MODULE 7

 TERTIARY TREATMENT AND WATER RECLAMATION 

This module will be devoted to nutrient removal and physical-chemical advanced treatment with the view of protection of the environment and for recovery of water as a resource.

NUTRIENT REMOVAL

Heterotrophic organisms, such as the bacteria in wastewater treatment plants, need carbon, nitrogen, phosphorus and a number of trace elements for cell synthesis.  Part of the organic material is also metabolized to provide the energy requirements of the organisms.  The carbon has to be in the form of organic compounds; nitrogen is acceptable as bound organic nitrogen, ammonia, nitrite or nitrate and phosphorus either as orthophosphate, polyphosphate or organically bound phosphates.  Trace elements are usually all available in municipal sewage. Chemotrophic organisms can oxidize ammonia to nitrite and nitrate as their main source of energy.

The nutrient composition of an average sanitary wastewater based on 450 L/person.d is listed in Table 1.

Table 1    Approximate Nutrient Composition of Average Domestic Wastewater and Effluents 

Determinant 
Raw 
Primary
Secondary



       Organic Content (mg/L)
Suspended solids
240
    120

30
Biochemical oxygen 
200
    130

30
demand



      Nitrogen Content (mg/L as N)
Inorganic nitrogen
22
     22

24
Organic nitrogen
13
      8
 
2
Total nitrogen
35
    30

26



    Phosphorus Content (mg/L as P)

Inorganic phosphorus  4
     4  
4 

Organic phosphorus  
 3 
     2                
1
Total phosphorus 
 7 
     6 
5

Environmental protection considerations are of prime importance when it comes to the disposal of effluents.  Photosynthetic autotrophs in the waterways such as plants, algae and cyanobacteria, only need sunlight, carbon dioxide or bicarbonates from water as carbon source and the same nutrients as the heterotrophs.  Many cyanobacteria can fix nitrogen from the atmosphere and as most trace elements are available in natural waters and certainly in effluents, the main element, which could become limiting to photosynthetic organisms would be phosphorus.  Eutrophication, the enrichment of water bodies with nutrients, is therefore mainly a function of phosphorus concentration.  The removal of phosphorus thus becomes the main focus in water environmental protection in fresh water bodies.  In saline waters, the limiting factor can often be nitrogen in all its compound forms.  Conventional treatment does not remove much of the nutrients contained in sewage as Table 1 indicates and this module will concentrate on additional biological or chemical treatment to remove nitrogen and phosphorus.

NITROGEN REMOVAL IN CONVENTIONAL TREATMENT


The nitrogen compounds in an average sanitary wastewater are listed in Table 1.  With most of the nitrogen in soluble and colloidal organic forms, the amount removed by primary sedimentation is limited to about 15 percent.  Based on the tabulated values, the uptake in subsequent biological treatment is only another 10 percent.  In general, the amount of nitrogen in excess biological floc produced in activated-sludge treatment of a wastewater is equal to about 4 percent of the BOD applied. With a total reduction of only 25 percent, the effluent contains 26 mg/L of the original 35 mg/L.  Approximately 2 mg/L is organic nitrogen bound in the effluent suspended solids.  The remaining 24 mg/L is in the form of ammonia, except when nitrification occurs during aeration.  Oxidation of a portion of the nitrogen to nitrate is most likely to occur in an activated sludge process treating a warm wastewater at a low BOD loading.

Figure 1 is a diagram tracing nitrogen through a hypothetical treatment plant.  The nitrogen concentration in the influent wastewater is assigned a value of 100 percent.  Primary removal by sedimentation of raw organic matter is 15 percent, and removal by biological synthesis in secondary aeration is assumed to be an additional 10 percent.  Processing of the raw sludge can release some of the nitrogen extracted from the waste water.  In this treatment scheme, the sludge is stabilised by anaerobic digestion and the ammonia released from decomposition of the sludge solids is returned to the influent of the treatment plant in supernatant from the digester. Assuming 40 percent of the organic nitrogen in the sludge is converted to ammonia, 10 percent of the original 25 percent is recycled to the treatment plant and appears in the effluent, which then contains 85 percent of the influent nitrogen.  Depending on variations in nitrogen content of the waste water and methods of wastewater and sludge processing, nitrogen removal in conventional biological treatment systems ranges from nearly zero up to 40 percent.

BIOLOGICAL NITRIFICATION AND DENITRIFICATION

The common forms of nitrogen are organic, ammonia, nitrate, nitrite, and gaseous nitrogen. Decomposition of nitrogenous organic matter releases ammonia to solution, Reaction 1. Under aerobic conditions, nitrifying bacteria perform Reaction 2 to oxidize ammonia to nitrite and subsequently to nitrate. Bacterial denitrification,  Reaction 3, occurs under anaerobic or anoxic conditions when organic matter (AH2) is oxidized and nitrate is used as a hydrogen acceptor releasing nitrogen gas.
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Figure 1  Diagram tracing wastewater nitrogen through a hypothetical treatment plant 

Of the 100% influent nitrogen, 85 percent is in the treated wastewater and 15% is in the digested sludge solids.
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Nitrogen in municipal wastewater results from human excreta, ground garbage, and industrial wastes, particularly from food processing.  Approximately 40 percent is in the form of ammonia, and 60 percent is bound in organic matter with negligible nitrate. The total nitrogen contribution is in the range of 4 to 6 kg/cap.y, and the average concentration in domestic wastewater is 35 mg/L.


Nitrification of a wastewater is practiced where the ammonia content of the effluent causes pollution of the receiving watercourse.  The process does not remove the nitrogen but converts it to the nitrate form (Reaction 2).  Nitrification-denitrification, which reduces the total nitrogen content, includes conversion of the nitrate to gaseous nitrogen (Reaction 3).

Nitrification


Nitrification is usually not a separate process following conventional biological treatment. Nitrification is quite common along with organic matter removal in a single-stage extended aeration unit in a warm climate, but a two-step treatment is necessary for reliable operation at a reduced wastewater temperature.  The conventional biological treatment removes BOD, without oxidation of ammonia nitrogen, to produce a suitable effluent for nitrification.  The high ammonia content and low BOD provide greater growth potential for the nitrifiers relative to the heterotrophs.  This allows operation of the nitrification process at an increased sludge age to compensate for lower operating temperature and to ensure that the growth rate of nitrifying bacteria is rapid enough to replace those lost through washout in the plant effluent. Although synthetic-media filtration in biological towers can perform nitrification, the most reliable system is suspended growth aeration.

Figure 2 is the common flow scheme for nitrification following biological treatment of a wastewater for organic matter reduction.  After the nitrifying bacteria oxidize the ammonia in the aeration tank, the activated sludge containing high populations of nitrifiers is settled in the final clarifier for return to the aeration tank.  Sludge can be wasted, if necessary, to remove excess bacterial growth from the system.  Because the rate of oxidation of ammonia is nearly linear, the tank configuration is plug flow to minimize short-circuiting. 

The important parameters in bacterial nitrification kinetics are temperature, pH, and dissolved oxygen concentration. Reaction rate is decreased markedly at reduced temperatures with about 8°C being the reasonable minimum value. Optimum pH is near 8.4, and the dissolved oxygen level should be greater than 1.0 mg/L.  Since biological nitrification destroys alkalinity, lime or soda ash may be needed to raise the pH to the optimum level in the nitrification tank. Ammonia nitrogen loadings applied to the aeration tank are 160 to 320 g/m3.d with corresponding wastewater temperatures of 10 to 20°C, respectively. For an average wastewater effluent, this is an aeration period of  4 to 6 hr. 
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Figure 2 Flow diagram for nitrification by suspended growth aeration following 
    
       conventional biological treatment

Denitrification


Nitrate can be reduced to nitrogen gas by facultative heterotrophic bacteria in an anoxic environment.  An organic carbon source, AH2 in Reaction 3, is needed to act as a hydrogen donor and to supply carbon for biological synthesis.  Although any biodegradable organic substance can serve as a carbon source, methanol is common because of its availability, ease of application, and ability to be applied without leaving a residual BOD in the process effluent.  As with all other chemical carbon sources, methanol is expensive.  In fact, the cost of methanol makes the widespread application of this denitrification process unrealistic in wastewater treatment.

The denitrification reaction between methanol and nitrate is as follows:

5CH3OH    +    6NO3-  
 
 (     3N2(   +   5CO2(   +   7H2O +  6OH-  
 (4)


Since the process effluent from nitrification also contains dissolved oxygen and nitrite, total methanol required as a hydrogen donor in denitrification is given in Reaction 5.  In addition, methanol is used as a carbon source in bacterial synthesis.  Based on 30-50 percent excess methanol needed for synthesis, the total methanol demand is calculated using Reaction 5 or 6.

CH3OH   
=     0.7DO   +   1.lNO2-N   +   2.0NO3-N 



    (5)
CH3OH   
=     0.9DO   +   1.5NO2-N   +   2.5NO3-N 



    (6)

where 

CH3OH   
=   methanol, milligrams per liter
DO  
   
=   dissolved oxygen, milligrams per liter 

NO2-N   
=   nitrite nitrogen, milligrams per liter 

NO3-N   
=   nitrate nitrogen, milligrams per liter

The recommended denitrification system consists of a plug-flow tank with underwater mixers followed by a clarifier for sludge separation and return, see Figure 3.  The level of agitation in the denitrification chambers must keep the microbial floc in suspension, but controlled to prevent undue aeration. Since nitrogen gas released from solution can float the biological floc, the last chamber must strip the nitrogen gas from solution for efficient final clarification.  This may be done using an aeration chamber, which also has the advantage of oxygenating the plant effluent, or by a degasifier.  The retention time required for denitrification of a domestic wastewater is usually in the range of 2 to 4 hr depending on nitrate loading and temperature. Since methanol is expensive, denitrification following nitrification is generally performed only where the receiving watercourse is used as a source for public water supply and an effluent nitrogen concentration of less than 10 mg/L requires strict control.
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Figure 3 Flow diagram for denitrification by anoxic suspended growth


Biological  Nitrification - Denitrification
Unoxidized organic matter can be used as an oxygen acceptor (hydrogen donor) for conversion of nitrate to nitrogen gas. This reaction satisfies a portion of the BOD in a wastewater.

  Unoxidized 

               
 Oxidized 

organic  matter   +     NO3-   
(      organic matter        +      N2(


   (7)

    (BOD) 
 
              
(reduced BOD) 







The flow scheme of a biological nitrification-denitrification process requires mixing of raw organic matter with nitrified wastewater; hence, an aerobic zone is needed for nitrification and an anoxic zone for denitrification.  (The term anoxic means low or lacking in oxygen.) 

The plug-flow activated-sludge system, diagrammed in Figure 5, blends nitrified recirculation flow with raw settled wastewater (primary effluent) in an anoxic zone.  In this mechanically mixed chamber, or segregated zone of a long narrow tank, the biological floc in the return activated sludge uses recirculated nitrate as an oxygen source, releasing nitrogen gas.  In the subsequent chambers mixed by diffused or mechanical aeration, dissolved oxygen is taken up by the biological floc for nitrification of the ammonia in the wastewater.  Both the anoxic and aerobic chambers reduce the wastewater BOD in the anoxic zone by denitrification and the aerobic zone by uptake of dissolved oxygen.  The final clarifier contributes to denitrification as the bacterial flocs extract the oxygen from nitrate in the metabolism of the organic solids during sedimentation.  The majority of nitrogen removal, however, occurs in the anoxic chamber and the degree of nitrogen removal is controlled by the rate of recirculated flow.  

The amount of return nitrate that can be reduced depends on the maximum rate of denitrification possible in the anoxic zone.  Too great a recirculation carries nitrate through the anoxic zone into the aerobic chambers, and, similarly, too short an aeration period can reduce the degree of nitrification.  Other factors, such as the relative concentration of nitrogen to BOD in the wastewater and temperature, also influence the method of process operation. Figure 4 illustrates typical treatment of a settled domestic wastewater at a moderate temperature with a total retention time of approximately 8 h in the biological chambers. Influent nitrogen is assigned a value of 100 percent.  Of this, 30 to 35 percent is converted to nitrogen gas, 20 to 25 percent appears in the waste sludge as organic nitrogen, and 40 to 50 percent is in the plant effluent primarily as nitrate nitrogen.  Thus, this biological nitrification-denitrification process removes 50 to 60 percent of the influent nitrogen.  Denitrification ahead of the nitrification zone is advantageous because the BOD in the raw wastewater is used as a carbon source, the oxygen demand of the nitrification zone is reduced, and denitrification recovers alkalinity lost during nitrification.
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Figure 4   Diagram tracing wastewater nitrogen through a hypothetical biological 
  
    
nitrification-denitrification system.

PHOSPHORUS REMOVAL FROM WASTEWATERS


The common forms of phosphorus in wastewater are orthophosphate (PO4-3), polyphosphates (polymers of phosphoric acid), and organically bound phosphates.  Polyphosphates, such as hexametaphosphate, gradually hydrolyze in water to the soluble ortho-form, and bacterial decomposition of organic compounds also releases orthophosphate.  With the majority of compounds in wastewater soluble, phosphorus is removed only sparingly by plain sedimentation.  Secondary biological treatment removes phosphorus by biological uptake; however, relative to the quantities of nitrogen and carbon, the amount of phosphorus is greater than necessary for biological synthesis.  Consequently, conventional treatment removes only about 20 to 40 percent of the influent phosphorus.

Phosphorus Removal in Conventional Treatment


Phosphorus enters the sewer in the form of soluble and organically bound phosphates. Biological activity in the sewer releases organically bound phosphates into solution that are not removed by plain sedimentation of raw wastewater.  The amount of organically bound phosphates released into a soluble form varies with the sewer length, wastewater temperature, and biological conditions.

Based on the tabulated values, the total phosphorus is reduced from 7 mg/L to 6 mg/L by sedimentation.  Secondary biological treatment removes phosphorus by biological uptake; however, the amount of phosphorus is surplus relative to the quantity of nitrogen and carbon necessary for synthesis.  In general, the amount of phosphorus in the excess biological floc produced in activated-sludge treatment of a wastewater is equal to about 1 percent of the BOD applied.  Based on this, the total phosphorus is further reduced from 6 mg/L to approximately 5 mg/L.  As a result, in Table 1, the total phosphorus of 7 mg/L in the raw wastewater is reduced to 5 mg/L in the biologically treated effluent.

CHEMICAL PHOSPHORUS REMOVAL

Chemical precipitation using aluminum or iron coagulants is effective in phosphate removal. Although coagulation reactions are complex and only partially understood, the primary action appears to be the combining of orthophosphate with the metal cation.  Polyphosphates and organic phosphorus compounds are probably removed by being entrapped, or adsorbed, in the floc particles.   Aluminum ions combine with phosphate ions as follows:

Al2(SO4)3.l4.3H2O   +   2PO4-3   
( 
2AlPO4(   +   3SO4-2   +   l4.3H2O 
     (8)


The molar ratio for Al to P is l : l and the mass ratio of commercial alum to phosphorus is 9.7 to l.0.  Coagulation studies have shown that greater than this alum dosage is necessary to precipitate phosphorus from wastewater.  One of the competing reactions, which accounts in part for the excess alum requirement, is with natural alkalinity as follows:

Al2(SO4)3.l4.3H2O  +  6HCO3-    
(    2Al(OH)3( +  3SO4-   +  6CO2   +  l4.3H2O (9)









   
     
As a result, phosphorus reductions of 75 percent, 85 percent, and 95 percent require alum to phosphorus mass ratios of about 13 to l, 16 to l, and 22 to l, respectively.  For example, to achieve 85 percent phosphorus removal from a wastewater containing l0 mg/L of P, the alum dosage needed is approximately 16 x 10 = 160 mg/L, which is substantially greater than the 9.7   x   10   =   97 mg/L stoichiometric quantity of alum based on Reaction 8.

Iron coagulants precipitate orthophosphate by combining with the ferric ion as shown in Reaction 3 at a molar ratio of  l to 1.

FeCl3.6H2O   +   PO4-3 
     
(
  FePO4(   +   3Cl-   +   6H2O           
 (10)





Just as with aluminum, a greater amount of iron is required in actual coagulation than this chemical reaction predicts.  One of the competing reactions with natural alkalinity is

FeCl3.6H2O   +   3HCO3- 
     
( 
 Fe(OH)3( +  3CO2   +  3Cl-   +  6H2O (11)

Provided that the wastewater has sufficient natural alkalinity, ferric salts applied without coagulant aids results in phosphorus removal at Fe to P dosages of 1.8 to l.0 or greater.  This is equivalent to an application of approximately 150 mg/L of commercial ferric chloride for treatment of a wastewater containing l0 mg/L of P.  Since the reaction of ferric chloride with natural alkalinity is relatively slow, lime or some other alkali may be applied to raise the pH and supply the hydroxyl ion for coagulation as follows:

FeCl3.6H2O   +   3Ca(OH)2 
     
( 
 2Fe(OH)3(   +   3CaCl2   +   6H2O 
  (12)


Ferrous sulfate also forms a phosphate precipitate with an Fe to P molar ration of 1 : 1, and the dosages for coagulation are similar to ferric salts.

Commercially available iron salts are ferric chloride, ferric sulfate, ferrous sulfate, and waste pickle liquor from the steel industry. The latter is the least expensive and most common source of iron coagulants for wastewater treatment in industrial regions.  Pickle liquor is variable in composition depending on the metal treatment process.  Ferrous sulfate from pickling with sulfuric acid and ferrous chloride from pickling with hydrochloric acid are the two common waste liquors from metal finishing.  Waste liquors have an iron content from 5 to l0 percent and free acid ranges from a low of 0.5 percent to a high of 15 percent.  Preparation prior to use includes neutralization and pH adjustment of the liquors with lime or sodium hydroxide.

Chemical-biological treatment combines chemical precipitation of phosphorus with biological removal of organic matter.  Alum or iron salts are added prior to primary clarification, directly to the biological process, or prior to final clarification.  For all application points, the amount of chemical added is about the same to achieve a specific phosphorus removal.  Addition to the primary clarifier enhances both suspended solids and BOD removal resulting in 75 percent solids and 50 percent BOD removal.  Thus, subsequent treatment capacities increase and tend to be hydraulically rather than BOD limited.

In activated-sludge aeration, the coagulant can be added to the aerating mixed liquor. Although the resulting chemical-biological floc has fewer protozoa, BOD removal efficiency is not adversely influenced. In trickling filtration or rotating biological contactors, the coagulant is usually mixed with the process effluent just prior to final sedimentation. Depending on coagulant dosage, the production of sludge solids in chemical-biological treatment is generally in the range of 20 to 60 percent more than the biological solids produced without chemical addition.  This increase in solids production is partly the result of improved effluent clarification because of chemical coagulation.  The volume of sludge, on the other hand, is usually a smaller percentage increase because of the higher density of the chemical-biological sludge.

Example  Alum is applied in the aeration tank of a conventional activated-sludge system (diagrammed in Figure 2) to reduce the total phosphorus in the effluent to 0.5 mg/L.  The dosage of commercial alum is 90 mg/L.  Calculate the alum dosage in terms of the mass ratio of alum applied to the phosphorus content of the wastewater and the molar ratio of aluminum to phosphorus. Calculate anticipated sludge solids production assuming the following: raw and settled wastewater characteristics as given in Figure 2, an operating F/M ratio in biological aeration of 0.40, and an effluent SS concentration of 15 mg/L.  The reduction in effluent SS from 30 to 15 mg/L is the result of increased settleability of the chemical-biological floc as compared with the biological floc without alum addition.  How much has the production of sludge solids increased?

Solution

Alum to phosphorus and aluminum to phosphorus ratios
Alum dosage   =   90 mg/L;  Aluminum dosage   =   (90)[ (2)(27)/(600)]   =   8.1 mg/L  

(Molecular mass of Al2(SO4)3.14.3H2O  =   2  x 27  +  3(32  +  4x16)  +  14.3(16 + 2)   = 600)
Alum applied/ P in wastewater  
=   90/5.9   

=   15
Al      applied/ P in wastewater 
=   8. l/5.9   

=   1.4

Sludge solids production per liter wastewater processed

SS removal in primary 

= 0.5   x   240   
=   120 mg


The constant K is 0.50 for an F/M of 0.40; therefore,

SS in waste activated sludge 

=   0.50   x   130   
=   65 mg

Since the K assumes an effluent SS of 30 mg/L and the actual effluent is 15 mg/L

SS from improved settleability     
=   30   -   15   

=   15 mg

Total biological solids removal    
=   65   +   15   
=   80 mg


Organic phosphorus in biological solids is 2.0 percent by weight; therefore,

P in biological solids removed   
=   0.02   x   80   
=   1.6mg


Phosphorus removed by alum precipitation is the phosphorus in the wastewater after primary sedimentation minus the phosphorus in the biological solids removed minus the phosphorus in the process effluent, which is   5.9   -   1.6   -   0.5   

=   3.8 mg


From  Reaction 9,  AlPO4 precipitate

=   (P precipitated)(molecular mass of AlPO4)   
=   (3.8 mg)(l22)/(31)   =   15 mg
          (molecular mass of P)

From Equation. 8, unused alum 

=        alum dosage -      (P precipitated)(molecular mass of alum) 

 



(2   x   molecular mass of P)

=     90 mg/L    _     (3.8)(600)         

   
=       53 mg/L 

                                 (2   x   31)

The alum not used in phosphorus precipitation reacts with natural alkalinity to precipitate A1(OH)3.   From Equation 2, A1(OH)3 precipitated

=        (unused alum)(2 x molecular mass of Al(OH)3) 
=        (53)(2   x   78)    =    14 mg

                
(molecular mass of alum)



600

The total sludge-solids production equals the sum of the SS removal in primary sedimentation, SS in waste activated sludge, SS from improved settleability in final clarification, AlPO4 precipitate, and A1(OH)3 precipitate. Therefore, solids production per liter of wastewater treated equals


120   +   65   +   15   +   15   +   14

=   229 mg


Increase in sludge-solids production


The solids production by chemical-biological processing relative to conventional activated-sludge processing, as given in Figure 2, is 229   -   185   =   44 mg per liter of wastewater treated, which is an increase of 24 percent.

BIOLOGICAL NUTRIENT REMOVAL

The other method of phosphorus removal is biologically by luxury uptake.  In this process, after the sludge is removed by sedimentation, it is subjected to an anaerobic condition.  This condition causes the organism to release it phosphorus content, thereby producing a sludge that is highly deficient in phosphorus.  As the sludge is returned to the reactor, the organisms, because of having experienced a deficiency, tend to assimilate an extraordinarily large amount of phosphorus.  Hence the term luxury uptake.  Very low effluent concentrations can be achieved without further treatment using this method. 

Enhanced Phosphorus Uptake

There are bacteria with the ability to accumulate phosphorus in the form of polyphosphates well in excess of the phosphorus requirements for growth of microorganisms.   Conventional activated sludge biomass typically contains 1 - 2% phosphorus on a dry weight basis, whereas biomass in an enhanced phosphate removal process is capable of accumulating phosphorus in excess of 3%; in some cases phosphorus contents up to 18% have been obtained with artificial, tailored substrates (Appeldoorn et al., 1992). The highest phosphorus concentration found in the biomass with domestic sewage as a substrate is near 7%.  The microbiological and chemical processes that lead to enhanced phosphorus uptake are not clear (Bark et al., 1992) but the operational features of an enhanced phosphorus uptake process are known.   

The essential features of the process are an anaerobic phase followed by an aerobic phase.  It is generally thought that microorganisms are responsible for the phenomenon (bio-P microorganisms) but chemical precipitation of phosphorus may be a significant factor (Bark et al., 1992).   The most commonly implicated species are from the genus Acinetobacter but other related species may be involved.  Operation of the process with anaerobic-aerobic sequencing provides favorable conditions for enrichment of the sludge with bio-P microorganisms.   It is hypothesized that in the presence of short chain fatty acids under aerobic conditions the bio-P microorganisms are able to store polyphosphates as a phosphorus source and for energy generation.  The initial anaerobic phase is required to produce short chain acids.  Phosphorus is released from the sludge during the anaerobic phase, but the released phosphorus is taken up later in the process.   These acids are utilized by the bio-P microorganisms with concomitant phosphorus removal in a subsequent aerobic reactor. The phosphorus-rich sludge formed is settled and removed from the wastewater.
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Figure 8   Different biological nutrient removal processes 

Size of the lettering inside the boxes indicates a qualitative representation of reactor volume
The Phostrip process (Figure 9) is another process for P removal incorporating both biological and chemical removal of phosphorus.   In the anaerobic stripper, sludge thickening occurs under anaerobic conditions.  Phosphorus release occurs in this tank.  The underflow from the stripper may be recycled to the influent to the stripper or an elutriation stream may be passed through the stripper.   The elutriation stream may be primary effluent, secondary effluent, or supernatant from the lime precipitation reactor.  The supernatant from the stripper is sent to a lime precipitation clarifier, where a chemical sludge is formed.   A portion of the phosphorus is removed in the waste activated sludge and the remainder is removed in the sludge from the lime clarifier.  Biological removal occurs through an anaerobic-aerobic sequence.
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Figure 9   Phostrip process.

Operating conditions for two enhanced phosphorus removal processes are given in Table 2.  SBR systems can be operated to achieve enhanced phosphorus uptake.

As noted above, activated sludge that has aerobically accumulated phosphorus in an enhanced phosphorus uptake system will begin to release phosphate when an oxygen deficiency occurs (Schön et al., 1993).  Rasmussen et al. (1994) found that most of the release was accomplished in the short time of 4 h under anaerobic conditions.   Designing clarifiers to minimize residence time of the sludge biomass, is essential for the proper operation of an enhanced phosphorus removal process.

SLUDGE BULKING CONTROL

A common problem in activated sludge systems is the phenomenon of bulking of the sludge, due to filamentous bacteria.  These grow mainly as a response to environmental conditions within the process, which favor the growth of organisms with a larger area to mass ratio.  Nutrient removal processes are particularly prone to this problem, which results in very poor thickening of the sludge during settling and consequently poor separation.  The use of selective oxidants/disinfectants within the activated sludge is one possible countermeasure.  Chlorine, hydrogen peroxide and ozone have been used for this purpose.  Of these, ozone seems to be the most selective, chlorine more effective, but destructive towards the biological nutrient removal process. 

WATER RECLAMATION: A RESOURCE FROM WASTE 

This part of the module is based on Van Leeuwen, J.  Water Reclamation:  An Untapped Resource.  Keynote Address at the International Conference on Desalination and Water Reclamation, Intern. Water Supply Assoc. Proceedings, Murdoch University, Perth, 1-2 Dec 1994 
Published in Desalination, 106(1-3)233- 240

Man's threat to Nature started with the mastery of fire, which was the key to forging agricultural implements and eventually industrialization.  These abilities enabled man to become the dominant species on this planet by controlling plant and animal life and interfering with the natural flow of water.  Humans' astounding technological prowess, devalued by an inability to control the primitive urge of procreation, make them as dangerous as a gorilla with a sub-machinegun - fast and powerful with little sense of responsibility.  

Human populations have assumed stupendous proportions during this last century.  These vast masses are extremely demanding on the environment, particularly towards water resources.  Land animals of about human mass, manage quite well on about two liters of water per day.  The human animal requires on average a hundred times as much; Americans even 250 times as much.

Not only do humans use large quantities of water per capita, they also deposit their wastes into it, polluting freshwater resources and the oceans. Large quantities of water are used to flush away our bodily wastes, but, as always, dilution is not the solution to pollution - it only spreads it wider and further.  This pollution is destructive to the environment, as is the need to store large quantities of water by damming up rivers - interfering with the natural flow of water.  The urban human approach to sanitation: dilution of bodily waste with water and subsequent, not totally successful, efforts to purify this waste, must appear absurd to an uninvolved observer.

Evidence of the devastating effect of water impoundment and pollution is not hard to find.  The wetlands of the United States, Lake Baikal, the Nile Delta, and even the largest monument of life - the Great Barrier Reef, are all gradually disappearing or being degraded.

The human mind is inventive, though and engineers and scientists have found a way to purify this human waste stream - sewage - to reduce its impact on the environment.  The removal of the plant nutrients nitrogen and phosphorus are difficult to accomplish, however, requiring much additional cost and not removing them completely either.  These remaining nutrients lead to an unnatural enrichment of the environment - eutrophication - and a shift in water population dynamics. Nutrient removal, both biological and chemical, incorporated into sewage treatment, now make it possible to remove 90 to 99% of all organic pollutants, nitrogen and phosphorus.  The remaining 1 to 10% of pollutants can still be devastating.   Although it is possible to reduce phosphates to well below 1 mg/l in sewage effluents, algae and cyanobacteria can still flourish at concentrations a hundred times lower, for instance.  These can often be toxic and interfere with other life activities in the water ecosphere.

Attempts to minimize pollution do result in high-quality effluents which could, and should be reused, rather than discarded.  This has been realized in many countries, but only extensively brought into practice in four countries:  the USA, Israel, South Africa and Namibia.  The intention of this module is to bring the need and opportunity of water reclamation into perspective and relate this to experiences in South Africa and Namibia.

THE BENEFITS OF WATER RECYCLING

The main advantages of water reuse are:

(a)
prevention of pollution;             

b)   additional water source.

While resource limitation is the obvious motivation for water reuse, pollution prevention is not so obvious.  It should be realised that the main problem in secondary effluent disposal is the remaining nutrient load which can lead to eutrophication.  Phosphate, as the most practical limiting nutrient, is sometimes regulated to 0.1 or 1 mg/l (as P) in an attempt to avoid eutrophication.  Dilution of 100 or 1000 times is then really required to prevent subsequent eutrophication - hardly practical in most cases.  Affordable technology to reduce phosphates to below 0.1 mg/l hardly exists, and it is already costly even to achieve this level.  Phosphate is not a problem in most reuse situations, however, and neither is nitrogen.  If the effluent containing the nutrients is reused rather than discharged, eutrophication can be avoided without costly nutrient removal technology.

Recycling water is not a new concept by any means.  It is Nature's own method to ensure that the limited supply of water on Earth is made available over and over again.  All water supplies on land originate from rainfall and all waters on land find their way back to the oceans from where they re-evaporate at some time to be recycled onto the land.  The unnatural activities of humans such as agriculture, industry and overpopulation pose a threat to the stability of this cycle and only by creating smaller cycles within Nature's bigger water cycle can we to some extent reduce our devastating effect on the natural environment.

Recycling of water to supplement limited supplies has been a longstanding water use strategy in southern Africa.  The South African Water Act of 1956, which also applied in Namibia for 35 years, makes return of (well-treated) effluents to source a condition for abstraction.  This approach ensures extension of limited supplies through indirect reuse.  Apart from this indirect reuse, extensive reuse through irrigation, industrial use, and even potable supply, is practiced in southern Africa.   Effluents are playing an important role in meeting a water demand which approaches and regionally, exceeds available supplies.
REUSE OF EFFLUENTS
Disposal of effluents is clearly an issue that needs to be addressed with responsibility.  Rather than discharge into the waterways or ocean, we should consider reuse as outlined below.  

Irrigation  Obviously an avenue to follow.  Rather than use fresh supplies, use effluents putting the nutrients to good use as well.  The problem is that no irrigation is required during wet periods, so where do we go with the effluents then? 

Industry  Large portions of industrial water demand can be met with effluents treated to a sufficient degree to satisfy the needs of the consumer.  Industries are not always close to sewage treatment plants.

Recreational reuse  Apart from irrigation of parks and sports fields, high quality reclaimed water could be disposed of in waterways used for swimming and fishing.  This option is not very different from disposal to the environment and should always take cognizance of the need to remove plant nutrients.

Indirect reuse  Similar to recreational reuse, reclaimed water can be discharged into waterways which are used for the production of potable water.  In some semi-arid countries, such as South Africa, this reuse is compulsory to preserve limited supplies.  Great care must again be exercised to avoid eutrophication as certain microbial regrowths can be toxic to humans or at least spoil the taste of the water.

Domestic reuse  About half of all the water consumed in the domestic situation is for gardening.  The potable water used for this purpose could easily be replaced with reclaimed water.  The difficulty is getting the reclaimed water back to the consumer.  An additional reclaimed water distribution system would be required with all its associated digging up of streets and pavements.  It is probably only a practical solution in new developments.  Rouse Hill, near Sydney, has been developed with such an additional supply.

Potable reuse  The technologies to treat effluents to a quality comparable or better than normal potable supplies exist and have been put into practice in some countries.  The beauty of the concept is the fact that reclaimed water can then be supplied through the existing distribution system. 

PROCESSING  REQUIREMENTS  FOR  REUSE

Quality is the key to all water use situations and for the preservation of the environment.  It should be appreciated that water is never totally pure.  All waters, whether from an Antarctic glacier, from the slopes of the Himalayas, the Pacific or from a Queensland rainforest, contain certain impurities.  Whether these are innocuous or harmful depends on the ultimate use to which the water is to be put.  Few waters contain such a high concentration of impurities as seawater: 35,000 parts per million or 3.5%, yet it is a suitable environment for most life on Earth.  However, it is useless for most human applications on land.  Indeed, although the technology to convert seawater into drinking water is as old as the oceans - natural evaporation and rainfall cycles - it is still more expensive to desalinate seawater than to produce drinking water from almost any other source of water, including sewage.   Even fresh surface water is usually not suitable for human consumption, and requires processing to produce water of a suitable quality.

Although sewage does not contain more than about 500 ppm of impurities (i.e. it is 99.95% water), it contains putrescible organic material, it is turbid, contains pathogenic organisms, and dissolved substances possibly deleterious to health. To produce a water of comparable quality to that supplied to households in cities, there are four treatment requirements of sewage.  These are:

(a)
effective biological treatment to remove most organic contaminants;

(b)
clarification to remove suspended and colloidal material;

(c)
disinfection to inactivate all possible pathogens;

(d)
removal of dissolved pollutants.

Figure 1 exemplifies the basic requirements of a water reclamation process.




Figure 1:  Essential water reclamation process
Biological Treatment
Extensive biological treatment is important, mainly to remove virtually all biologically degradable material.  Preliminary and primary sewage treatment to remove screenable and settleable material is usually practised before biological (secondary) treatment, although it is not essential in some activated sludge plants.  Activated sludge plants produce the most suitable effluents for reclamation.

Nutrient removal is not essential for most reuse applications.  It is desirable to denitrify if the water is to be reused for drinking, however.  Phosphate removal is generally not required, but will usually also be achieved during subsequent operations.

Clarification
Colloidal and suspended matter is unattractive and helps to protect harmful micro-organisms against disinfection.  Clarification usually takes the form of coagulation with a metal coagulant such as an aluminum or ferric salt or calcium hydroxide, followed by flocculation and settling and/or sand filtration or possibly direct filtration.  Membrane filtration with or without a filter aid such as diatomaceous earth or perlite could also conceivably be used.  This treatment removes a substantial fraction of the remaining dissolved organic material (Dempsey et al., 1984).

Disinfection
An effective disinfectant should be used, ensuring elimination of all pathogens and leaving minimal disinfection by-products (DBPs).  A residual during subsequent distribution should be maintained.  No disinfectant has all these properties, and complementary use of ozone and chlorine has been found to be most effective  (van Leeuwen et al., 1983).  Ozonation can aid coagulation (Jekel, 1983) and at least part of the dosage requirements may be introduced prior to coagulation.

Ozonation often renders DBPs which are more biodegradable.  This could lead to after-growth during distribution if not removed.  However, if a suitable medium for attached microbial growth is provided after ozonation, enhanced removal of organic material by biodegradation and microbial synthesis will ensue (van Leeuwen, 1985).  This could be a filter or granular activated carbon (GAC).

Removal of Dissolved Organic Material
Biodegradation may not be sufficient to remove some undesirable organic substances, particularly those of synthetic origin.  This calls for additional removal methodology.   Granular activated carbon (GAC) has been proven to be effective for this purpose (van Leeuwen et al., 1983), since most synthetic organic substances have molecular masses within the size range where adsorptive removal is most readily accomplished (Hart, 1983).

Although ozonation results in reduced adsorbability of organic substances in sewage effluents, the biodegradability is improved.  This promotes biological activity on GAC, which also results in organic removal.  The combined action of ozonation and biologically active GAC results in improved removal of organic material.  Indeed, the removal of organic material by these combined processes ensures a significantly extended operational life of the GAC - at least four times (van Leeuwen, 1986).

An alternative approach to the removal of organic substances is the use of membrane technology.  Ultrafiltration is eminently suited for the removal of larger organic molecules and more complete removal results if no ruptures occur (Buckley et al., 1982).   Although the technology is still being improved and made more economical, membrane technology is more expensive than GAC.

PROCESS SYNTHESIS  FOR  DIFFERENT  APPLICATIONS
Every reuse application has certain minimum water quality requirements.  For all reuse applications full primary and secondary treatment of domestic sewage is generally a pre-requisite.  Further treatment  for specific reuse purposes is discussed  in this section.

Irrigation
The most important principle that applies here, is that the irrigation water should not pose a health threat through contact or by consumption of produce from the irrigated area.  The main health threat is found in pathogens - viruses, bacteria, protozoa and helminthic parasites.  The survival of some species as cysts or as ova are remarkable and great care should be taken when irrigating crops which are to be eaten raw and also in dairy pastures irrigation.  Contact with wet turf in parks and on sports grounds poses a lesser, but still actual, threat of infection.  The operator of irrigation systems is also at risk since some contact with the water is usually unavoidable.  Treatment to reduce or eliminate the risk of infection is therefore no luxury.

Chlorination is the most obvious and most commonly used form of disinfection of secondary effluents.  It is a simple and economical unit process to link behind a sewage treatment process.  It has several shortcomings, however, since it is not effective against protozoan cysts and the ova of some parasitic worms and also because it leaves residues and by-products that could be detrimental to the environment and crops.   Long retention times, at least one hour, favour chlorine disinfection.  Some form of clarification before chlorination improves chlorine efficacy, physically remove protozoa and ova and reduce by-product formation.  This clarification could take the form of maturation, settling or sand filtration. Chlorine residuals can be reduced through dechlorination using reducing agents. The sequence is shown in Figure 2.
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Figure 2:  Pre-treatment for irrigation
Alternative and preferential disinfectants to chlorination are ozone and ultraviolet irradiation.  Both leave no residuals and the by-products are probably more friendly to the environment.  Clarification may not be required using ozone.  Although the general conception is that ozonation is more expensive than chlorination or UV irradiation, all three lead to similar disinfection costs when all capital amortization, peripheral treatment and operational costs are taken into account (Boyden, and Frougas, 1993).

Industrial reuse
Quality requirements for industrial reuse vary depending on the specific application.  The lowest acceptable quality should normally still be safe for any operator coming in contact with the water while the highest quality requirement could exceed that for potable water.

Cooling, floor washing, ore transport and slag quenching can all be done using water with a similar quality as described above for irrigation.  Additional treatment to prevent corrosion may be required but would be done by the industry.  In many industries there may be a need for clear water.  This can be achieved using coagulants before clarification.  The high sludge production would normally call for settling, followed by sand filtration.  Such a treatment process is shown in Figure 3.
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Figure 3:  Process to produce clarified, disinfected industrial water

If ozone is used for disinfection, all or part of the ozone requirements should be dosed ahead of the process, just before coagulation, instead of at the end since ozonation is usually beneficial to flocculation.

Specific industrial requirements such as boiler feed water may call for a very low salinity or for the removal of specific ions.  In such a case, additional treatment to that depicted in Figure 3 may include reverse osmosis or ion exchange.  Such unit processes would normally follow behind the array in Figure 4. 

Some industrial processes call for water with a low colour and/or low concentration of organic material.  Ozone can usually remove some colours and so can coagulation and flocculation.  If this is not enough, activated carbon adsorption can achieve this with substantial removal of organic material.  Activated carbon is either dosed as powdered activated carbon and dose before the coagulant in the same treatment process as depicted in Figure 8 or as granular activated carbon (GAC) in a separate final contacting column added behind a clarification and a disinfection unit process (van Leeuwen et al., 1981).  One possible sequence to produce water with a low organic content/colour is shown in Figure 5.




Figure 4:  Process to produce low  salinity  industrial  water
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Figure 5:  Process to produce low organic industrial  water
Ozonation promotes the biodegradability of organic material which leads to its removal by biomass which grows in filters and GAC.  Disinfection behind the GAC may be required because of reinfection of the water by the biomass on the filters and the GAC.

Ultrafiltration or reverse osmosis instead of activated carbon would achieve a similar low organic water.  Disinfection would not be required after a membrane process but membrane processes are substantially more expensive than GAC.

Return to source
When sewage effluents are returned to rivers or lakes, which also act as supply sources for potable water, the quality should not pose a health threat to the consumer.  Some natural purification lakes place through biological action and there is a natural gradual die-off of pathogens.  Eutrophication should be voided because it could lead to the growth of cyanobacteria which can release toxic or obnoxious substances.  This certainly calls for nutrient removal.

A well-designed and properly operated biological nutrient removal process such as a Bardenpho or UCT process can produce a suitable effluent for indirect reuse although the phosphate level could still sustain cyanobacteria and algae.  Chemical phosphate precipitation using lime, ferric chloride or aluminum sulfate also could not lower the phosphate level sufficiently.  these chemicals, with proper flocculation and clarification facilities, are still recommended for secondary effluents from less effective nutrient removal plants or those not designed for nutrient removal   The lower nutrient levels reduce the risk of cyanobacteria growth particularly with further dilution or after further treatment.

Another strongly recommended practice before discharge into any sensitive water area and certainly before indirect reuse, is the use of maturation ponds or wetlands for the further removal of nutrients and to promote natural die-off pathogens.  Disinfection before disposal is also recommended using ozone or ultra-violet irradiation.

The recommended scheme for indirect reuse of water is then as shown in Figure 6.
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Figure  6:  Indirect reuse treatment scheme
Domestic reuse of water
To be discussed below are on-site treatment, dual distribution systems and direct potable reuse.

On-site treatment and reuse:  The use of on-site domestic waste-water treatment through septic tanks and underground disposal of effluent is quite common in less densely populated areas.  Very often this practice leads to contamination of underground water supplies and it is certainly not recommended that septage, the effluent of septic tanks, is used in the garden without further treatment.  Treatment options are limited, however, since septage is very turbid and therefore difficult to disinfect.  Batch chlorination using high dosages of HTH may be an option but should only be considered in drought-stricken areas.

Reuse of greywater, ie washwaters is safer, but not without danger either.  The water should really still be disinfected which is again difficult because of the high turbidity.  Furthermore, the water is highly putrescible and should not be stored unless chlorinated.

New systems are emerging, using aerobic composting of joint domestic putrescible wastes and wastewater.  A good example is the DOWMUS composting toilet which produces a fairly clear effluent, suitable for disinfection using ‘friendlier’ disinfectants such as ozone or UV irradiation (Van Leeuwen and Gunashanhar, 1995).

Dual distribution systems:  Reclaimed water need not be of potable quality if used only in the garden and, possibly, also for toilet flushing.  However, it must be properly disinfected and of a quality safe enough to drink if ingested inadvertently.  In order to make this water available in addition to the normal potable supplies, a second distribution system is called for.  This will certainly increase the cost of water distribution but not double the cost as the joint capacity will still be similar to the capacity of a single distribution system for supplying all water needs.

For a good quality, the water will have to be coagulated, clarified and disinfected, similar to the  process in Figure 3, possibly with more careful emphasis on sufficient disinfection.

An additional requirement for distribution is to overcome corrosivity and aggression.  Stabilisation of the water with lime and/or soda ash to achieve a slight oversaturation with respect to calcium carbonate should be called for to protect the distribution system.

Direct potable reuse:  This could be a minefield mainly because of prejudice and because of the fear of the ‘unknown’ pollutant that may lurk in sewage which is not accounted for by the treatment as proposed.  It should be pointed out that it is even less likely that natural, followed by conventional drinking water treatment, would eliminate this unknown pollutant, which is as likely to occur and survive in effluents.  There is always a risk associated with anything.  The risk of being killed by an asteroid or a meteorite is greater than air travel and shark attack combined.  We spend a lot more on safety precautions against the latter two, through.  Just because we can ÒpictureÓ the risk better or because of a natural aversion?  The fear of reclaimed water is not rational.  Millions of people have been reusing the water indirectly all over the world for many decades without any known deleterious effect.
PROCESS SYNTHESIS  FOR  DIRECT  POTABLE  REUSE
All four main elements are essential in any direct potable reuse scheme.  The concept can be used to design the reclamation processes as in Figures 7 and 8.



Figure 7:  Integrated biological and physical chemical reclamation process
The elements are essentially the same as in Figure 5, but there are more safety bariers without much more complexity.



   Figure 8:  Biological and physical chemical reclamation process involving membrane technology

None of the pretreatment unit processes prior to ultrafiltration is essential before ultrafiltration, and any or all could be left out without impairing the product quality.  However, pretreatment protects the membrane.  Also, without pretreatment, multiple barriers are lacking.  Membrane leakage or rupture could seriously impair water quality without pretreatment.

HEALTH CONSIDERATIONS
The South African Council for Scientific and Industrial Research has been conducting research in water reclamation and particularly potable reuse since the sixties. This research led to the establishment of a water reclamation plant in Windhoek, the capital of Namibia.  This plant has been in operation for 25 years now and is presently being upgraded and its output trebled.  The author was one of the consultants employed by the City of Windhoek in 1992 to help plan and design the new plant.

A large part of the research in both South Africa and Namibia always centered around health risks.  Water reclamation plants, production or experimental, were always built to encompass a number of treatment steps, which were not only complementary but overlapping in function so as to provide a number of sequential safety barriers.  Disease causing organisms - pathogens - are for instance removed by the initial biological treatment process, by chemical coagulation and clarification, by ozonation and by chlorination.  Although none of these unit processes could fully be relied upon to remove all pathogens if used in isolation, the combination of all four is beyond reproach.  The process would still be safe if one of the unit processes failed.  Another disinfection unit process, such as ultraviolet disinfection, could even be added to the train as it is relatively cheap and adds yet another safety barrier.  What is more, all water reclamation plants should really be operated around the clock to ensure the presence of an operator to restore minor ailments or shut down the plant in case of major mishaps.

The people of Windhoek have been subjected to an epidemiological study over a period of 10 years during which no detrimental effects on the health of consumers of reclaimed water could be observed in comparison with a control group in parts of the city which did not receive reclaimed water (Isaacson et al.,1985).   A similar study by Nellor et al. in California came to the same conclusion.

Psychological barrier 

Objections against potable reuse as mainly founded on a natural adversion to the notion of having to drink water ‘which has already passed through another human's body’.  However, during passage through the greater cycle of nature, this has occurred several times.  Every drop of water which we consume has in part already passed through the guts of several dinosaurs, mammoths, kangaroos and humans.  The natural purification processes to which the water has been subjected are far from perfect.  Human technology is certainly also fallible, but at least we can operate our reclamation plants with closer surveillance.

Ultimate benefit
Water reclamation can indeed fulfil an important task in preventing pollutants from entering the environment while providing a handy source of additional water.  The most important benefit to metropolitan areas with rapid population growth, is that it can avoid, to a large extent, the need to build new dams.  These dams are expensive, will require water transportation and interbasin transfers over increasing distances and are detrimental to the natural ecology of inland and coastal waters.

WATER  RECLAMATION  AND  REUSE  IN  SOUTH  AFRICA
Effluents are usually regarded as a resource which is extensively used in irrigation, industry and, ultimately, for domestic supply.

Purified sewage effluents have been used for irrigation in South Africa for many years without any obviously harmful effects on crops and the soil.  The fraction of all secondary effluents reused for irrigation by 17 cities amounted to 24% (Department of Water Affairs, 1986).  Concern about pathogens has limited the application mainly to use for non-cropping purposes- only 12.4% for crops and the rest for pasture, parks, trees and sports fields.  Usually, the same strict standards imposed on discharge to rivers apply to use for irrigation.

Industry

There are many examples of reuse of industrial wastewaters and of sewage effluent, with and without advanced treatment in industry.

Power stations consume large quantities of water, mainly for cooling purposes.  Municipal power stations use chlorinated, sand-filtered effluent.  The major national power stations are built on or near coal mines away from the metropolitan areas, however, where it has been found impractical to supply these power stations with effluent because of long distances.

Internal reuse is practised by the national steel producer - Iscor.  One of their plants, near Pretoria, recycles 730 000 m3 of water per day, takes in 21 000 m3/d and discharges 4100 m3/d.   Although 175 m3/tonne of steel is required, the actual consumption of water is limited to 5 m3/tonne.  Equally extensive reuse of water in a virtually totally closed cycle is practised by Sasol, South Africa's fuel synthesis industry.

Reclaimed water for processing is used by both mining and the manufacturing industry.  A notable example is the Mondi Paper Co. Ltd fine-paper mill in Durban.  About half of the company's daily water intake of about 35 000 m3/d is reclaimed from sewage in a multi-step reclamation procedure.  The process, as shown in Figure 9, involves coagulation, sedimentation, sand filtration, granular-activated carbon adsorption, and breakpoint chlorination.  Although effective, the cost of the reclaimed water was not lower than that of potable water supplies, because the secondary effluent had to be purchased at considerable cost (van Leeuwen et al., 1981).




Figure 9:  Mondi Paper water reclamation process
Reuse for Potable Supply

Most of the effluents from the Pretoria-Witwatersrand-Vereeniging area and other inland cities are discharged into waterways which usually run into impoundments used as raw water supplies for conventional drinking-water treatment plants. Some of these impoundments, such as the Rietvlei Dam near Pretoria, receive almost nothing but secondary effluents during the dry winter months, albeit after passing through extensive reed-bed systems.  The Vaal River Barrage, a secondary water source to the Rand Water Board, which supplies about 3 million m3/d to most of the PWV area and surroundings, contains up to 60% effluent at times.  The effect of this is demonstrated by the salinity increase.  The mean salt concentration in the Vaal Dam, the main water source of the Rand Water Board, 50 km upstream of the Barrage, is about 300 mg/l and that in the Barrage, 600 mg/l (Department of Water Affairs, 1986).

Direct Reuse for Potable Supply
The South African Council for Scientific and Industrial Research (CSIR) researched the technology and pathology of water reclamation from secondary effluent since the early 1960s.  This research led to building of the Stander Water Reclamation Plant in 1970.  This 4500 m3/d process development facility was originally geared towards reclaiming water from settled biofilter effluent, and incorporated foam fractionation, high lime coagulation, two stages of settling, ammonia stripping, breakpoint chlorination, sand filtration, granular activated carbon adsorption, and final chlorination and stabilization (Prinsloo et al., 1978), as shown in Figure 10.

The availability, in the mid-1970s, of activated sludge effluent, eliminated the need for foam fractionation, ammonia stripping even for high lime coagulation.  Introduction of ozonation in water reclamation led to a somewhat different concept in the application of chlorination and activated carbon technology as well (van Leeuwen et al., 1983).  By the late 1970s, the Stander Reclamation Plant had developed to the process as depicted in Figure 11.

Lack of further funding and difficulties of supplying the water from the location of the plant at the Daspoort Sewage Works to the consumers brought this particular project to an end.
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Figure 10:  The original Stander water reclamation process




Figure 11:  The final Stander water reclamation process

The City of Cape Town, in collaboration with the Water Research Commission, built a similar demonstration facility at the Athlone Sewage Treatment Plant near Cape Town in the early 1980s.  Although now discontinued, there is still a possibility that a large-scale water reclamation process may form part of Cape Town's water supply in 20 years' time rather than having to convey water all the way from the ultimate sufficient water source, the Orange River, 500 km to the north of Cape Town.

THE NAMIBIAN  PERSPECTIVE  ON  WATER  RECLAMATION
Windhoek has experienced an almost explosive population increase since independence in 1990 to a present estimate of 150 000.  This has placed an enormous pressure on the very limited water resources in the vicinity.  Since Windhoek is surrounded by arid and semi-arid country, the only perennial sources are the Orange River on its southern border and the Kunene, Okavango and Zambezi Rivers on its northern borders.  All these sources are in the order of 700 km from the city.  Plans are under way to withdraw water from the Okavango River, involving a water carrier at an estimated cost of $250 million (Australian), pumping against a head of 420 m, if objections to the environmental implications on the unique and sensitive Okavango inland delta can be overcome.  These plans will take many years to realise - if ever - and the demand already exceeds the supply during drought.  There is no alternative than to reclaim water.

Reclamation - Silver Anniversary
The Windhoek Water Reclamation Plant was constructed during a devastating drought in 1968.  The original design followed the design of the Stander Water Reclamation Process, and incorporated all the unit processes as required for the reclamation of water from biofilter effluent.  During the 1970s, several of the process developments on the Stander Plant were incorporated into the Windhoek process, particularly when activated sludge effluent also became available (Van Leeuwen,1994).  Another upgrade in 1986, adopting dissolved air flotation to replace primary clarification, made a throughput increase from 5 to 6.5 ML/d possible.  The presently employed process is shown in Figure 12.

Continuous health monitoring (Grabow, 1986; and Grabow et al., 1991), bioassays (Grabow et al., 1985) and epidemiological studies (Isaacson et al., 1987) proved that the reclaimed water was safe with respect to all known health hazards that could be found in the reclaimed water.  There were no problems ever associated epidemiologically with the areas in Windhoek receiving the greater portions of reclaimed water compared with those receiving mainly water from surface supplies.

Reclamation - the Future
The effectiveness of the plant, together with the pressing need to supply more water, has led the city of Windhoek to embark on an expansion programme in two stages as outlined below.

The existing reclamation plant is sited next to a drinking-water treatment plant taking in surface water of the Goreangab Dam.  The largest area of Windhoek falls within the catchment area of the Goreangab Dam and due to severe stormwater pollution and informal unsewered settlements in the area, the water has deteriorated to the extent that it requires more than conventional treatment.  The first expansion programme will be to integrate the two plants in parallel to double the capacity.  In addition, the secondary effluent used as the source for reclamation, the Gammams sewage works, will first be discharged in the Goreangab Dam, where natural maturation processes and quality equalisation will provide a safety barrier and improved process control.  The integrated plant will then be able to produce 14 ML/d, drawing water from the Goreangab Dam which will mainly receive sewage effluent as an input.

The second expansion stage will involve adding a third train to the plant.  This third train will be somewhat different from the other by including ozonation.  The main components of this train will be pre-ozonation, coagulation/flocculation, dissolved air flotation, sedimentation, main ozonation, sand filtration, biological activated carbon, breakpoint chlorination and stabilization.    The German government has provided a loan and the construction has been started.




Figure 12:  The present Windhoek reclamation process

DISCUSSION
All leading experts agree that there is merit in reusing water for non-potable purposes such as in irrigation and industrial cooling or production, provided the necessary treatment steps to guard against contaminants have been observed.  Reuse reduces freshwater intake requirements and alleviates effluent disposal loads.

Reuse for potable purposes is controversial and divides scientists and engineers in two schools of thought.  The first school maintains that the health risk for reuse is too high.  There are always intangible factors and the threat that some new health concern, yet to be discovered, has not been addressed when effluents are reused.  This same school of thought holds that if reuse is inevitable, then at least there should be some intermediate natural process and that only indirect reuse should be considered.  The second school prefers reclamation, using the best available technology and monitoring programmes, and use this reclaimed water rather than to rely on doubtful natural processes and largely inadequate conventional treatment.  Natural systems lead to dilution, which does not remove contaminants - only spreads them wider.

A major barrier against reuse is psychological.  Nobody who does not understand what modern technology is capable of, is keen on drinking what he perceives as already having passed through somebody's body.  There is perhaps an over-confidence in the ability of the natural water cycle to remove contaminants, particularly since Nature has perhaps not adapted to urbanization, waste concentration and many synthetic pollutants.

A more serious barrier against implementation of reuse schemes is the infrastructure required to redistribute reclaimed water.  Most cities have developed, being supplied in one direction and drained in the other to maximize use of the topography for gravitation.  In coastal settings, there is often no possibility of using reclaimed water downstream, as the sewage treatment plants are already virtually on the coast.  Additional expenditure is required to return the water against gravity to prospective consumers.  The cost of implementing this in a built-up area may indeed prove to be inhibitive.  New housing developments, however, could be planned to retain the wastewater and reuse the treated effluents.
CONCLUSIONS
Water can be reused for irrigation, but should be disinfected and possibly clarified first.  It is not a viable effluent disposal option because of oversupply during wet spells.

Water can be reused in industry, requiring at least clarification and disinfection and, for some applications, desalination and/or removal of organic contaminants.  Ion exchange or membrane processes can be used for desalination and GAC or ozone and GAC can be used for removal of organic substances.

Indirect reuse requires removal of nutrients from the effluents entering a supply source by a suitable combination of biological nutrient removal, phosphate precipitation and tertiary biological processes such as wetlands or maturation ponds.

Domestic reuse is very useful.  On-site treatment and reuse needs to be developed further.  Reuse for domestic irrigation requires clarification and disinfection and a dual distribution system.  Direct reuse requires an additional contaminant barrier such as granular activated carbon or a membrane process.

Reclamation and reuse are very friendly processes towards the environment as it is ensured that far fewer contaminants are discharged in effluent and that the drain on natural water sources is not increased excessively.
RECOMMENDATIONS
An intensive campaign should be launched to demonstrate the need for water reclamation and overcome psychological barriers.

Greater reuse should be encouraged to overcome anticipated water shortages and to alleviate pollutional loads on the ecosystem.

Develop a clean image with respect to effluent disposal to help promote tourism.  Water reclamation schemes can help to promote this perception and can even prove to become focal points of interest to tourists.

Water reclamation schemes should be planned on a regionalised basis so that the quantities of water to be reused remain small and redistribution lines short, perhaps on a suburban scale.  This can motivate people to accept a responsibility for their own disposal and reuse schemes and instill a pride of ownership of the resource rather than to be burdened with "somebody else's dirty wastes".

The author hereby proposes a very simple process of which the individual unit processes have already been tested and found satisfactory (see Figure 13).  This process should make water reclamation affordable to virtually all Australian communities.  This proposal deserves to be tested and demonstrated.  What better year than 2000?




Figure 13:  Proposed integrated physical-chemical and biological process
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