate how much water is formed from one mol of methane.  Atomic masses: C=12, O=16, H=1.



CH4   +  O2    CO2  + H2O

There are more hydrogens on the left than right, i.e. more water must have been formed.



CH4  +  O2     CO2   + 2H2O

Oxygen on the right = 2O + 2O = 4O.  This means that there is insufficient oxygen on the left to give all the oxygen in the products.   2O2 is needed to balance.



CH4  + 2O2    CO2  + 2H2O

One mol methane has a mass of 12 + (1)4  = 16g and forms two mols of water.  One mol of water has a mass of 2(1) + 16 = 18g.  Therefore, 1 mol of methane forms 36g of water upon complete combustion.   Note that the mass of any of the elements is the same on both sides of the reaction as is the total mass of elements.

Example 1.3:  Phosphate in water is removed by precipitation as the little soluble AlPO4 by adding aluminum sulfate solution.  Determine the dosage of Al2(SO4)3 required for removing 10 mg/l of PO43- as P.

The reaction is                
   Al2(SO4)3   
+  PO43-   
   AlPO4   +  3SO42-  

To balance, we need more Al on the right and, consequently, more PO43- on the right:




    Al2(SO4)3 
 +  2PO43-  
  2AlPO4   +  3SO42-
There are now 2Al, 3SO4, 2PO4 on each side and the net charge on either side is -6.  The net charge should also balance in reactions.

We therefore need 1 mol Al2(SO4)3 for every two moles of PO43- or P.  To get a mass ratio, we need to get the atomic masses for all the elements concerned from a periodic table of the elements.  This shows P = 31, Al = 27, O = 16, S = 32.   

The ratio of dosage necessary is therefore:  [2x27 + 3(32 + 4x16)]/(2x31) =  5.52 and 

to remove 10 mg/L, therefore requires10 x 5.52 = 55.2 mg/L.

Exercise 1.4:  Calculate the dosage of ferric chloride (FeCl3) and of ferric sulfate to remove 10 mg/L of P from sewage effluent.

Exercise1.5:  Polluted water contains 20 mg/L lead as Pb2+.  Calculate the required daily dosage of Na3.PO4.12 H2O required for precipitation of lead as ( Pb3 (PO4)2 .

Redox reactions

The oxidation state of lead is not changed in the last exercise, therefore it does not represent a redox reaction.  Calcium and phosphate precipitation are also not redox reactions.  Organic reactions such as the combustion of methane is not normally regarded as a redox reaction, as carbon in deemed to share electrons equally with either hydrogen or oxygen, i.e. the oxidation state of the carbon is not changed from CH4 to CO2.  Redox reactions occur whenever there is a transfer of electrons: the oxidant receives electrons while the reducing agent donates these.  Oxidation always has to occur simultaneously with reduction in such a way as to balance the electrons in each reaction.

Oxidation and reduction reactions can be written separately and this often helps to solve complex redox stoichiometry.  

The oxidation of metal ions usually changes the solubility of these metals, making them easier to precipitate and reclaim.  For example, the oxidation of Fe2+ in mining or industrial wastewater can be achieved by oxidation with oxygen.  This reaction is very slow.

For the Fe2+, ferrous ion, to change oxidation state, it must donate an electron.  It is oxidized to Fe3+, the ferric ion:





    Fe2+  
   
Fe3+  +  e-   (oxidation reaction)

Oxygen can take up electrons:     O  + 2e-    
  
O2-  or, since oxygen is in molecular form:




      0.5O2  + 2e-  
  
O2-   (reduction reaction)

The reduction reaction and oxidation reaction can be added to give the redox reaction, but should be brought to a common denominator to balance the number of electrons.  

The oxidation reaction x 2 + the reduction reaction then gives




2Fe2+  +  0.5O2    
  
2Fe3+  +  O2-   

Ferric ions are very poorly soluble and will usually precipitate out of water as Fe(OH)3.  Subsequent reactions may lead to the formation of ferric oxide, Fe2O3, an important component of rust.

Many elements when in compound still have charges associated with them, even if this is not shown as on an ion, such as Fe3+ or Cl-.  For instance, Fe2O3, although not shown in this compound notation, really contains oxidized iron.  We can express this through a valency number.  Knowing that oxygen must have taken up 2 electrons as it always does, the valency number for oxygen is -II, using the roman numerals.  For balance in charge load, since the molecule carries no net charge, the Fe must have a valency of +III (2xIII = 3xII).

Cl in Cl2 has no charge as all atoms in molecules with like atoms are shared equally.  Upon oxidation, Cl takes up an electron to become chloride, Cl- and the oxidation state is changed to (-I).   Likewise, oxygen carries no formal charge in oxygen or ozone molecules, but can take up two electrons to become O2- (or O with a valency of -II).  When this happens, the chlorine or oxygen have been acting as oxidants.  The electron(s) must be donated by another reagent, the reductant, e.g. Fe oxidized to Fe2+ or Fe3+.  Strictly speaking, O2- does not exist, and in the above reactions would have been more correctly shown as O(-II).

Some elements can be both oxidants and reducing agents like manganese:


Mn2+ + oxidant  MnO2  and  MnO4- + reducing agent  MnO2    
Example 1.4:   Chlorine can be used for the oxidation of Mn2+ (originating from MnSO4) in water to the much less soluble manganese dioxide.   This reaction is used commercially for manganese recovery.



Cl2      +     Mn2+        MnO2
Where does the oxygen come from?   As there is no other source, it is reasonable that it was provided from H2O:



Cl2 + Mn2+ + 2H2O   MnO2  +   Cl-   +  H+

If oxygen is removed from the water compound, H+ must remain.  The reaction does not balance as the number of hydrogens and chlorine differ between left and right and also because the charges don’t balance.   Changing the ratio between species usually helps.



Cl2 + Mn2+ + 2H2O   MnO2  +  2Cl-  + 4H+            This reaction balances in all respects.

Example 1.5:  Potassium permanganate is used as an oxidant in the removal of manganese from a mining effluent.  Calculate the dosage required for the oxidation of 1mg/L of Mn2+.

The relevant oxidation reaction is         
Mn2+             MnO2  +  2e-
and the reduction reaction is 
        MnO4-  +  3e-       MnO2     (Note: Mn in MnO4- is +VII)

The problem can be solved without having to derive a fully balanced reaction equation. 

Two moles of permanganate can accept the 6 electrons that three moles of Mn2+ will 

donate.   A dosage molar ratio of 2/3 is therefore required. 

The molecular mass of KMnO4  is  39 + 55 + 4(16)   
   =   158  and of Mn only 55.

The dosage required is therefore 2/3 x 158/55 x 1 mg/l  =  1.9 mg/L.

          In practice, some excess oxidant is required to drive the reaction and for use in reactions with organic substances mainly.  The actual dosage required may be about 2.5 mg/l.

For interest sake, completion of the balancing of the reaction: 3 x first  +  2 x second 

reaction  renders:




 
     3Mn2+  +  2MnO4-    
5MnO2 

This lacks two oxygens on the lefthand side and has 4+ charges more left than right -

nothing a little water cannot fix.   Adding  2H2O on the left hand solves the problem.




    3Mn2+ + 2MnO4-  +  2H2O      
5MnO2  +  4H+
This balances all the oxygens, manganese, hydrogen and charges.  We could add the 

potassium and say, the chloride associated with the manganese, which results in:



           3MnCl2  +  2KMnO4  +  2H2O          
5MnO2  +  4H+  +  6Cl-  +  2K+
Notice that everything is fully balanced, but as the potassium and chloride do not participate in the redox reaction, their presence in the balanced equation does not elucidate the solution.  We therefore normally leave the reaction in the previous form.

Exercise 1.6:  Chlorine dioxide is used to oxidize dissolved Fe2+ in water to less soluble Fe3+, which will then precipitate as Fe (OH)3.   ClO2 is itself reduced to ClO2-.

(a)
Calculate the dosage of ClO2 required on a 5ML/d plant to oxidize 1mg/L of Fe2+.

(b)
Also calculate the dry mass of Fe (OH)3 produced if 99% of the iron is precipitated.

(c)
Calculate the ozone requirement given that only one atom per molecule of ozone participates in the oxidation reaction.

Exercise 1.7:  Ammonia in water can be removed by chlorination.  The ammonia is oxidized to nitrogen gas (N2) while the chlorine is reduced to hydrochloric acid (fully dissociated).  Write a fully balanced reaction.  Note that the first step in the reaction is the substitution of one hydrogen in the ammonia by a chlorine.  The resulting monochloramine, NH2Cl is then oxidized to N2.  (Answer, full reaction: 2NH3 + 3Cl2      N2 + 6H+ + 6Cl- ) 

The removal of manganese, iron and nitrogen in the above examples are redox reactions as they are oxidized while chlorine or chlorine dioxide is reduced.  Note that charges balance, i.e. no charges on the left hand and the right-hand charges also add up to zero. 

Notes:

Cal2 reacts with water to form Hock plus Hal  -  where the Cal in Hock is (+I) and in HCl (-I).

The following are typical chlorine based oxidants used in water treatment: Ca(OCl)2, HOCl, NaOCl, NH2Cl all based on the ability of the chlorine in the compound to accept two electrons.  In the molecular form, Cl2, the Cl can accept one electron each.  

Chlorine dioxide, ClO2, is not based on any specific chlorine reaction.  The oxidation state of the chlorine within this molecule is +IV, but it will normally only accept one electron.  This is because the resulting chlorite has 3 octets and is fairly stable.

Ozone and hydrogen peroxide can each accept 2 electrons.

Chromium, in the hexavalent state, Cr2O72- is toxic and needs to be reduced with a 


reducing agent such as thiosulfate or sulfur dioxide, a problem only in industrial water.  It is also a useful recovery method of chromium, a metal with a value of about $4000/tonne. 



Cr2O72-  +  reducing agent    Cr3+

Whenever there is a need for oxygen or for hydrogen in a reaction within water, see if it could result from the dissociation of water  2H+ + O(-II)  (in compound).

The measurement of pH, alkalinity, acidity and hardness

pH - negative logarithm of hydrogen ion concentration
Water is dissociated to the extent that the concentration of H+ and OH- is 10-7 mol/L in pure water at a temperature of 20C.   This concentration could be expressed as the negative of the exponent, p.  Instead of saying H+ or OH- concentration is 10-7 mol/L every time, we just say that the pH is 7 or the pOH is 7.

Water and all substances that dissociate, always do so in a way that the product of the concentrations of the dissociated species remains a constant at a given temperature.  

For water, the product [H+][OH-] = 10-14 at 20C (and close to that at other temperatures).  In p-notation, this becomes pH + pOH  = 14.  This is a very convenient equality.  If water has a pH of 10, the pOH is automatically fixed at 4, ie the [OH] is 10-4M or 17 x 10-4 g/L or 1.7 mg/L.

Alkalinity
Alkalinity is the amount of acid required for neutralization to a given pH.  

For naturally buffered water:   Alkalinity = [OH-] + [HCO3-] + 2 [CO3=] - [H+]

Measurement by titrating with 0.02N H2SO4 to methyl orange equivalent point or pH of 4.2.

Expressed as equivalent to CaCO3 mg/L.

Acidity
Acidity is the amount of alkali required for neutralization to a given pH.

For naturally buffered water:      Acidity = [H+] + [HCO3-] + 2 [H2CO3] - [OH-]

Capacity of water to neutralize, in natural waters mainly based on carbonic acid system:


 
H2CO3      H+ + OH-   2H+ + CO32-;      H2O     H+ + HCO3-   
Hardness


Hardness is a property of water relating to its potential to form precipitates of mainly calcium and magnesium salts.    Such salts could include those formed in the reaction between calcium and magnesium and soap, resulting in bath rings and a higher soap demand.  The strict definition of hardness is the concentration of divalent metal ions expressed as equivalent CaCO3 in mg/L.  These are mainly calcium and magnesium, but strictly include all of

Ca2+, Mg2+, Fe2+, Mn2+

Example 1.6:   Water contains 100 mg/L of CaCl2 .  Calculate the hardness.

The molecular mass of calcium chloride is 40 + 2(35.5) = 111.  The molar concentration of CaCl2 is therefore 100/111 = 0.9 mmol.  The concentration of Ca2+ is likewise 0.9 mmol/L (Cl- 1.8 mmol/L).   The hardness is then also 0.9 mmol/L as CaCO3 or 90 mg/L as CaCO3.  (Since the molecular mass of CaCO3 is 100).



Example 1.7  Calculate the dosage of  NaOH required to increase the pH of deionised water from 7 to 11.3.  

At pH = 11.3, the pOH = 2.7 and the concentration of OH- is 10-2.7, or 0.001995, say 0.002 mol/L.  Since the molecular mass of OH = 17, the concentration in mass terms is 34 x 10-3 g/L or 34 mg/L.  This would require a dosage of NaOH of  34(23 + 16 + 1)/17 or 80 mg/L or 100 mg/L as CaCO3 (CaCO3 has the ability to react with 2H+ as against 1H+ for NaOH). 

We have ignored the small effects of the 10-7M prior concentrations of both H+ and OH- on the process.

Exercise 1.8:  Calculate the pH of distilled water containing (i) 40mg/L HCl (ii) 45 mg/L NaOH (iii) both quantities of chemicals.

Chemicals Applied in Water and Wastewater Treatment
Chemical treatment is most important step in processing water.  Surface water normally requires chemical coagulation to eliminate turbidity, color and taste and odor producing compounds, while underground and some surface water supplies are commonly treated to remove dissolved minerals, such as iron and manganese, and hardness.  Chlorine is applied for disinfection and to establish a protective residual in the distribution system, and some utilities fluoridate their water as a health benefit.  Ozonation is for oxidation mainly.

The common inorganic compounds used in water and wastewater processing are listed in Table 1.2.   

 Table 1.2 COMMON CHEMICALS IN WATER AND WASTEWATER PROCESSING



Common
Molecular
Equivalent


Name
Formula
Application
Mass
Mass
Activated carbon
C
Taste and odor
12.0
n.a.a


control

Aluminum sulfate
Al2(SO4)314H2O
Coagulation
600
100

Ammonia
NH3
Chloramination
17.0
n.a.

Ammonium sulfate
(NH4)2SO4
Coagulation
132
66

Calcium hydroxide
Ca(OH)2
Softening
74.1
37

Calcium hypochlorite
Ca(ClO)2.2H2O
Disinfection
179
44.8

Calcium oxide
CaO
Softening
56.1
28

Carbon dioxide
CO2
Recarbonation
44.0
22

Chlorine
Cl2
Disinfection
71.0
71.0

Chlorine dioxide
ClO2
Taste and odor
67.0
67.0

Copper sulfate
CuSO4
Algae control
160
80

Ferric chloride
FeCl3
Coagulation
162
54

Ferric sulfate
Fe2(SO4)3
Coagulation
400
66.7

Ferrous sulfate
FeSO4.7H2O
Coagulation
278
139

Fluorosilicic acid
H2SiF6
Fluoridation
144
n.a.

Magnesium hydroxide
Mg(OH)2
Defluoridation
58.3
29.2

Oxygen
O2
Aeration
32.0
16.0

Ozone
O3
Oxidation/disinfection
48.0
24.0

Potassium

permanganate
KMnO4
Oxidation
158
52.7

Sodium aluminate
NaAlO2
Coagulation
82.0
n.a.

Sodium bicarbonate
NaHCO3
pH adjustment
84.0
84.0

Sodium carbonate
Na2CO3
Softening
106
53.0

Sodium chloride
NaCl
Ion exchanger
58.4
58.4

Sodium fluoride
NaF
Fluoridation
42.0
n.a.

Sodium fluosilicate
Na2SiF6
Fluoridation
188
n.a.

Sodium hexa-

metaphosphate
(NaPO3)n
Corrosion control
n.a.
n.a.




Common
Molecular
Equivalent


Name
Formula
Application
Mass
Mass
Sodium hydroxide
NaOH
pH adjustment
40.0
40.0

                                                                                     and regeneration


Sodium hypochlorite
NaClO
Disinfection
74.4
37.2

Sodium silicate
Na4SiO4
Coagulation aid
184
n.a.

Sodium thiosulfate
Na2S2O3
Dechlorination
158
n.a.

Sulfur dioxide
SO2
Dechlorination
64.1
n.a.

Sulfuric acid
H2SO4
pH adjustment
98.1
49.0

a Not applicable

1.5  DRINKING WATER QUALITY CRITERIA

Firstly, the terminology of criteria, specifications and standards should be explained.   Although used interchangeably, these terms have different meanings.

Criteria are scientifically based values that have a certain effect or represent safe limits not to have an undesirable effect.  They will normally not have a legal value.

Specifications are criteria, but with more credibility in terms of some professional body supporting these limits.

Standards would be a more appropriate term for criteria set as limits by a state, federal or international body with legal implications for not abiding by the standards.

Appended to this module are 

Australian Drinking Water Guidelines from the NHMRC & ARMC (Aust & NZ) and

Australian Water Quality Guidelines for Fresh and Marine Waters from the Australian & NZ Environment and Conservation Council.
1.6  BIOLOGICAL PROCESSES  

Humans are great consumers and wasters of water.  We use vast quantities to irrigate agricultural crops and in our industries for cooling and cleaning.  Vast quantities are used for sanitation in First World households - toilet flushing, bathing and clothes washing.  These wastewaters have to be treated before disposal to avoid environmental disasters.  

Households discharge about 0.5 m3/d of sewage or domestic wastewater.  There are two main choices:

a)
on-site treatment and disposal 

b) communal, municipal wastewater treatment

Biological treatment forms the basis of the first and the major component of the second.  It is 

therefore important to first address the principles of biological treatment. This module addresses very briefly some of the underlying microbiology as relevant to water and wastewater treatment.  
After completing this chapter, you should be able to

· define taxonomy

· name the five kingdoms of living organisms

. identify the characteristics of the kingdom Monera that differentiate it from other kingdoms

· define binomial nomenclature and discuss its purpose

· describe methods of identifying and classifying microorganisms

The science of classification, especially of living forms, is called taxonomy.  The object of taxonomy is to establish the relationship between one group of organisms and another, and to be able to differentiate between them.  Until the end of the nineteenth century, all organisms were divided into two kingdoms: plant and animal. Then, when microscopes were developed and biologists came to understand the structure and physiological characteristics of microorganisms, it became apparent that microorganisms did not really belong to either the plant or animal kingdom, although many microbes have either plant or animal characteristics. In 1866, a third kingdom, the Protista, was proposed by Ernst Haeckel to include all microorganisms - bacteria, fungi, protozoans and algae.  Subsequent research indicated that among the Protista, two different basic cell types could be distinguished: procaryotic and eucaryotic.

Five-kingdom system of classification

In 1969, H. R. Whittaker proposed the five-kingdom system of biological classification, which has been widely accepted.  There is a basic division between organisms with procaryotic cells and those with eucaryotic cells in this system (See Figure 1).  The bacteria and the cyanobacteria (formerly called blue-green algae) are the procaryotic organisms, called Monera by Whittaker and Procaryotae by others, including Bergey's Manual of Determinative Bacteriology.  Procaryotes do not have a nucleus separated from the cytoplasm by a membrane.  Instead, they have a nuclear region in which the genetic material is more or less localised.  Fossil evidence for prokaryotic organisms indicates their presence on earth since over 3.5 billion years ago.
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Figure 1  Five-kingdom system of classification

Higher organisms, structurally much more complicated, are based on the eucaryotic cell, in which a membrane separates the nucleus from the cytoplasm. This type of cell apparently evolved more recently, a little more than a billion years ago. Simpler eucaryotic organisms, mostly unicellular, are grouped as the Protista and include funguslike slime moulds, animal like protozoans, and some algae. Some algae are more complex multicellular types. Algae are assigned to kingdoms based on evolutionary relationships. The more Primitive algae are placed in the Protista, and other algae are included with the plant kingdom.

Plants, animals, and fungi comprise three kingdoms of more complex eucaryotic organisms, most of which are multicellular. The main distinguishing factor among these three kingdoms is the nutritional mode; another important difference is cellular differentiation.

Fungi are eucaryotic organisms that include the unicellular yeasts, multicellular moulds, and macroscopic varieties such as mushrooms. To obtain raw materials for vital functions, a fungus absorbs dissolved organic matter through the membranes of cells in rootlike structures called hyphae.

Plantae are multicellular eucaryotes, and they include some algae and all mosses, ferns, conifers and flowering plants. To obtain energy, a plant photosynthesises, a process involving the conversion of carbon dioxide from the air to organic molecules for use by the cell.

Animalia are multicellular animals with eucaryotic cells. These include sponges, various worms, insects, and animals with backbones (vertebrates). Animals obtain carbon and energy by ingesting organic matter through a mouth of some kind.

In 1978, Whittaker and L. Margulis proposed a revised classification scheme, organizing the five kingdoms according to prokaryote or eucaryote. Essentially, this new scheme is as follows:

Superkingdom Procaryotae 


   Superkingdom Eucaryotae
     Kingdom Monera 




Kingdom Protista
  Branch Protophyta, plantlike protists








  Branch Protomycota, funguslike protists








  Branch Protozoa, animallike protists

Kingdom Fungi

Kingdom Plantae

Kingdom Animalia
The Archaebacteria - Neither Prokaryotes Nor Eucaryotes
The division of all living organisms into prokaryote and eucaryote has been challenged recently by a number of biologists who claim that there is a third basic category. The organisms belonging to this new category are bacteria, that is, prokaryotes.  Now it is becoming clear that these bacteria are no more closely related to other bacteria (called eubacteria or true bacteria by these biologists) than they are to eucaryotic organisms such as animals and plants.

The bacteria belonging to this new category look like typical bacteria and lack a nucleus and other membrane-bounded organelles. For years, however, it has been known that they are unusual in a number of ways.  For example, their cell walls never contain peptidoglycan, they live in extreme conditions and their metabolism is unusual.   Their genetic make-up is complete different from that of eubacteria.  A classification allowing the archeabacteria is shown in Figure 2.

The dotted arrows also explains another long held view that chloroplasts really originate from cyanobacteria, except that they are not free-living but really almost live independently, producing photosynthetic products for its host.  Similarly, mitochondria are really bacteria-like separate entities within the eucariotic cell.
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Figure 2  The 3 Superkingdom classification of  living organisms

Classification According To Nutritional Requirements

Organisms can also be classified according to their nutritional requirements.  This form of classification is most appropriate to wastewater treatment as it describes the opportunities for application of these organisms.  It also describes, in general terms, the conditions to be designed for if a certain organism is to be put to use.  Classification according to nutritional requirements is shown in Table 1.
Microorganism metabolism (principally a process of energy conversion) is sustained by redox reactions, providing the ultimate source of energy. The three major classes of these energy-yielding processes are:

· Respiration (aerobic), constituting the class of biological oxidation processes in which molecular oxygen is the electron acceptor;

· Respiration (anaerobic), constitutes the class of biological oxidation processes in which inorganic compounds other than oxygen are electron acceptors;

· Fermentation, constituting the class of energy yielding biological redox reactions in which organic compounds serve as the final electron acceptors.

The presence or absence of oxygen in water influences the products, likely to be present and is of considerable importance as it limits the type of microorganism that can be active.

Table 1   Classification of microorganisms according to nutritional needs

CLASS                                    
 NUTRITIONAL REQUIREMENTS

Autotrophic                               
The organisms depend entirely on inorganic

                                          
compounds for energy. These are divided into

                                          
Photosynthetic and chemical;

    Phototrophic                              
Use radiant energy for growth.

    Chemotrophic                              
Use oxidation of inorganic compounds as energy

                                          
source e.g. nitrifying bacteria.

Heterotrophic                             
Organic compounds are required as nutrient.

    Lithotrophic                              
Use inorganic electron donors (e.g. hydrogen

                                          
gas, ammonium ions, hydrogen suIfate and

                                          
sulfur) .

    Organotrophic                             
Require organic compounds as electron donors.

      Strictly Aerobic                          
Cannot grow without molecular oxygen, which is

                                          
used as oxidant.

      Strictly Anaerobic                        
Use compounds other than oxygen for chemical

                                          
oxidation. Sensitive to the presence of traces of

                                          
molecular oxygen.

      Facultative Anaerobic                 
Can grow either in the presence or absence of

                                          
oxygen. Can use nitrate or sulfate as electron

                                          
acceptor.

Most biological systems used to treat organic waste, depend upon heterotrophic organisms, which utilize organic carbon as their energy source.  Heterotrophic bacteria also play a role in water treatment and distribution.  Chemotrophic bacteria are important in nitrogen removal and in corrosion processes during water distribution.

Classification According To Identifiable Characteristics
Microbiologists like to classify organisms according to characteristics identifiable under a microscope, according to chemical reactions they may cause and/or their reaction to certain stains.  All of these make routine identification easier to accomplish.  Table 2 summarizes this.

Biological treatment is not simply a matter of adding organisms with a desirable quality to a certain wastewater and let Nature take its course.  The conditions as provided by the equipment must be designed to favor the growth of the desirable organisms.  This ensures a selection process, which will then operate to provide what is needed to achieve certain quality objectives if successful.
Another very important group of organisms, in the field of water and wastewater treatment, are the pathogens.  Pathogens are parasitic organisms that cause disease and include viruses, bacteria, yeasts, fungi, protozoa and even animalia, such as worms.  Many of these are water-borne or involve vectors, such as mosquitoes, that breed in water.

Exercise 1.9

1. Identify three waterborne pathogens from different kingdoms or branches, the diseases they cause and the level of seriousness of these diseases.  

2. Identify two diseases spread by organisms which breed in water and the causative pathogens spread by these organisms.  To aid your search, it could be mentioned that some of these pathogens are protozoa or flukes (worms).

Table 2  Summary of Selected Characteristics of Nonpathogenic Bacterial Groups (According to

 Bergey's Manual, 8th edition, 1974)

  Name of        Bergey's    
Gram     
Mode of

   Group           Part    
Reaction   
Motility        
Morphology
Habitat         
 Special Features

Phototrophic   
1         
-     
If motile, polar
Rods, cocci,       Water           
Photoautotrophs using CO2
 bacteria                            

flagella         
 spirilla                        
and light and H2S as an

                                                                                        


electron donor, includes

                                                                                        


green sulfur bacteria and

                                                                                        


purple sulfur bacteria;

                                                                                        


facultative photo-

                                                                                        


autotrophs (purple

                                                                                        


nonsulfur bacteria) that grow

                                                                                        


by fermentation in the dark.

Gliding            
2         
-      
Gliding           
Rods, spirilla,  
Compost,        
Related to the gliding

 bacteria                                              

filaments        
manure,         
cyanobacteria, but

                                                                       


water, mouth  
incapable of photosynthesis.

                                                                                        


Some form brightly colored

                                                                                        


fruiting bodies, the cells of

                                                                                        


which form resting bodies,

                                                                                        


called microcysts.

Sheathed           
3        
 -      
Polar flagella    
Rods,            
Fresh water,    
Form filaments of cells

 bacteria                                             

filaments        
sewage          
enclosed in a thin sheath

                                                                                        


consisting of lipoprotein-

                                                                                        


polysaccharide derived from

                                                                                        


cell walls. Sphaerotilus

                                                                                        


forms tangled masses that

                                                                                        


interfere with operation of

                                                                                        


activated sludge sewage

                                                                                        


treatment systems.

Budding and/       
4         
-      
Polar flagella     
Rods             
Water           
Form prosthecae,

 or appendaged                                                                          


projections from the main

 bacteria                                                                              


 body, for attachment to

                                                                                        


surfaces. Prosthecae

                                                                                        


contain cytoplasm and are

                                                                                        


enclosed by a cell wall.

                                                                                        


Hyphomicrobium buds a

                                                                                        


new cell from the tip of the

                                                                                        


prostheca.

Gram-negative      
12        
-      
Polar flagella    
Rods, cocci,    
Soil, water     
Oxidize a wide variety of

 chemolithotro-                                        

spirilla                         
inorganic compounds. The

 phic bacteria                                                                          


nitrifying bacteria, such as

                                                                                        


Nitrobacter and

                                                                                        


Nitrosomonas, are important

                                                                                        


in the nitrogen cycle.

                                                                                        


Thiobacillus and other sulfur

                                                                                       


bacteria are part of the

                                                                                        


sulfur cycle.
Methane-           
3      
 -, +    
Flagella          
Rods,cocci,      
Sewage,         
Obtain energy by the

 producing                                             

spirilla         
gastrointes-    
oxidation of hydrogen and

 bacteria                                                              

 
tinal tract of  
formic acid and reduction of

                                                                        


humans and      
CO2 to form methane.

                                                                        


other

                                                                        


animals

1.7   REMOVAL OF ORGANIC CONTAMINANTS

The removal of organic pollutants, particularly the synthetic variety, can be of particular significance to the environment.  Organic substances are mostly biodegradable and can lead to oxygen depletion in receiving waters if (aerobic) biodegradation is to result in excess of the dissolved oxygen levels or the ability of the system to replenish oxygen requirements.  Organic compounds can cause color, taste and odor and large numbers of synthetic organic substances could have carcinogenic effects it the water is to be used downstream as a water supply.   Removal of organic micro-pollutants is also of importance if high purity water is to be prepared from a polluted water supply for industrial purposes such as in the food and beverage industry.  Cyanobacterial by-products are sometimes toxic or at least obnoxious.   Organic pollutants can be removed by various methods and the role of each unit process is outlined below.    More detail on how most of these unit processes operate will be found in subsequent modules.

Coagulation/Clarification

The ability of coagulants to remove dissolved and colloidal substances during flocculation and subsequent clarification by settling, flotation and/or filtration is well known.

Aluminum sulfate coagulation/flocculation and/or other methods of coagulation are excellent means to remove organic contaminants from water.  Naturally occurring matter (NOM) of the humic and fulvic acid type can be removed very effectively by aluminum and ferric coagulants at slightly acidic pH values of 4-5,5 (Hall and Packham, 1965 and Edwards and Amirtharajah, 1982).  The mechanism appears to be charge neutralization of negatively charged humic and fulvic macromolecules by the intermediate polynuclear hydroxo-complexes of the metals undergoing hydrolysis.

The favorable mechanism operating at lower pH-values is usually not practical in water with a high buffer capacity, as acidification and subsequent neutralization and stabilization will lead to an unacceptable increase in salinity.   Al3+ and Fe3+ form soluble basic humate-metal complexes at neutral pH-values.    At higher dosages, metal hydroxides and metal hydroxide polymers (Johansson, 1960) form which flocculate.  The humate-metal complexes adsorb onto the flocs leading to removal but not as effectively as with the acidic pH charge neutralization mechanism (Dempsey  et al., 1984).

The significance of good removal of humic material is the fact that humic substances are often the main precursors to the formation of trihalomethanes (THMs) (Rook, 1974 and Bellar et al., 1974) during chlorination.  Studies have been performed to quantify the efficacy of aluminum sulfate coagulation in the removal of dissolved organic carbon (DOC) and THM formation potential.  DOC removals of 24 - 44% could be achieved in treating lake water with original DOC concentrations of 1.7 to 4.4 mg/L.   The THM formation potential was reduced by 44 - 51% from original values ranging from 68 to 300 g/L (Hoehn et al., 1984) using aluminum sulfate at dosages of 2 - 4 mg/L (as Al).

While it should be recognized that coagulation/clarification is an excellent and relatively cheap method to remove organic contaminants, it should also be appreciated that it has its limitations.  It can only remove up to half of the DOC, particularly the NOM, i.e. larger molecules.  It is not very effective in removing smaller molecules and most organic micro-pollutants (OMP) escape removal in this process unit.  Additional more advanced unit processes are required for the removal of OMP and taste and odors such as air stripping, biodegradation, oxidation and activated carbon adsorption.

Air stripping

It should be noted that many organic substances, particularly OMP, are volatile organic compounds (VOC).  Such volatile substances exhibit properties making equilibrium between the dissolved watered phase and a gas phase (air) possible.  This results in a mass transfer problem, to transfer dissolved gases (or volatile liquids in gas form) from water to air.  This can be achieved in such units as bubble columns, spray columns, mechanical aerators and packed columns.

Although special unit processes for air stripping of VOC have been investigated (Bilello and Singley, 1986 and Roberts and Levy, 1985)  no full-scale, purposefully designed unit is, as far as we know, in operation in drinking water treatment to date.  However, gradual use of existing process units is being made to use aeration for stripping.  At Goreangab, Windhoek, Namibia, the dissolved air flotation and ozonation units offer the opportunity to use the air for removal of some of the volatiles.  Since the volume ratio of air to water used in DAF and ozonation is probably inadequate for gross removal of volatiles, increases in aeration rate, which might be wasteful from other viewpoints, will help to enhance stripping of VOC.

Biodegradation

Biodegradation usually represents the cheapest method for the removal of organic substances.  Microorganisms can remove assimilable organic compounds (AOC) to build more biomass or to degrade to recover vital energy.  The organisms work voluntarily (no labor unions) for their own benefit under suitable conditions.  Creating these conditions is the only expense from a practical viewpoint.  These costs are mainly provision of oxygen and disposal of excess biomass.

Lengthy natural purification in rivers and lakes will slowly remove AOC, but specialized organisms can still remove organic substances if adequate surface areas for their growth are provided like in slow sand filtration or on GAC.

Ozonation can alter the molecular structures of organic molecules in such a way that the biodegradability is improved.  If a GAC unit process follows ozonation, microorganisms growing on the GAC can provide a cheap additional removal procedure for organic substances.  Saturating the water with oxygen during ozonation provides the oxygen requirements and the excess biomass is removed by backwashing.  The backwash water can be returned to the coagulation stage for reuse.

Oxidation

Direct chemical oxidation of organic compounds can take place when oxidants such as chlorine, chlorine dioxide or ozone are introduced into water.  The relative merits and disadvantages of these are discussed below.

Chlorination is a cheap and effective disinfection process.  It should never be overlooked that chlorine is an oxidant, first and foremost, and, in fact, a viable method for the removal of many nuisance organic substances.  Color removal and in many cases, taste and odor removal, are possible with chlorine although chlorination can often, particularly in eutrophied water, lead to taste and odors.  About 90% of the chlorine consumed in reaction with organic compounds leads to oxidation, for example: chlorine can oxidize aldehydes and ketones to a carboxylic acid.  It is the 10% of the chlorine used in addition and substitution reactions that creates the problem of organohalogen (AOX) compounds.  Examples of addition reactions are chlorine addition to double bonds and aromatic compounds while substitution of the hydrogen on secondary amines with chlorine is possible.

The EPA initiated the National Organics Reconnaissance survey, which found that virtually all cities that used chlorination had THMs in their potable water (Symons, 1975).  Toxicological investigations, including laboratory (Wolf et al, 1984; Norman et al, 1980; Norman et al, 1980 and USEPA, 1987) and epidemiological studies (Werdehoff, 1987; USEPA, 1979 and Rice, 1992) implicated THMs, particularly chloroform, as suspected carcinogens.  These findings prompted the EPA to promulgate a maximum contaminant level of 100 g/L for total THMs in drinking water (International Critical Tables, 1985).

To avoid high levels of THMs in drinking water, three approaches can be adopted:




a)
remove THMs after they have formed,



b) 
remove precursors before chlorination,



c)
use a disinfectant that does not generate THMs.

THMs can be removed to some extent by air stripping, oxidation and/or adsorption, none of which is completely successful or very economical.  Precursors can be removed partially by coagulation/clarification, adsorption or oxidation and should always, as far as feasible, be implemented before chlorination.  Chlorine, however, is the chemical that really forms THMs and other AOX and any reduction in its use will lead to smaller THM concentrations.  This has led to a quest for alternative and/or supplementary disinfectants.

Chloramines has been one approach.  Chloramination, i.e. the purposeful addition of ammonia before, during or just after chlorination, has been practiced for over 75 years  (Wolfe et al, 1984).  It eliminated taste and odor problems sometimes caused by chlorination such as chlorophenol formation.  It was also observed that chloramines formed during the reaction of chlorine with ammonia form more stable residuals than chlorine.  Chloramination grew in popularity up to World War II, gradually declined in popularity and was revived during the previous decade when it was discovered that chloramines do not form THMs in significant concentrations (Norman et al, 1980).

Chloramines have subsequently received considerable attention by researchers. However, chloramines are not very good disinfectants as reflected by EPA recommendations concerning required Ct values (retention times at a certain concentration) (see Module 4: Disinfection).  Furthermore, recent studies have shown chloramines to be weakly mutagenic, cause methaemoglobinemia in aquatic organisms and have been shown to cause effects reminiscent of carcinoma.   In summary, it can be concluded that chloramination indeed has merits and that it is economical in comparison with alternative disinfectants, but that it does not fill all the requirements required of a disinfectant.

Chlorine dioxide is an unstable gas, which is usually prepared and handled, in aqueous solution.  Chlorine dioxide is a powerful oxidant and an effective disinfectant and has found application in many water treatment plants.

Chlorine dioxide is not commercially available due to its instability, but may be generated on site from sodium chlorate (NaC1O3) or more commonly on small applications from sodium chlorite (NaC1O2) by acidification or by chlorination.

C1O2 produces only small concentrations of HOC1 during decomposition and therefore insignificant concentrations of AOX are produced in water treatment unless unpurified solutions of C1O2 are used (Werdehoff and Singer, 1987).  THM formation does not take place with pure C1O2 .  C1O2 is a good and fairly stable disinfectant but it does not substantially oxidize a great number of organic substances.  It is also very expensive and produces chlorite and chlorate with suspected health implications limiting its dosage to 1,5 mg/L  and eventually even lower.

Ozonation  Ozone is a powerful oxidant, which can affect the structure of most organic substances.  Although, under practical conditions it does not substantially "remove" large fractions of the DOC, it brings about changes that substantially affect other unit processes, which remove organic substances such as, listed below.

a)
Coagulation/clarification - ozonation influences the coagulation and flocculation            properties of organic and inorganic constituents in water, 
normally improving their removal.

b)
Air stripping - as ozonation can break organic compounds into smaller fractions, volatility is increased, aiding air stripping.

c)
Biodegradation - biodegradability 
increases after ozonation.  This can be utilized if there is a subsequent biological process - often on a sand filter or a granular activated carbon bed or column.

d)
Adsorption - the adsorbability of many organic substances is decreased due to increased polarity leading to improved hydrophilic properties.  These less 
adsorbable products are generally innocuous.

e)
Detoxification of a great number of natural and synthetic toxins such as pesticides can take place.

Ozonation is a suitable oxidant with many other side benefits for the removal of organic substances.   As an alternative disinfectant it does not produce organohalogens.

Advanced oxidation processes Supplementation of ozone with hydrogen peroxide has come under close scrutiny in recent years (Rice, 1992b).   This results in the formation of the OH radical, an even more powerful oxidant than ozone, which is able to more effectively oxidize pollutants and is more effective on compounds that are difficult to degrade such as geosmin and 2-MIB, earthy tasting substances of microbial origin (Glaze et al., 1987).

Activated carbon adsorption 

Activated carbon adsorption is one of the best technologies for removing a broad spectrum of organic contaminants due to Van der Waals dispersion forces operating between the organic substances and the very large carbon surface area of 1000 m2/g (Rootare and Prenzlow, 1967).  The adsorptive area is situated in micropores with diameters of 1 to 3 nm (Roberts, 1967).  This limits the adsorption of large molecules of the naturally occurring organic compounds and results in selective removal of mainly smaller molecules, which makes activated carbon adsorption an excellent removal unit process for synthetic organic micro pollutants.

Activated carbon can be supplied in powdered (PAC) and granular (GAC) form.  The decision to use either depends on plant design the application being totally different.  PAC systems are usually once-through systems used in settlers while GAC requires special columns or filter beds.  The relative advantages of each are beyond the scope of this text.    

US Drinking Water Guidelines – See Handbooks.  

Typical drinking water treatment process

The layout of a conventional drinking water treatment plant treating surface water is as follows.

The generic requirements of the process are to first bind colloidal substances by coagulation and flocculation and remove the bound flocs by clarification.  Coagulation involves adding suitable chemicals during a rapid mix.  Flocculation requires a very gradual mixing to promote contact between suspended particles.  Clarification involves either settling, flotation and/or sand filtration.  Secondly, the water needs to be disinfected, usually by chlorination. 

The layout of underground water treatment may be different as colloidal substances may not be present in problematic concentrations.  However, underground waters are sometimes hard and are then softened by adding lime or other chemicals to precipitate dissolved calcium and/or magnesium.  This also requires rapid mixing, flocculation and clarification.  While the objectives and chemicals added are different, the design of the equipment is quite similar.

Other unit processes that are often included are aeration and ozonation.  The use of powdered or granular activated carbon to combat specific pollutants is also fairly widespread.  Modern water treatment technology favors the use of ozonation with subsequent biological treatment in a filter or granular activated carbon contacting unit for removal of ozonation byproducts.

Physical chemical treatment in wastewater plants

Most larger wastewater treatment plants will have some form of preliminary treatment such as screening and grit removal, both forms of physical treatment.  Next will be primary treatment in the form of settling before the actual (secondary) biological treatment process.  This will normally be followed by secondary settling, again a physical chemical treatment.  Tertiary treatment often involves chemical precipitation of phosphates (followed by settling) and chlorination, ozonation or ultraviolet irradiation for disinfection.  Sand filtration is also sometimes used during tertiary treatment.  Water reclamation also involves a number of physical chemical treatment unit processes similar to drinking water treatment.

WATER QUALITY CHARACTERIZATION TESTS  

The understanding of water quality characteristics is fundamental to water treatment, environmental protection and reclamation.  A number of typical determinants are presented below.

Dissolved Oxygen 

Dissolved oxygen (DO) is the amount of oxygen dissolved in water.  It is usually expressed as mg/L (or as % saturation for water in equilibrium with air).  It typically varies from 0 to 10 mg/L.

There are a number of methods for the measurement of DO.  The methods detailed in Standard Methods for the Examination of Water and Wastewater are iodometric titration, with several modifications for the removal of interferences, and a membrane electrode method. The membrane electrode has the advantage of portability and ease of measurement, however the electrodes require considerable care and are expensive to replace. There is also a spectrophotometric method, which utilizes vacuum-sealed ampules, which can be taken to the field and analyzed in a lab later, however the ampules are too expensive to be used in routine testing.

Chemical Oxygen Demand, COD
Chemical oxygen demand (COD) is a measure of the amount of carbon in a wastewater, which is susceptible to oxidation by a strong oxidant (dichromate in sulfuric acid at a high temperature).  It is not commonly used in drinking water treatment.  COD is a simpler and cheaper measure of oxygen demand than BOD.  For a particular waste it can be correlated with BOD and used for routine monitoring purposes.   

In the methods for COD organic matter is oxidized in a mixture of sulfuric and chromic acids in which the chromic acid is in excess. The remaining chromic acid after the reactions have proceeded to completion is measured by titration methods or a colorimetric method.  Three methods for the determination of COD are given in Standard Methods for the Examination of Water and Wastewater.

Total Solids
The total dissolved solids (TDS) are an indication of all species dissolved in water, including ions, dissolved organic matter and some smaller colloids.  TDS in water is measured by filtering through paper or a membrane, followed by evaporation of the water in an oven to a constant mass at 103 to 105oC. The residue is the dissolved solids.  Some samples may contain hygroscopic water and will require prolonged drying and rapid weighing.  This test can be found in Standard Methods for the Examination of Water and Wastewater. 

The conductivity of water is an indication of dissolved salts and correlates well in drinking water practice.   For many purposes, the dissolved solids concentration in water is estimated by multiplying the conductivity of the water by a conversion factor.

Total Suspended Solids, TSS
The total suspended solids are determined by drying the filter retentate from the TDS test to constant mass at 103 to 105oC. This test can be found in Standard Methods for the Examination of Water and Wastewater.
Inorganic carbon, IC

The inorganic carbon consists of carbonate (CO32-), bicarbonate (HCO3-) and dissolved carbon dioxide (CO2).   It is measured by acidifying and evaporating the sample and detecting the CO2 liberated with an infrared detector.

Organic Carbon (TOC, DOC, POC, VOC)
Total carbon is determined by oxidizing all organic carbon to carbon dioxide and measuring the carbon dioxide produced.  The IC value is then subtracted.

Total organic carbon (TOC) is a measure of all the organic carbon in a sample of water. Dissolved organic carbon (DOC) is that component of the TOC which passes through a 45 SYMBOL 109 \f "Symbol"m filter. Particulate organic carbon (POC) is that component of the organic carbon which is retained on a 45 SYMBOL 109 \f "Symbol"m filter.

Volatile organic carbon (VOC) is determined by gas purging the solution under carefully controlled conditions with an inert gas stream such as nitrogen. 

The tests for organic carbon are usually conducted in laboratories, which have dedicated TOC analyzers, due to the complex nature of the test.  The Environmental Chemical Analysis Facility at UNE has a Dohrmann TOC analyzer. Further details of this test can be found in Standard Methods for the Examination of Water and Wastewater.
Alkalinity
The alkalinity of water is defined by Standard Methods for the Examination of Water and Wastewater as the acid neutralizing capacity of water. Two waters at a given pH but with different alkalinities will require different amounts of acid to adjust to another equal pH.

Alkalinity is determined by titrating the solution with acid to a set pH, typically 4.2, determining the amount of acid required and expressing the result as Alkalinity in mg/L CaCO3.

Acidity
Acidity is the converse of alkalinity and is also expressed as mg CaCO3​/L.  It is determined by titrating with a sodium hydroxide solution to a pH of 10.

Tests for specific components
There is a range of methods for determining specific components of water such as anions, cations or organic chemicals. The cheapest, and often most accessible are the colorimetric and ion specific electrode methods. These methods are, however, subject to a wide range of interferences, which often preclude their use. 

More advanced methods include ultraviolet (UV) spectrophotometric, infra-red (IR) and near infra-red (NIR spectrophotometric, Atomic Absorption (AA) spectroscopy, Gas Chromatography (GC), Mass Spectrometry (MS), Ion Chromatography (IC), plasma analysis, X-ray fluorescence (XRF) and X-ray Diffraction (XRD).

Other methods
In this section no attempt has been made to be exhaustive. The most commonly encountered tests have been presented so that students are familiar with the terms used throughout the remainder of the course. 

A wide range of tests for various other components of water and wastewater are available, and most of you will find them as you require them, or simply send any samples to a chemist for analysis.  In the latter case, great care must be taken in selecting representative samples, cleanliness, preservation, labeling and packaging.

Reference material
There is wide range of ways to find methods for conducting particular tests in water and wastewater treatment.

The most widely accepted is

Standard Methods for the Examination of Water and Wastewater, Greenberg, A.E., Clesceri, L.S. & Eaton, A.D. (eds.), American Public Health Association, American Water Works Association and the Water Environment Federation.

This is currently in its 21st edition, and an update published in 1995 is also available for this edition.  

Another source which has a range of different methods and many of the same methods is:

Annual Book of ASTM Standards: Volumes 11.01 & 11.02, Water.  American Society for Testing and Materials (ASTM).   Revision of the ASTM standards released annually.

An excellent reference for colorimetric methods is:

Water Analysis Handbook (1992) Hach Company

This is a vehicle for the sale of Hach colorimetric technology.  All the methods contained within are standard methods, and can be very easily analysed using Hach spectrophotometers. This book is, however, an excellent reference for colorimetric methods, which can be conducted on any spectrophotometer.

Methods can also be found in the literature, though this can be a trying process if the purpose of the test is not research.

Expected quality of water

Tables 1 and 2 provide typical quality parameters of water and wastewater from various sources; Table 3 lists a summary of the Australian Drinking Water Guidelines (NHMRC, 1996) for physical characteristics and inorganic chemicals. 

Table 1  Quality of Water from Various Sources

Characteristic

Upland

Lowland
Ground-
Typical




Catchment
River

water

sewage effluent


pH (units)

6.5
7.0

7.2

6.9


Color (units)

60
30

<5

60


Turbidity

 5
20

  1

35


Chloride

10
50

15

100


Amm-N

0.01
0.2

0.1

2


Nitrate-N

0.2
0.6

1.0

15

BOD

 1
 2

   1

20

PV

 4
 3

0.1

15


Total Solids

50
175

350

600


Total hardness

10
110

230

250


37o C coliform/ml*

10
5,000
15

100,000


22o C coliform/ml*

30
30,000
40

400,000


Coliform MPN/100 ml*
20
20,000
1

2,500,000

Concentrations in mg/L except where noted.

*Coliform bacteria are indicators of feacal pollution.

Table 2  Typical Domestic Wastewater Analyses 

Characteristic

Conventional Activated Sludge Plant

Biological Trickling Filter Plant

mg/L


Raw     
Settled              Effluent

Raw    
Settled          Effluent

BOD
316
181
14
367
204
12

SS
371
130
5
426
138
17

PV
77
55
12
77
43
10

Ammonium-N
35
34
18
39
38
4

Nitrate-N
-
-
4
-
-
16

Table 3  Typical Drinking Water Guidelines

National Health and Medical Research Council, 1996.

                             Guideline Values (mg/L unless stated)


Characteristic
 Health
Aesthetic

Dissolved oxygen
**
>85%

Hardness
**
200 mg/L as CaCO3
pH
*
6.5-7.5

Taste and odor
**
acceptable to most people

Temperature
**
no set value

Total dissolved solids
**
500 mg/L

True color
**
15 HU (Hazen units)

Turbidity
*
5 NTU



<1 NTU desirable for effective disinfection

Chloride
**
250

Iron
*
0.3


Manganese
0.5
0.1


Copper
1.5
1.0

Zinc
*
3


Manganese
0.5
0.1

Sulfate
500
250


Nitrate (as NO3)
50
-


Fluoride
1.5
-


Arsenic
0.007
-


Cadmium
0.002
-


Chromium (6+)
0.05
-


Cyanide
0.07
-

Lead
0.01
-


Mercury
0.001
-


Selenium
0.01
-

* Insufficient data to set a guideline value based on health considerations.

** No health based guideline value is considered necessary.

Bacteriological guideline for water in the distribution system (NHMRC, 1996): No sample (minimum 100ml) taken should contain any thermotolerant coliforms (alternatively E.coli) or total coliforms.
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