 ASSESSING THE POTENTIAL OF FULL SCALE PHOSPHORUS RECOVERY BY STRUVITE FORMATION.
Jaffer Y1*, Clark T.A, Pearce P and S.A Parsons2
1Thames Water, Spencer House, Manor Farm Road, Reading, RG2 0JN, UK

2Cranfield University, School of Water Sciences, Bedfordshire, MK43 0AL, UK
*Author to whom all correspondence should be addressed.  

Tel:  +44-118 923 6369;

Fax: +44 -118 923 6402

 email: Email : Yasmin.Jaffer@thameswater.co.uk 
ABSTRACT
Formation of struvite (MgNH4PO4.6H2O) at sewage treatment works can cause operational problems and decrease efficiency.  Struvite has a commercial value and the controlled formation and recovery of it, would be beneficial. 

A mass balance was conducted at full-scale across an entire  sewage treatment works (Slough STW, UK), to identify a stream to conduct bench-scale struvite crystallisation studies on.  The most suitable stream was identified as the centrifuge liquors.  The average flow of the liquor stream was 393 m3 d-1  and the composition was as follows: 130 mg L-1 total phosphorus, 8.3 mg L-1 magnesium, 578 mg L-1 ammonium, 41 mg L-1 calcium and 2565mg L-1 of alkalinity.  The pH averaged at 7.6 and the stream had a predicted struvite precipitation potential of 140 mg L-1.

Struvite crystallisation was carried out on bench scale apparatus using centrifuge liquors taken from the full scale plant.  Parameters such as pH, chemical dose (using magnesium chloride and magnesium hydroxide) and crystal purity (as struvite) were investigated.  Ammonia loss by volatilisation was also monitored.  At optimal conditions, up to 97% phosphorus removal as struvite, was achieved.   Struvite formation occurred when the molar ratio of magnesium : phosphorus  (Mg : P) was at least 1.05:1. 

This information was further utilised to design and built a larger scale pilot plant to recover phosphorus from approximately one third of the centrate liquors from Slough STW.

KeyWords : Phosphorus removal, phosphorus recovery,  struvite, magnesium ammonium phosphate.
INTRODUCTION
Phosphorus pollution in surface waters can lead to problems with eutrophication in the receiving water.  A number of legislative initiatives exist to overcome this problem, one of which is the Urban Wastewater Treatment Directive 91/271  (UWWTD) [1].  The widespread implementation of the UWWTD has lead to an expansion in secondary and tertiary wastewater treatment in Europe to meet new discharge standards. 
With more stringent standards imposed regarding nutrient removal, processes have been developed to remove compounds containing nitrogen and phosphorus.   The result of removing greater concentrations of nutrients from the wastewater is that the wasted sludge has a greater concentration of phosphorus, nitrogen and magnesium (see table 1.0).  The combination of these ions found in sludge produced from nutrient removal, specifically biological nutrient removal (BNR) processes, can result in the formation of a mineral called struvite.  Struvite is magnesium ammonium phosphate (MgNH4PO4.6H2O) and forms a hard crystalline deposit when the molar ratio of Mg:NH4:PO4 is greater than 1:1:1.  Struvite is most likely to form in areas of increased turbulence, as its solubility decreases with pH and its formation is often associated with anaerobic and post digestion processes. 

The work presented in this paper focuses on Slough sewage treatment works (STW).  Since the commissioning of the new BNR plant at Slough, problems with the formation of struvite have been detected [2].  Eight months after the new plant was operational, the pipe between the digesters and the digested sludge holding tank became blocked with an accumulation of small struvite crystals in a matrix of digested sludge solids.  One year after operating, the pipeline between the digested sludge holding tank and the centrifuge had become restricted to such an extent that it was no longer possible to transfer sludge to the centrifuge.  The 100mm diameter pipe fittings close to the pump had been reduced to 50mm. Similar instances of pipe blockages have been reported elsewhere [3,4,5,6]. 

The problem of struvite formation at Slough STW still exists and a time consuming maintenance program has been incorporated to manage the problem.  As yet no long term solution has been found to improve the situation.


MATERIALS AND METHODS

Mass Balance of  Slough Sewage Treatment Works
Slough STW treats a population equivalent (pe) of approximately 250,000, of which 114,000pe is industrial effluent.   The works consist of two treatment streams one consisting of conventional activated sludge and the other a Bardenpho BNR plant.  The works has been described in detail elsewhere [2,7]

Sampling

Samples were taken from selected sites around Slough STW. A number of the samples obtained were composite samples, as the samples were expected to be highly variable.   Composite samples were obtained using automatic samplers (American Sigma, model 900). All other samples taken were grab samples.  Sample sites can be seen in Table 2.0.
Sample analysis

All samples were sent to Thames Water Quality Centre Laboratories, which has NAMAS (National Measurement Accreditation Service) accreditation.  The pH of each sample was measured on site, using a WTW pH probe (model SenTix 41-3) and a WTW  portable unit (model pH197-S).  Sample analysis can be seen in Table 2.0

Calculation of the struvite precipitation potential
The struvite precipitation potential (SPP) for each sampling point was then calculated using a computer model called Struvite (Version 3.1).  This model was developed for the Water Research Commission, South Africa [8].

Pilot plant
The bench-scale reactor was constructed using a Water Research Council (WRC) porous pot apparatus (Bird & Tole Ltd, UK).  A diagram of the bench scale rig can be seen in figure 1.  Two peristaltic pumps (Watson  Marlow, UK) were used to feed centrate liquors and magnesium into the reactor.  The average influent flow of centrate was 7 ml min-1 and the average flow of magnesium (hydroxide and chloride )was 12 ml min-1, producing a HRT of 3 hours.  Aeration was supplied at 440 ml min-1 by an aquarium aeration unit, which consisted of a pump and two aeration stones. 

Pilot plant feed 

The reactor was fed with centrate liquors obtained from Slough STW.  The liquors were collected in 25L plastic containers and stored at room temperature.  The pH of the liquors were recorded using a Jenway 100 pH probe. The reactor was also fed with a solution of either magnesium chloride or magnesium hydroxide. If the effects of pH were investigated then the centrate liquors were batch adjusted using 20% sodium hydroxide, prior to being fed into the reactor.

Analysis

The effluent from the reactor was sampled after at least three hydraulic retention times (HRTs). On the spot analysis was carried out on the effluent samples for pH, ammoniacal nitrogen, soluble phosphorus, total phosphorus and total magnesium.  Spot analyses were carried out using Dr Lange test kits (Dr Lange, Basingstoke, UK).

Sodium hydroxide requirements.
The requirement for sodium hydroxide by the centrate liquors was determined via titration.  Two litre samples of centrate were titrated against 20% sodium hydroxide and the amount needed to reach a set pH was noted.  The experiment was repeated at least five times and the average requirement determined.

RESULTS AND DISCUSSION

Mass balance across Slough STW

A mass balance of total phosphorus, TKN and magnesium through Slough STW is shown in figure 2.

The mass balance conducted at Slough STW demonstrated that 26% of the phosphorus entering the works was due to phosphorus feedback i.e. phosphorus in the return liquors.  This compares well with the 20% detected by Pitman et al., [3] and the  20-50% range given by Munch and Barr [9]. Other authors have found phosphorus feedback as high as 40% [10]. Magnesium in the return liquors adds 20% to the magnesium load into the works.  Of the incoming phosphorus load, 50% is found in the centrifuge cake.

The potential for struvite formation (SPP) is also included in the mass balance.  A positive SPP indicates there is a potential to form struvite (in mg L-1), whereas a negative SPP denotes no potential for struvite to form. 

The digested sludge, centrifuge liquor and centrifuge cake are identified by the model as streams which have the potential to form struvite.  These streams all have high concentrations of soluble phosphorus.  The centrifuge cake has the highest SPP.  The digested sludge also has a high SPP which could due to the high concentration of phosphorus. The centrifuge liquor also has a positive SPP, though at 140 mg L-1, it is not as high as the other two streams.  The magnesium concentration in the centrifuge liquors is 50% less than the magnesium concentration in the other two SPP positive streams.

The thickened SAS has the highest magnesium concentration of all the streams, but has a negative SPP.  The pH of the thickened SAS is less than 7.0, so the potential for this stream to form struvite is low.  If the pH of the thickened SAS stream increased to 7.5, the SPP would increase from -21mg L-1 to 51mg L-1.  The blended SAS also has a high soluble phosphorus and magnesium concentration but a low SPP.  The pH of the blended SAS is relatively low at 7.0, but the pH would have to increase to 8.5 for the SPP to increase from -320 mg L-1 to 16 mg L-1.

Options for controlling struvite formation 

In 1999, Booker et al.,[11] suggested dosing digested sludge with acid to decrease the pH below 7.5, reducing the potential for struvite to form.  The pH of the digested sludge at Slough STW, would have to be dropped to 6.2 to reduce the struvite precipitation potential to a negative, in accordance with the model devised by Lowenthal et al., [8]. 

Another possible solution to the formation of struvite at Slough STW would be to precipitate the phosphorus from the centrifuge liquor as struvite, in a side-stream process.  This would lower the amounts of phosphorus recycled around the works and would reduce the amount of struvite formed upstream of the process. This is in accordance with a number of authors who have used digested sludge supernatant as feed, during pilot studies into struvite crystallisation [12,13].  This option was investigated further in a series of bench-scale experiments. 

Bench-scale struvite precipitation using centrifuge liquors

Centrifuge liquor was collected from Slough and stored at room temperature.  The pH of the centrifuge liquor was raised in the storage containers, using sodium hydroxide. Centrifuge liquor samples were analysed before and after pH adjustment. Levels of soluble phosphorus, magnesium and calcium dropped after raising the pH to 9.0.  It is believed by the author that raising the pH must have caused the magnesium and calcium in the sample to react with phosphorus, forming precipitates. The ratio of calcium:magnesium in the centrifuge liquor was roughly 2 : 1.  This decreased to a 1:1 ratio after the pH had been raised.  This reduction in the ratio indicates that more calcium is reacting with the phosphorus in the sample than magnesium. The magnesium levels in the centrifuge liquor samples were too low to remove the remaining phosphorus as struvite.  The pilot plant was therefore dosed with magnesium  to maximise struvite production. 

Four different reactor conditions were studied:

1
Magnesium chloride at a pH of  9.0

2
Magnesium chloride with no pH correction

3
Magnesium chloride at a pH of 8.5

4
Magnesium hydroxide resulting in a pH of 8.5

Struvite crystallisation

After 24 hours operation, using centrifuge liquors  an influent dose of 252 mg L-1 MgCl2 and a pH of 9.0, crystals were seen on the surface of the porous pot. The crystals produced underwent X-Ray Diffraction (XRD) and were confirmed to be struvite. 

Optimum magnesium dose

Once it was established that struvite could be formed from the centrifuge liquors at Slough STW, the magnesium chloride dose (at pH 9.0) to the pilot plant was altered to determine an optimum dosing regime.  The removal of soluble phosphorus and ammonia increased with increased magnesium dose, up to 97% at a dose of 3.46 mM.   The relationship between magnesium dose and phosphorus removal is shown in figure 3 and indicates that at high dosages of magnesium, the phosphorus is probably removed as struvite.  If struvite production is occurring, phosphorus removal and magnesium usage will be similar, this trend can be seen at higher doses of magnesium.  At magnesium doses below 3.4 mM L-1, phosphorus is still removed, but not solely as struvite. The molar removal of ammonia was significantly greater than the stoichiometric requirement for struvite.  The surplus ammonium was probably being removed from the reactor by air stripping.

It was found that 95% of the total phosphorus could be removed from the centrifuge supernatant as struvite, by the addition of at least a 1.05:1 molar ratio of magnesium to  phosphorus i.e. a magnesium dose of about 83 mg L-1. The low ratio necessary for struvite precipitation during this series of experiments was probably due to the lack of any competing reactions.  When the pH of the centrifuge liquor was raised to 9.0 in the storage containers, 77% of the calcium was removed, before entering the reactor.  At full-scale, the presence of calcium should be taken into consideration when determining an ideal magnesium dose.  The centrifuge liquors were batch pH adjusted prior to being fed into the reactor.  At full-scale it is more likely that pH correction will occur within the reactor, so the calcium ions will not have been removed and will be competing with the magnesium ions.  A ratio of 1.3:1 (Mg : P) is probably more suitable at full-scale[14, 15].

Costs

The cost of a pilot plant, with a capacity to treat all of the average centrifuge liquor flow was estimated.  The cost was based on the addition of chemicals only and assumed an influent concentration of 100 mg L-l soluble phosphorus and a magnesium addition of 1.3:1 Mg : P.  At a pH of 9.0, the majority of the chemical costs can be attributed to the addition of sodium hydroxide (table 3).  The cost of sodium hydroxide was based on titration experiments carried out on fresh centrate.  The alkalinity in wastewater is generally high, so there is a large buffering capacity which needs to be overcome.  If a full-scale plant is to be viable the cost required for pH correction needs to be addressed.

Investigations were carried out to determine the effect of  lowering the operational pH of the reactor.  All other reactor conditions were kept constant.  The operational pH was adjusted to 8.5.  Under these conditions it was possible to remove 94% of phosphorus as struvite, using magnesium chloride.  Reducing the pH of the reactor greatly reduces the cost of chemical addition as less than half the amount of sodium hydroxide is required.  If aged centrate liquor is used, the sodium hydroxide requirement is also reduced (figure 4). The reactor was also run without any pH adjustment i.e. at a pH of 7.6 and under these conditions it was possible to remove 78% of the phosphorus as struvite.  The cost of these operational conditions are summarised in table 3.     

Some authors have used magnesium hydroxide as a source of magnesium ions and to raise the pH[14,9] Salutsky et al., [14] achieved 90% phosphorus recovery with magnesium hydroxide addition, but at a temperature of 25oC.  Munch and Barr [9] also used magnesium hydroxide as a dual function chemical and obtained an average of 94% phosphorus removal as struvite. The reactor was run using magnesium hydroxide.  Solutions of magnesium hydroxide were made using analytical grade magnesium hydroxide dissolved in deionised water.  Magnesium hydroxide was added to give a 1.3:1 ratio of Mg:P.  On average 78% phosphorous removal was achieved, with an operational pH of 8.5.  The lower percentage removal compared to magnesium chloride at a similar pH was probably due to the HRT of the reactor.  The HRT was kept exactly the same in both investigations but due to the relative insolubility of magnesium hydroxide a longer HRT was probably required. 

CONCLUSIONS

· The mass balance has shown that the majority of phosphorus is bound in the centrifuge cake and that 26% of the phosphorus load to treatment is due to phosphorus feedback.

· The centrifuge liquor was identified as the most suitable stream for struvite recovery.

· At bench-scale, struvite can be formed rapidly by raising the pH to 9.0 and magnesium addition of at least 1.05 :1  magnesium : phosphorus.   Magnesium addition lower than the 1.05 : 1 ratio will result in a mixture of struvite and hydroxyapatite.  At full-scale a magnesium dose of  1.3 : 1 is recommended. 

· 97% phosphorus removal as struvite can be achieved. 

· Chemical costs of a full-scale struvite crystallisation plant range between £61,000 a year to £8,000 a year, depending on the magnesium source and the operating pH. 
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Table 1.
Comparison of BNR and activated sludges. *

Parameters
Units
BNR Sludge
Activated  Sludge

Total Kjeldahl Nitrogen
mg L-1
420
350

Total Phosphorus
mg L-1
163
64

Soluble Phosphorus
mg L-1
10
12

Total Calcium
mg L-1
114
117

Total Magnesium
mg L-1
40
21

Alkalinity
mg L-1
358
252






pH
mg L-1
7.2
7.4

*(based on results obtained from Slough STW)
Table 2.
Details of sample analysis.
Sample
Analysis

Crude Sewage
BOD, BOD.sol, COD, SS, TKN, NH4,-N, P.tot, P.sol, Mg.tot, Mg.sol and Ca.sol 

Settled Sewage
BOD, BOD.sol, COD, SS, TKN, NH4,-N, P.tot, P.sol, Mg.tot, Mg.sol and Ca.sol

Effluent A
COD, SS, NH4-N, NO3-N, P.tot, P.sol, Mg.tot, Mg.sol, Ca.sol, 

Effluent C
COD, SS, NH4-N, NO3-N, P.tot, P.sol, Mg.tot, Mg.sol, Ca.sol, 

Humus
SS, TKN, NH4-N, P.tot, P.sol, Mg.tot, Mg.sol, , Ca.sol, Alk, 

BNR Lanes
TON, NO3-N, NH4-N, NO2-N, P.tot, P.sol, Mg.sol,  Alk, 

PFT Liquor
BOD, BOD.sol, NH4-N, SS, Mg.tot, P.tot, P.sol, Mg.sol, Ca.sol, VFA, Alk.

PFT sludge
NH4-N, P.tot, Mg.tot, DS, VS, VFA, Alk

 RAS
SS, NH4-N, P.tot, Mg.tot, P.sol, Mg.sol, Ca.sol, Alk, 

BSAS
P.tot, Mg.tot, NH3-N, DS, Alk

TSAS
TKN, NH4-N, P.tot, Mg.tot, DS, VS, VFA, Alk,  

Belt Thickener Liquors
BOD, BOD.sol, SS, NH4-N, P.tot, P.sol, Mg.tot, Mg.sol, Ca.sol, VFA, Alk

Imports
TKN, NH4-N, P.tot, Mg.tot, DS, VS, Alk 

AD Feed
TKN, NH4-N, P.tot, Mg.tot, DS, VS, Alk, 

Digested Sludge
NH4-N, P.tot, Mg.tot, VFA, DS, VS, Alk

Centrifuge Liqour
NH4-N, P.tot, Mg.tot, DS, Alk

Centrifuge Cake
TKN, NH4-N, P.tot, Mg.tot, DS, VS, Alk, 

BOD

Biological Oxygen Demand

P.sol

Soluble Phosphorus

BOD.sol
Soluble BOD



Mg.tot

Total Magnesium

COD

Chemical Oxygen Demand

Mg.sol

Soluble Magnesium

SS

Suspended Solids


Ca.sol

Soluble Calcium

TKN

Total Kjeldahl Nitrogen


TON

Total Oxidisable Nitrogen

NH4-N

Ammoniacal Nitrogen


NO3-N

Nitrogen as Nitrate

P.tot

Total phosphorus


Alk.

Alkalinity as CaCO3
Table 3.
Summary of costs for a full-scale plant.

Mg

Source
Reactor

pH
Cost of NaOH1
Cost of Mg2
Possible income from  struvite3
AverageP removal

(min-max)

mg L-1

£1000  y-1
£  1000 y-1
£ 1000 y-1
%

MgCl2
9.0
45
16.4
11.6
95 (94-97)


8.5
19
16.4
11.2
92 (91-94)


7.5
0
16.4
9.8
80 (71-88)

Mg(OH)2
8.5
0
8.2
9.5
78 (68-91)















NB 
All costs based on an influent soluble phosphorous of 100mgL-1 and a magnesium dose of 1.3:1 Mg:P

1
Based on fresh centrate

2
Based on MgCl2 at £90 tonne-1 MgCl2 (31% solution) and Mg(OH)2 at £240 tonne-1 

(Mg(OH)2 53% suspension)
3
Based on a price of £200 per tonne and assuming all phosphorus is removed as struvite.
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Figure 1
Schematic of pilot plant
Figure 2   Mass Balance of phosphorus, ammonia and magnesium at Slough STW





Figure 3.  
Molar removal of phosphorus and molar usage of magnesium against molar addition of magnesium.




Figure 4
 Sodium hydroxide requirement to raise pH of centrifuge liquors.
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26.6

28.0

Fresh

32.0

pH

centrate

34.5

Less SS

More SS

36.3

7.9

0.4

37.5

8.0

44.8

8.2

50.199999999999996

8.5

59.39999999999999

8.6

8.7

8.8

9.0

9.1

9.2

9.3

9.4

9.5

9.6

9.7

10.0

more ss

pH

NaOH

pH

NaOH

pH

NaOH

2L

2L

2L

added

cummulative

added

cumulative

added

cummulative

1.0

0.7

1.0

1.2

1.2

1.2

1.7

1.6

1.6

2.0

2.0

2.6

2.4

2.6

3.0

3.4000000000000004

3.6

4.0

4.0

4.4

4.4

4.8

5.5

5.5

5.6

7.0

6.4

6.8

7.6

7.800000000000001

7.2

9.6

9.200000000000001

9.4

10.4

12.400000000000002

11.200000000000001

12.200000000000001

14.200000000000003

13.200000000000001

13.8

16.800000000000004

15.000000000000002

16.0

18.700000000000003

17.200000000000003

18.4

22.6

19.000000000000004

20.099999999999998

25.0

24.000000000000004

23.999999999999996

25.300000000000004

High SS results combined

More SS results Averaged

pH

NaOH required

7.9

0.6000000000000001

8.0

0.6333333333333333

8.1

1.0

8.2

1.2

8.3

1.6333333333333335

8.4

2.0

8.5

2.533333333333333

8.6

3.2

8.7

3.8666666666666667

8.8

4.533333333333334

8.9

5.533333333333334

9.0

6.733333333333333

9.1

7.533333333333332

9.2

9.399999999999999

9.3

10.8

9.4

12.6

9.5

14.333333333333334

9.6

16.666666666666668

9.7

18.7

9.8

20.1

9.9

23.3

10.0

24.766666666666666

More ss

Less ss

pH

NaOH required

8.0

0.6333333333333333

0.5

8.3

1.6333333333333335

8.5

2.533333333333333

1.2

8.7

3.8666666666666667

2.2

8.8

4.533333333333334

2.85

8.9

5.533333333333334

9.0

6.733333333333333

5.05

9.1

7.533333333333332

6.65

9.5

14.333333333333334

14.45

9.6

16.666666666666668

17.7

10.0

24.766666666666666

7.9

8.0

8.2

8.5

8.6

8.7

8.8

9.0

9.1

9.2

9.3

9.4

9.5

9.6

9.7

10.0

0.8

1.0

1.2

2.4

4.4

4.4

5.7

10.1

13.3

15.3

17.4

19.0

28.9

35.4

37.5

47.5

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

7.9

7.9

8.0

8.0

8.1

8.1

8.2

8.2

8.3

8.3

8.4

8.4

8.5

8.5

8.6

8.6

8.7

8.7

8.8

8.8

8.9

8.9

9.0

9.0

9.1

9.1

9.2

9.2

9.3

9.3

9.4

9.4

9.5

9.5

9.6

9.6

9.7

9.7

9.8

9.8

9.9

9.9

10.0

10.0

0.6

0.4

0.6333333333333333

0.5

1.0

1.2

0.6

1.6333333333333335

2.0

2.533333333333333

1.2

3.2

2.2

3.8666666666666667

2.2

4.533333333333334

2.85

5.533333333333334

6.733333333333333

5.05

7.533333333333332

6.65

9.4

7.65

10.8

8.7

12.6

9.5

14.333333333333334

14.45

16.666666666666668

17.7

18.7

18.75

20.1

23.75

23.3

24.766666666666666

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Cost of raising pH of centrate from 7.6, using 20% NaOH

Aged Centrate

Less SS

pH

NaOH (ml/L)

L/d centrate

ml/d NaOH

l/d NaOH

m3/dNaOH

NaOH cost

£/d

£/y

£1000/y

£/m3

7.9

0.4

400000.0

160000.0

160.0

0.16

50.0

8.0

2920.0

2.92

8.0

0.5

400000.0

200000.0

200.0

0.2

50.0

10.0

3650.0

3.65

8.2

0.6

400000.0

240000.0

240.0

0.24

50.0

12.0

4380.0

4.38

8.5

1.2

400000.0

480000.0

480.0

0.48

50.0

24.0

8760.0

8.76

8.6

2.2

400000.0

880000.0000000001

880.0000000000001

0.8800000000000001

50.0

44.00000000000001

16060.000000000002

16.060000000000002

8.7

2.2

400000.0

880000.0000000001

880.0000000000001

0.8800000000000001

50.0

44.00000000000001

16060.000000000002

16.060000000000002

8.8

2.85

400000.0

1140000.0

1140.0

1.14

50.0

56.99999999999999

20804.999999999996

20.804999999999996

9.0

5.05

400000.0

2020000.0

2020.0

2.02

50.0

101.0

36865.0

36.865

9.1

6.65

400000.0

2660000.0

2660.0

2.66

50.0

133.0

48545.0

48.545

9.2

7.65

400000.0

3060000.0

3060.0

3.06

50.0

153.0

55845.0

55.845

9.3

8.7

400000.0

3479999.9999999995

3479.9999999999995

3.4799999999999995

50.0

173.99999999999997

63509.99999999999

63.50999999999999

9.4

9.5

400000.0

3800000.0

3800.0

3.8

50.0

190.0

69350.0

69.35

9.5

14.45

400000.0

5780000.0

5780.0

5.78

50.0

289.0

105485.0

105.485

9.6

17.7

400000.0

7080000.0

7080.0

7.08

50.0

354.0

129210.0

129.21

9.7

18.75

400000.0

7500000.0

7500.0

7.5

50.0

375.0

136875.0

136.875

10.0

23.75

400000.0

9500000.0

9500.0

9.5

50.0

475.0

173375.0

173.375

Fresh centrate

pH

NaOH

NaOH

used

L/d centrate

ml/d NaOH

m3/d

£/d

£/y

1000/y

160000.0

0.16

8.0

2920.0

2.92

560000.0

0.56

28.000000000000004

10220.000000000002

10.220000000000002

1080000.0

1.08

54.0

19710.0

19.71

1440000.0

1.44

72.0

26280.0

26.28

1680000.0

1.68

84.0

30660.0

30.66

2000000.0

2.0

100.0

36500.0

36.5

2520000.0

2.52

126.0

45990.0

45.99

3200000.0

3.2

160.0

58400.0

58.4

3600000.0

3.6

180.0

65700.0

65.7

4280000.0

4.28

214.0

78110.0

78.11

5000000.0

5.0

250.0

91250.0

91.25

6000000.0

6.0

300.0

109500.0

109.5

6640000.000000001

6.640000000000001

332.0

121180.0

121.18

7159999.999999999

7.159999999999999

357.99999999999994

130669.99999999999

130.67

9640000.0

9.64

482.0

175930.0

175.93

Cost £1000/y

pH

Aged Centrate

Fresh Centrate

pH

Aged

Fresh

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0


