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Abstract

Formation of struvite (MgNFLjPCU.ôFfeO) in reactors is proposed to limit struvite problems in 

sewage treatment works (STW) and offer a method of phosphorus recovery and recycling. 

Four sites of interest were identified by Severn Trent Water Ltd: Derby, Wanlip, Stoke 

Bardolph STW and Coleshill sludge destruction plant for their potential to produce struvite. 

Initial tests on sludge liquors collected from the four sites showed that >80% of initial 

orthophosphate could be removed when the Mg:PC>4 ratios was adjusted to >2:1 for Wanlip, 

Stoke Bardolph STW and Coleshill at pH 9.

Two reactor types, a fluidised bed reactor (FBR) and a stirred tank reactor, were trialled in 

Phase 1 testing with Wanlip STW liquors. The FBR was able to achieve a >90% 

orthophosphate removal with Mg additions of 3.5 to 5 mmol but produced a suspended solid 

content of -300 mg L"1. To overcome the problem of ‘fines’ a metallic mesh accumulation 

device was fitted to the reactor. The mesh system was able to reduce the suspended solids 

within the liquors <50mg L' 1 when the reaction time was increased from two to three hours. 

The stirred tank reactor was able to remove on average 55% of the phosphate content of the 

liquors with a magnesium addition of 5mmol.

In Phase 2 testing both types of reactor were run side-by-side in a continuous operation. In 

the three experiments carried out the initial orthophosphate concentration was adjusted to 95 

mg L' 1 (Immol). The stirred tank reactor was able to consistently remove -65% of the 

influent orthophosphate concentration in the 3 experiments at a Mg:P0 4  ratio of 3.5:1. The 

FBR removal steadily improved from 25% to 65% over the 3 experiments. The metallic mesh 

system was further trialled here and successfully captured 4.1 g of struvite. A cationic 

polymer, polyDADMAC, was also tested for the capture of fines with less success than in 

previous reports. The precipitate from each reactor was analysed with SEM-EDS and XRD. 

The FBR produced relatively pure struvite and stirred tank a struvite and amorphous material 

mixture.
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1.0 Introduction

1.1 Background

In 1988 the EEC enacted ‘The Urban Waste Water Treatment Directive, 91/271’ (UWWTD, 

1991) which established nutrient discharge limits to watercourses for the wastewater industry 

(see Table 1.1). These discharge limits have required secondary processes in wastewater 

treatment to be updated, as older practises were unable to achieve the limits imposed in the 

legislation (Battistoni et al, 2002a).

Figure 0-3

Determinant
1

Population 
Equivalent (P.E)

Concentration 
(m gL )

Minimum Reduction 

(% ) ■
Total 1 0 ,0 0 0 -1 0 0 ,0 0 0 2 80

Phosphorus > 1 0 0 ,0 0 0 1 80

1 0 ,0 0 0 -1 0 0 ,0 0 0 15 70-80
Total Nitrogen

> 1 0 0 ,0 0 0 1 0 70-80

Two methods are commonly employed by the wastewater industry in the UK for the removal 

of phosphorus from wastewater: chemical and biological. Severn Trent Water Ltd at present 

operates 50 (as of April 2007) sites using chemical methods for P removal and just two 

biological nutrient removal (BNR) plants for P, Derby and Tewksbury. Both processes of P 

removal are well understood though both have identified draw backs associated with their 

operation i.e. chemical P removal produces large quantities of sludge that needs disposal and 

the biological removal of P has had reports of efficiency problems (Stratful et a l, 1999).

Struvite, magnesium ammonium phosphate, offers a solution to these problems of P removal 

by being an easy to produce and handle product, which can later be recycled as a commercial 

‘green’ fertiliser (Ueno and Fujii, 2001). Struvite is formed by the combination of 

magnesium, ammonia and orthophosphate in equal molar ratios, with its formation mainly

1
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dependent on the environmental pH and concentration of constituent ions (see Figure 1.1) 

(Kofina and Koutsoukos, 2005).

Scaling caused by deposits of struvite have been the cause of reported operational problems 

at Coleshill Sludge Destruction plant (Doyle et al, 2002) and Slough sewage treatment works 

(STW) (Williams, 1999). Over the last 15 years there has been a move towards deliberately 

precipitating struvite in dedicated reactors operating on side streams at STW (Abe et al., 

1995; Ueno and Fujii, 2001; Jailer et al, 2002; and Battistoni et al, 2006b). Different 

locations have been trialled for the placement of recovery plants; with post dewatering 

processes the most popular option for recovery operations.

The move towards a controlled precipitation of struvite is not limited to curtailing scaling 

problems and the removal of P but is also due to reports of the effectiveness of struvite as a 

fertiliser (Potjer, 2001). Struvite was shown by Richards and Johnston (2001) to be as an 

effective fertiliser as current commercial fertilisers. The cost of operating a struvite recovery 

plant depends on the physiochemical characteristics of the wastewater to be used. Operational 

cost analysis by Jailer et a l (2002) showed the major cost to be addition of NaOH for the pH 

adjustment when the influent Mg:P0 4  ratio is close to 1:1, whereas Turker and Celen, (2007) 

reported 55-60% of cost to be from addition of Mg as MgCb when significant quantities of 

Mg are required to achieve the required operation MgiPCU ratio.

2
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1.2 Project development

Struvite scaling has previously been identified in UK STW (Doyle et al, 2002). Scale 

formation in sludge liquor return lines have led to the adoption of often expensive scale 

prevention procedures, for example Severn Trent Water Ltd use Antiplax, a commercial 

chemical additive for the prevention of scale formation and can cost from $ 1 0 0 ,0 0 0  annualy 

for maintenance (Benisch et al, 2000). This is added to the centrifuge supernatant collecting 

well at a number of STW to combat scale problems in later pipework. Severn Trent Water 

having previously sponsored a number of research projects looking at the formation and 

control of struvite scale (Wall et al, 1999; Doyle et a l, 2002; Le Corre et a l, 2006c) and are 

now interested in struvite recovery. Four sites of interest were identified initially by Severn 

Trent for investigation as to their suitability for a struvite precipitation reactor and in this 

thesis we have compared the merits of the two reactor types currently available for the 

precipitation of struvite: fluidised bed reactor (FBR) and stirred tank reactor

1.3 Aims and Objectives

The aim of this project was to evaluate the potential for P recovery as struvite from STW 

sludge liquors using a FBR and stirrer tank reactors. Particularly attention will be paid to 

orthophosphate removal, crystal quality and particle size. It is hoped that the results from this 

project will lead to the commissioning of a full scale struvite reactor.

The objectives for the project were;

• Identify a STW centrifuge supernatant (centrate) with suitable physiochemical 

characteristics for struvite precipitation and determine suitable magnesium doses for 

successful struvite precipitation.

• Evaluate the chosen STW centrate with a fluidised bed reactor (FBR) and stirred tank 

type reactor in a batch type mode.
4
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• Test a FBR with a metallic mesh accumulation device for collection of precipitate.

• Design and commissioning a stirred tank reactor.

• Assess the performance of the FBR and stirred tank reactors in side-by-side and 

continuous operation.

5
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2 Literature review

2.1 Introduction

Many sewage treatment works (STW) incorporate a biological nutrient removal (BNR) 

process whereby bacteria are used to remove phosphorus and nitrogen from sewage. This 

leads to an increase in the concentration of phosphorus and ammonia in the sludge produced 

after stabilisation in a digester. The implementation of the EC ‘The Urban Waste Water 

Treatment Directive, 91/271’ (UWWTD, 1991) has instructed the STW sector ‘to phase out 

any dumping or discharge of sewage sludge into surface waters’. The Directive states release 

limits on determinants of water quality i.e. biological oxygen demand (BOD), suspended 

solids and nutrient concentrations of nitrogen and phosphorus. Nitrogen and phosphorus are 

particularly important due to the link between elevated levels of these nutrients in waterways 

and eutrophication of sensitive water areas (Sharpley, 1994).

The main sources of phosphorus in UK wastewater come from human activity, detergents, 

and livestock {Morse et al, (1993). There exist two main methods for the removal of 

phosphorus from wastewater, chemical and biological. For a complete review of methods for 

the removal of phosphorus from wastewaters see De Bashan and Bashan (2004). Chemical 

addition of metal salts to wastewater is a well understood process whereby phosphate is 

removed by the formation of insoluble metal salts. Typically alum, ferric chloride/sulphate or 

lime is added to the wastewater in a 1 :1  ratio in order to overcome competing side reactions 

(Neethling and Benisch, 2005). Addition of metal salts to sequester phosphate produces large 

amounts of sludge that needs handling and disposal. The disposal of the extra sludge 

produced due to metal salt addition adds a significant cost to the overall operation costs of a 

STW and is particularly undesirable for this reason (Edge, 1999).

BNR has over recent years become a popular method for the removal of nitrogen and 

phosphorus in one unit at activated sludge type STW. Other methods do exist for the removal 

of phosphorus such as trickling filters where the BOD of the wastewater is not high enough to
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sustain a BNR (Strickland et al, 1999). BNR works by sewage passing through three 

individual reaction zones, anaerobic, anoxic and aerobic with part of the flow being recycled 

back to the anoxic zone (see Figure 2.1).

Anaerobic Zone 1 ; Anoxic Zoi Aerobic Zone

RAS

Figure 0-1.1: An example of the BNR process (A2O BNR process which is used at the 
Treviso STW, Italy)

Heterotrophic bacteria, termed polyphosphate accumulating organisms (PAO), are used to 

convert and concentrate phosphorus to poly-phosphate within the BNR plant (Figure 2.2) 

(Jeyanayagam, 2005). What makes PAO different to other bacteria is their ability to 

concentrate roughly three times more phosphate within their biomass than other types of 

bacteria. During the anaerobic stage the PAO take up and store volatile fatty acids (VFA) as 

poly-b-hydroxybutyrate (PHB) for example. The energy required for the uptake of the VFA 

is provided by the cleaving of the poly-phosphate chains; subsequently phosphate is released 

into the surrounding water. In the aerobic stage phosphorus released during the anaerobic 

stage and additional phosphorus is taken up PBO with the energy required being provided by 

the VFA was stored during the anaerobic stage. When the phosphorus loaded cells are 

removed in the waste and surplus activated sludge (SAS) a reduction in the phosphorus 

content of upto 85% is achievable (Williams, 1999).

7
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C02 + H20 0 2  or N03
P Uptake

P Release
i Energy

PHB
■^► (stored PPHB

itored

Cell Growth

Aerobic and Anoxic ZoneAnaerobic Zone

Figure 2.2: Cell uptakes and discharges during anaerobic and aerobic stages of BNR

The sludge that is removed from the BNR is typically higher in phosphorus than that coming 

from an activated sludge plant. Hwang and Choi (1998) reported a total phosphorus content 

of 335mg L"1 for a BNR plant’s sludge compared to 143mg L"1 for an activated sludge plant’s 

sludge.

Anaerobic digestion is usually used to stabilise the sludge produced from the BNR plant. 

During anaerobic digestion, magnesium and phosphorus are released back into the 

surrounding waters due to cell lysis (Battistoni et al, 2005). The release of phosphate during 

anaerobic digestion can be fixed by calcium and magnesium. Magnesium combines with the 

soluble phosphate and ammonia to form magnesium ammonium phosphate, struvite. Jarden 

and Popel (1994) estimated that 20% of the total phosphorus in the digester could be fixed as 

struvite.

The first occurrence of struvite within a STW was reported by Rawn in 1939, who reported 

the discovery of struvite in the digested sludge supernatant lines (Rawn, 1939). The first 

problems associated with struvite scaling within a STW were reported in 1963 at the Los 

Angeles Hyperion treatment works (Borgerding, 1972). Borgerding (1972) reported the
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discovery of a white scale on the separation screens at the treatment works. A solution was 

thought to have been found whereby the influent was diluted and initial reports suggested that 

this method had solved the scaling problem. Five years later the pipe work had become so 

clogged with scale that the entire pipe work needed removal and maintenance.

To solve this problem, STW with a struvite scaling problem need to either employ a costly 

pipe maintenance program whereby pipes are removed for maintenance work (Williams, 

1999) or in extreme circumstances complete replacement of pipework (Benisch et al, 2000). 

Benisch et al. (2000) estimated the cost to operations at $100,000 annually for maintenance at 

a 25 million galleon daily plant. An alternative to a pipe maintenance program is the addition 

of chemicals to the post BNR liquor streams to stop scale formation. The addition of EDTA 

to streams leaving the BNR was reported as being the best solution by Doyle et al. (2002) 

though it should be noted the addition of EDTA has a well understood and severe impact on 

the environment due to its efficient chelating ability. Struvite accumulation needn’t be a 

costly problem to STW though as struvite has been shown to be an effective slow release 

fertilizer (Bridger, 1961).

Approaches for the removal of phosphorus as struvite are the focus of this review due to 

indications that struvite may have a role as a commercial fertiliser. A number of different 

methods have been developed to facilitate phosphate removal from STW. A host of reactor 

designs have been implemented on a pilot and full scale in an approach to recover phosphate 

from the liquors leaving the digester and dewatering centrifuge, as previous investigations 

have shown these to have the largest potential for struvite recovery (Lowenthal et al, 1994). 

Two crystalline products have been investigated for the recovery of phosphate i.e. struvite 

and apatite. The chemistry of struvite and its recovery is covered mainly here but the process 

of apatite recovery is very similar to that of struvite recovery and so is also covered.

9
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2.2 The chemistry o f  struvite

Struvite is an orthorhombic mineral that is formed by the combination of magnesium, 

phosphate and ammonia in equal molar quantities as shown in the following equation 

(Abbona and Boistelle, 1985):

Mg2+ + NH4+ + nHP0 4 n 3 + H2O <-»MgNH4P0 4 .6 H2 0 (s) + nH+

Struvite is also found in nature where it has been identified in guano (Cullen, 1988) as well as 

in kidney stones produced due to bacterial infections within the kidneys (Coe et al, 2005).

2.2.1 Effect of pH on the formation of struvite

Two distinct process stages have been observed in the formation of struvite (Ohlinger et al, 

1999). The first stage of struvite formation is nucléation of the constituent ions of struvite. 

The second stage is the growth of crystals until equilibrium is achieved or growth will 

continue in systems that are maintained with fresh ions indefinitely e.g. wastewater streams 

(Ohlinger et a l, 1999). Introduction of seeds into the liquor can bypass the nucléation stage 

of formation. Seeds can be suspended solids present within the liquor or deliberately 

introduced seed material e.g. quartz sand (Battistoni et al., 2005) and struvite crystals (Ueno 

and Fujii, 2001). It has also been seen that surface roughness of pipework and walls can act as 

nucléation points for the formation of struvite (Neethling and Benisch, 2000).

The nucléation of struvite is managed by pH, supersaturation, temperature and interaction 

with other ions. Nucléation occurs when the combined concentrations of Mg2+, NH/", and 

PO43" exceed the struvite solubility limit (KSp). KSpOf struvite is defined as:

10
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Ksp= [Mg1*] [N H /]  [P O t]

Where [x] refers to concentration of constituent.

One limitation of this equation is that it ignores the effect of pH. The concentrations of these 

ions within wastewater liquors are pH dependent. It follows that the solubility of struvite is 

also pH dependent. As the pH of the liquor is raised so the solubility of struvite decreases. 

With a calculated K Sp a conditional solubility product ( K So) can be calculated. The K So of 

struvite is defined as:

„  _  K,pMgNHtPOa
Ĵ-so

a M g a N  a  P

where a is the fraction of magnesium, nitrogen and phosphorus available for the formation of 

struvite.

The K so when calculated takes into account the effect of pH on the formation of struvite, a K So 

value can only be used for the calculation of the solubility product at a specific pH. The 

solubility of struvite decreases within the pH range (6.0-8.0) typically found within 

wastewater liquors, though it should be noted that the solubility begins to rise at pH values <9 

(Snoeyink and Jenkins, 1980). If the environmental pH drops below 6  then the solubility of 

struvite rises, though the dissolution reaction is very slow (Ohlinger et a l, 1999).

Induction times of struvite formation have been reported to be greatly effected by the pH of 

the liquor. Booram (1975) showed a pH of 7 was the minimum for struvite formation with 

computer calculations, though at such low pH’s the induction time was measured in days by 

Momberg and Ollermann (1992). Such long formation times are obviously unsuitable for a 

recovery operation, though are a problem for STW in scaling. Momberg and Ollermann

11
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(1992) went on to show that at pH 8.5 the precipitation was reduced to under an hour and at 

pH 9 the formation of struvite was observed in less than 5mins. Nelson et a l (2003) were 

able to demonstrate a minimum solubility pH of struvite formation in swine lagoon liquors of 

8.9-9.25 without dependence on the Mg:P ratio. Of note from Nelson et al. (2003) was a rise 

in the rate of reaction, a near tripling of the rate constant form 3.7 h"1 to 12.4 h"1 with a rise in 

the pH from 8.4 to 9. Work by Wang et al. (2005) demonstrated that when the pH of the 

solution was raised above 1 0  an amorphous precipitate was produced with particularly high 

impurity.

The pH within wastewater liquors is generally higher after anaerobic digestion, where most 

struvite scaling problems occur in pipework etc (Neethling and Benisch, 2004). Table 2.1 

shows how the pH and concentrations of struvite constituents changes through Slough STW 

(Jaffer et a l, 2001)

Table 2.1: Change in phosphate, ammonia and magnesium concentrations through the Slough 

STW (Jaffer et al, 2001)

(D eterm inant

I -  '

BNR effluent 

(average of 4 lanes)

Blended
x : ; : . ; . D i  

SAS
gested Sludg-

Centrifuge
e

liquor

pH 7 7 7.3 7.6

P 0 43" (mg L"1) 4 65 153 95

N H / (mg L 1) 2 90 1166 615

Mg2+ (mg L"1) 9 97 153 44

Not only does the pH rise after digestion but also the concentrations of struvite constituents, 

though there is some loss of nutrients in the centrifuge sludge cake. Sen and Randal (1988) 

attributed the rise in ammonia to the degradation of proteins and the rise in magnesium and 

phosphate concentrations to cell lysis during the digestion processes.

12
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The pH of the liquor also plays an important role in the spéciation of phosphate and 

ammonia. The change in spéciation of phosphate as the pH changes is particularly dramatic. 

Figure 2.3 shows the changes in the spéciation of phosphate at different pH values based on 

the measured pKa values of the different protonated forms of phosphate.

0.9

0.8

0.7o

2 0.6 

1 0 ,

0.2

6 80 2 4 10 12

— H2P04
-D -H P 04

-& -P 0 4

pH

Figure 2.3: Changes in protonation of phosphate with change in pH of environment

It can be seen at a pH value of 7.4, typical for a digested liquor stream, there are equal 

amounts of H2PO4" and HPO42". As the pH rises above 7.5 then HPO42" becomes the dominant 

species within the liquor. This data is important to recovery operations as all are run between 

pH values of 8-9 where HPO42" is the major ion.

The spéciation of ammonia is also dependent on pH. The equilibrium constant, Ka, has been 

reported as 5.7 x 10"10, and as can seen in the following equation is dependent on the pH of 

the solution (Suschka and Poplawski, 2004);
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K' _ W M £ l - 5.7 x l( r »
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Miles and Ellis (2001) showed with MINITEQA2 calculations that ammonia would start to 

be evolved at pH 9, with the rate of evolution increasing exponentially. Recent work though 

by Hafher et al. (2006) with ammonia volatilization within anaerobic digesters has shown this 

model to be out by as much as 45-200% at pH values of >8 .8  due to the activity coefficients 

being equal to unity. Ali and Schneider (2006) found that up to 27% of ammonia was being 

lost from their reactant feed tanks due to ammonia gas formation. This would suggest that 

setting the pH of a recovery operation to under 9 would lessen ammonia loss but due to 

ammonia being in excess (<200mg L"1) in all sites (Ueno and Fujii, 2001; Jaffer et a l, 2001; 

Battistoni et al, 2005) the loss of ammonia to the atmosphere would have little impact on its 

availability for struvite formation.

2.2.2 Sunersaturation and its effect on the formation of struvite

Crystal growth of struvite will continue until equilibrium is established or will continue 

indefinitely if there is a constant supply of constituent ions (Ohlinger et al, 1999). The 

concentration of constituent ions is thus extremely important for the continued growth of 

struvite crystals.

Supersaturation of a solution can be defined as an “unstable system which has a greater 

concentration of material in solution than would exist at equilibrium” (Atkins, 2000). If a 

solution is supersaturated with respect to Mg, NH4, and PO4 then struvite precipitation can 

occur (Ohlinger et a l, 1998). The motivating factor for the formation of struvite in solutions 

supersaturated with these nutrients is the difference between the chemical potentials, Ap. This 

is calculated as the difference between the chemical potential of the salt in a supersaturated 

solution, ps, and that of the equilibrium potential, p» (Kofina and Koutsoukos, 2004).
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An= Hoo- Hs = [Hoo° + AT In (amg2+. a n n / . aPo43')=o,/3]

[fis° + A:T In (amg2+. aNH4+ • apo43 )s/3]

Where k  is the Boltzmann constant, T is the absolute temperature. If the chemical states of 

both standard states are considered to be equal the following equation holds:

An=win { a ^ '  ' a m "  ^  ^  = f m n
(aMg2+ ' aNHi+ ' aP0 ~̂ ^

Where f2 can be defined as the divergence of the system from equilibrium (saturated) and is 

the motivating force for the formation of struvite. For £2= 1, the system is at equilibrium, for 

£2> 1 the system is supersaturated and precipitation can occur (Kofina and Koutsoukos, 

2004). A relative supersaturation can be defined as

a = q!a - 1

The effect of the activities of different species within the system on the availability of 

constituent ions has been calculated with MINTEQA2 and MINEQL+ by a number of 

authors. Buchanan et al. (1994) and Ohlinger et al. (1998) took into account only four 

complexes of magnesium, three involving phosphate and one of ammonium but took different 

stability constants for each complex. The work of Buchanan et al. (1994) found that struvite’s 

minimum solubility was at pH 9 and that struvite could precipitate between pH values of 7-9. 

Work by Bouropoulos and Koutsoukos (2000) took three more complexes involving 

magnesium into account with their calculations in an attempt to make the picture of struvite 

formation clearer. Bouropoulos and Koutsoukos (2000) found that no matter what level of 

supersaturation were trialled at pH 8.50, struvite was the only precipitate formed. It was also 

found in this work that induction time and supersaturation shared an inverse proportionality 

relationship.
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Kofina and Koutsoukos (2004) in an attempt to better understand the formation of struvite 

included more complexes of magnesium and phosphate to their MINEQL+ calculations, 34 

complexes compared to the seven used by Ohlinger et al. (1998). Included within the 

complexes examined was the effect of carbonate ions on struvite formation. The addition of 

carbonate ions into the calculations simulates the conditions within STW closer than 

previously done, where an alkalinity of 200mg L"1 is typical (Jaffer et al., 2001). In two 

different types of experiments, constant supersaturation (achieved by automated addition) and 

constant pH, it was found the threshold for homogeneous/heterogeneous nucléation was £1= 

3.18 for constant pH and f2= 4.45 for constant supersaturation. Rates of precipitation were 

seen to have a parabolic dependence on supersaturation. It was also seen that sulphate, 

present as an electrolyte, had a delaying effect on the nucléation step for formation, which 

could have an effect on the recovery of struvite from STW liquors as sulphate is normally 

present at ~100mg L"1 (Metcalf and Eddy, 2003)

Levels of supersaturation of Cl > 2 have been linked to the production of struvite crystal fines. 

Fine crystals are small, unwanted crystals within a struvite recovery process (Battistoni et a l, 

2006). Shi et al. (2006) reported that for liquors where the solution was overly supersaturated 

with struvite components it lead to the production of fines. Fines are particularly unwanted 

due to the difficulty with harvesting and the possibility of them being returned to the STW 

process where the possibility of scaling could occur (Battistoni et a l, 2001). The production 

of fines has been linked to the precipitation of struvite stripping available magnesium and 

limiting any further growth due to lack of magnesium (Abe, 1995). Abe (1995) was able to 

link the production of fines to a high phosphate concentration within the influent.

To overcome the production of fines, authors have found that by setting the reactor pH to 

>8.50 the reaction enters a metastable region (Hirasawa, 1996; Battistoni et al, 2005; Ali and 

Schneider, 2005). The metastable is defined as the area between thermodynamic and kinetic 

equilibrium (Battistoni et al, 2006). This condition is brought about by an appropriate 

operative pH and determined supersaturation levels from computer simulation programs (Ali
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and Schneider, 2006). The metastable zone for a system is still considered to be 

supersaturated but crystallization occurs from surface diffusion which allows the growth of 

bigger crystals (Ali and Schneider, 2006). Nucléation within the metastable region is limited. 

Within this region it has been reported that precipitation cannot occur without the presence of 

seed materials e.g. quartz sand for the nucléation of struvite (Hirasawa, 1996). The metastable 

region is exploited to great effect at the Treviso struvite recovery plant (covered in greater 

detail later on in this review). Reactor conditions are not limited to struvite recovery but are 

also a feature of many industrial reactors operating with supersaturation conditions (Thaller et 

al., 1981; McPherson, 1988)

2.2.3 The effects of other ions on the formation of struvite

The presence of calcium ions has been shown to affect the rate of formation and also the 

quality of struvite crystals produced. Le Corre et al. (2005); Wild et a l (1996); Momberg 

(1999) showed that by varying the Mg:Ca ratio the formation and quality of struvite crystals 

produced varied vastly. At ratios of 1:1 and above Le Corre et a l (2005) found that no 

crystalline material was produced in the reaction only amorphous sludge. Kofina and 

Koutsoukos (2005) showed that a competitive precipitation of calcium phosphate and struvite 

occurred with an increase of the concentration of calcium ions. In this study a critical 

supersaturation ratio of 50:1 was found to favour the struvite precipitation phase over that of 

calcium phosphate.

Apart from calcium effects of other ions present within wastewater streams have an effect on 

the formation of struvite. As already noted, Kofina and Koutsoukos (2005) noted that 

sulphate ions, present as electrolyte, increased the induction time of struvite formation. 

Kabdasli et al. (2004) reported a change in the induction time of struvite formation from 

179sec for a sulphate concentration of 12.5 mmol to 265sec for a sulphate concentration of 25 

mmol in solutions containing 2.45 mmol of NH4H2PO4 and MgCL. Of interest is the result 

that when the sulphate concentration was raised to 75 mmol there was an increase in the 

induction time to 46mins.
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The effect of sodium and chloride were also measured by Kabdasli et al. (2004). Though the 

data isn’t easy to understand due to unstable fluctuations in the concentrations present within 

the system it can be seen that sodium and chloride have a detrimental effect on the formation 

of struvite. An increase in the concentration of both sodium and chloride from 5mmol to 

55mmol increased the induction time from 2 min to 2 0 min.

2.2.4 Effect of temperature on the formation of struvite

The effect of increasing temperature on reactions in general is an increase of the rate of 

reaction (Atkins, 2000). Temperature has also been shown to effect the crystallisation of 

struvite by Abbona et al. (1982), with a maximum of 50° C reported for the formation of 

struvite. A temperature limit of 30°C was shown by Choi and Bum (2002) with swine waste 

water, containing 220mg L' 1 of soluble phosphate at pH> 8  to be the highest temperature for 

struvite precipitation. Celen and Turker (2001) showed that a temperature change of 25-40°C 

did not affect the removal of ammonia as struvite and it was only a change in magnesium 

source that had an effect on the amount of ammonia removed in the experiments. Jeong and 

Kim (2001) showed that a temperature of 45°C did not affect the production of struvite 

crystals in a composting process. Choi et a l (1997) saw that the production of struvite below 

15°C was distinctly inhibited in a nightsoil system at pH 7.94 which contained between 480- 

780mg L"1 of available phosphate. The effect of temperature on struvite precipitation seems 

to be inconclusive with different authors finding contradictory results. The data from the 

literature is very varied but for a recovery process where the temperature would very rarely 

rise above 20° C these results would have very little impact

Temperature has also been seen to have an effect on the solubility of struvite. Within the 

temperature range 10-50°C Aage et al. (1997) found that the thermodynamic solubility 

product was significantly affected by temperature rises due to the activity coefficients being 

dependent on temperature;
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La -  K-sp • jMg + • yNH4+ • Jp o /'

where y is the activity coefficient for each nutrient within the liquor and La is the 

thermodynamic solubility product.

The solubility product was seen to increase and reached a maximum of 37.3 x 1014. At a 

temperature of 65°C there was a great drop in the La of struvite to an average of 17.5 x 1014. 

Crystallographic investigation of the structure of struvite produced at 67°C showed an 

absence of the typical struvite structure. This information is particularly useful for any 

method for the drying of struvite and shows that only low temperatures may be used to dry 

recovered product e.g. air drying.

2.2.5 Struvite as a fertiliser

It has been often discussed that struvite could be used as a fertiliser for domestic and 

agricultural use (Potjer, 2001). Early reports appeared in the literature indicating the use of 

struvite as a slow release fertiliser due to its low solubility in water (Bridger et al, 1961). The 

slow release property of struvite is particularly attractive to agriculture as nutrients are 

discharged throughout the growing cycle (Munch and Barr, 2001). With this gradual release 

of nutrients to soil it means that a smaller number of applications to crops are required which 

lessens the chances of damage to crops due to over application (Schuiling and Andrade, 

1998).

More recently the fertiliser value of struvite was directly compared to monocalcium 

phosphate (MCP) by Richards and Johnston (2001). The study found that struvite was as 

good a fertiliser as MCP. The authors also extolled the virtues of struvite as a commercially 

attractive product due to its environmentally friendly production.
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One weakness of struvite as a fertiliser is the lack of potassium (Gaterall et al, 2000). 

Potassium is a requirement for effective growth of crops and the lack of potassium would 

mean further addition of potassium for struvite to be a complete fertiliser. Field trials of 

struvite blended with other nutrients were undertaken with struvite recovered from Slough 

STW (Jaffer et al, 2001 and Johnson et al, 2004). Struvite recovered was washed with water 

to remove organic and other solids and dried at 24°C. Blending of struvite for addition of 

other nutrients was done with rape seed meal, kali vinasse (plant used for the production of 

yeast, produced form the addition of ammonium sulphate to Vinasse), and hydrolysed feather 

meal. All blending agents provided a clear increase in leaf and plant diameter of petunias. 

Operations were seen to be commercially cost effective if not profitable.

Commercial sales of struvite to industry and the public have been taking place for the past 

eight years by Unitika Ltd, Japan (Ueno and Fujii, 2001). Full scale plants within Japan have 

been developed using the Phosnix process (see later for full description). The struvite that is 

produced is blended with other fertilisers to augment its effectiveness. The fertiliser is 

promoted on the name “Green MAP 11” with focus on its environmental credentials i.e. 

produced from recycled waste of STW. The final product is sold for €250/ton, with transport 

costs borne by the purchaser.

2.2.6 Summary

Four conditions have been shown to affect the formation potential of struvite within STW i.e. 

pH, supersaturation, temperature, and the presence of other ions. Arguably the condition that 

plays the greatest role in the precipitation of struvite is the liquor pH. The pH controls the rate 

of formation and the spéciation of struvite constituents which affects the engineering of a 

recovery operation. Supersaturation within the liquor also plays a significant role in struvite 

formation. Supersaturation controls the formation potential of struvite and has been 

investigated with computer calculations as well as experimental observations. Temperature of 

the liquors plays a role in the formation of struvite, though the data within the literature is
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slightly confusing with different maximums reported for the precipitation of struvite and little 

information on minimum temperatures for struvite formation. The formation of struvite has 

been shown to be effected greatly by the presence of other ions within the liquor with calcium 

and sulphate being shown to have the greatest effect on the formation and quality of 

recovered crystals.

Struvite has been shown to be an effective fertiliser, especially when blended with a source of 

potassium. The use of recovered struvite as a fertiliser has already been shown to be 

commercially viable in Japan, with emphasis being placed on its ‘green’ qualities on the 

packaging.

2.3 Types o f  reactor for the recovery o f  struvite

There are at present four full scale operations for the recovery of phosphorus in the form of 

struvite from sewage liquors, although a number of other methods have been demonstrated 

for removal of phosphorus without recovery e.g. wetlands. Within the scope of this review 

only the two chemical methods which have received most attention will be examined. For a 

full review of other methods of phosphorus removal refer to Stratful et al. (1999) and Bashan 

and de Bashan (2004)

As two products exist for the recovery of phosphorus from sludge liquors, the concentrations 

of magnesium and calcium within the stream dictate the final product (Van Dijk and Wilms, 

1991).

There are three elements that are typically altered within the reactor to aid precipitation of the 

desired product;
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(i) Chemical constituents are altered simply by the addition of chemicals that are considered 

to be the limiting factors in the formation of the product. This is done to achieve 

supersaturation or metastable conditions within the reactor

(ii) The influent pH is altered commonly by the addition of base or the use of aeration to strip 

carbon dioxide so that the nucléation step can be made faster.

(iii) Addition of seed material allows for the growth of struvite crystals on the surface of seed 

materials which in turn allows for the growth of larger particles, which facilitates easier 

collection from the reactor.

2.3.1 Stirred Reactors

The simplest of the reactor designs available is the stirred reactor (see Figure 2). The stirring 

is generally carried out by mechanical paddle that operates at a constant speed, recirculation 

of reactant through the reactor (Ali and Schneider, 2006) or by the aeration of the solution 

with air (Jaffer et al, 2001). These processes allow for there to be even distribution of 

chemicals throughout the system thus stopping any limitations on chemicals at crystal growth 

sites (Ali and Schneider, 2006). The nature of crystal growth requires that there is a constant 

source of chemicals for continued growth (Ohlinger et al, 1999).

22



Literature review

Base
r— Additional chem icals

M echanical
S tirre r

Sampling tap

IReactor T anki

Inflow

Figure 2.4: Simple mechanically stirred tank reactor, though stirring can be provided by air as 

well

Stirred reactors often require the addition of base to the solution to allow the elevation of pH 

(Marnais, 1994). A number of chemical methods have been tested to assess the effectiveness, 

product quality and economical cost of each method. The most common method for elevation 

of pH is with base with the addition of sodium hydroxide or magnesium hydroxide and is 

covered in greater detail in the following section.

Large scale stirred reactors for the production of struvite are not widely reported in the 

literature. Bums et a l (2001) used a 140,000 litre tank for the production of struvite from 

animal waste material with addition of 2000L of magnesium chloride, a 90% removal of 

phosphate was achieved. The recovered product was used as a fertiliser on nearby fields 

though unfortunately no results were given on the effect to these crops.

A 13,000L struvite reactor was trialled by Jaffer et a l (2001) at Slough STW with mixing 

achieved by aeration. With a relatively short residence time of one hour within the reactor, 

addition of magnesium chloride and sodium hydroxide for pH elevation a phosphate removal 

of 64% was achieved. Along with good phosphate removal large quantities of struvite were 

produced which were subsequently trialled successfully as a fertiliser when blended with a 

potassium source (Johnson et al, 2004).
23



Literature review

The effect of seeding a stirred reactor has been reported by Mangin et al. (2004). The authors 

found that seeding the 21L reactor with sand had no effect on changing the precipitation of 

struvite from homogeneous primary nucléation to heterogeneous primary nucléation. The 

reactor produced a large quantity of fines which was linked to the over supersaturation of the 

solution. This lack of nucléation was seen by Le Corre et al. (2006) in AFM studies on 

different types of seed material. It was seen in these studies by Le Corre et al. (2006) that 

sand had the second lowest affinity to stick to struvite. Mangin et al. (2004) trialled struvite 

as a seed material in further experiments. Struvite was shown to be ineffective also as a seed 

material for the stirred tank reactor due the production of a large amount of fines. Mangin et 

al (2004) reported that even with dilution of the influent that there was still the over 

production of fines within the reactor.

2.3.2 Fluidised Bed Reactor (FBR)

In the fluidised bed reactor (FBR) the liquor passes upwards through a bed, generally made 

up of small particulate matter e.g. sand, at sufficient enough velocity to fluidise the media 

(see figure 3). This process is used in all full scale phosphate recovery processes i.e. 

Geesterambacht, Treviso and Shimane. At Treviso (Battistoni et al, 2000) and 

Geesterambacht (Van Dijk and Wilms, 1991) the bed is quartz sand and at Shimane (Phosnix 

process) (Ueno and Fujii, 2001) the process uses recycled struvite ‘fines’. The fluidisation 

process increases the surface area of the particulate matter as all faces of the solid are now 

accessible as reaction sites (Metcalf and Eddy, 2001). By using a high enough air inflow the 

solid material is able to overcome any aerodynamic drag and gravity to become suspended 

within the liquid. The fluidisation of the particles is used to achieve a greater level of mixing 

within the reactor and thus achieve a uniform mixing of reactants. A greater mixing of 

reactants will increase the nucléation rate and lower the chances of local supersaturation 

levels within the liquor which can lead to the over production of fines (Ohlinger et al, 1999).
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Figure 2.5: Simplified Phosnix FBR at Shimane, Japan

Fluidising the solution has been reported that it causes the fracturing of weaker particles thus 

producing more nucléation sites (Mersmann, 2001). The fluidisation of the bed also stops 

agglomeration of the seed materials thereby maximising the surface area of seed material 

(Van Dijk and Wilms, 1991). Van Dijk and Wilms (1991) reported the additional benefit of 

this system was that the pellets are relatively water free and did not require any further 

processing to remove water.

The FBR process for recovery of phosphate is generally divided into two separate phases, the 

air stripping phase and the reaction phase (Ueno and Fujii, 2001 and Battistoni et a l, 2005). 

The air stripping phase of the process is used to increase the pH of the solution by removal of 

carbon dioxide from the liquor. The air stripping phase can have a significant effect on the 

rate of precipitation where Battistoni reported the reaction period can be reduced from 8  days 

to lOOmins (Batttistoni et al, 1998). Air stripping allows for the phosphate recovery process 

to proceed with a reduction in the amount of base needed in order to raise the pH of the
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influent. It was shown by Battistoni et a l (1998) that air stripping allowed for a higher 

conversion and same product type as with a natural ageing process, though it should be noted 

that Treviso has a relatively low phosphate removal rate -60% compared to Shimane <90%. 

This low result for Treviso could be attributed to the low phosphate influent concentration i.e. 

42mg L*1 for Treviso compared to 120mg L"1 for Shimane, this low concentration has been 

seen within my work to have a significant impact on overall phosphate removal.

The reactor phase of FBR plants are mostly seeded so as to allow the greatest recovery rates 

of phosphorus (see later section on seeds and appendix tables for details on seed materials 

used). Seeding is undertaken so as to allow a nucléation site for struvite precipitation. A 

number of mathematical models for the precipitation of hydroxyl apatite (HAP) onto the solid 

surfaces have been put forward which can be applied to the process of struvite recovery. The 

first model put forward by DeRooij et ah, (1984) was produced under strict experimental 

conditions with the pH of the solution allowed to change from 5 to 8 . This thermodynamic 

model measured the Gibbs free energy of the solution as related to the energy change from 

the supersaturated solution to a saturated solid phase where the product was growing. This 

showed that the growth of product on the seed material was pH specific.

A second model was developed from the work of DeRooij et al. (1984) by Kaneko and 

Nakajima (1988) where they described the growth of HAP under metastable conditions. 

Metastable conditions are defined as concentrations of constituents that are just below 

supersaturation, where precipitation can occur but not as rapidly as supersaturation 

conditions. This model proved to be very accurate and has been built upon by Battistoni et a l 

(2 0 0 0 ) where the precipitation efficiency on seed materials could be related to the saturation 

of the solution. Further work by Battistoni et a l (2002) was able to link pH with saturation on 

the precipitation with seed materials. This further model proposed allows predictions on the 

precipitation efficiency of a FBR with a given concentration of constituents at a set pH e.g. at 

pH 8.5 a precipitation efficiency of 70% can be achieved with a contact time of 0.2h. Though 

this isn’t the full story, the conversion of phosphorus to struvite is higher than the nucléation 

efficiency on the seed material; this implies the production of fines. To avoid the production 

of fines a higher contact time within the reactor is needed. To achieve a higher contact time
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within a reactor recirculation of the fluid is needed though recirculation can be avoided by the 

introduction of a larger bed.

2.4 Optimisation o f  reactor conditions for the controlled formation o f struvite

2.4.1 Concentration of constituents

The concentration of constituents in the liquor must exceed the solubility product of struvite 

for crystal growth to begin (Taylor et a l, 1963 and Ohlinger et al, 1998). Constituent 

concentrations are thus related to the solubility of struvite and that supersaturation of these 

constituents needs to be achieved for effective precipitation.

For supersaturation to be achieved most reactors require dosing of magnesium, except for 

Treviso, Italy (Battistoni et al, 2005) which has a higher magnesium influent concentration 

i.e. 45mg L"1 which is due to its location near sea water. Amounts of magnesium added to the 

influent are varied for two reasons. The first is the ratio of magnesium to phosphate within 

the influent. Some reactors raise the magnesium concentration to achieve a 1:1 ratio with 

phosphate e.g. Shimane and Osaka, or others raise it above a 1:1 ratio. Bums et a l (2001) 

showed that magnesium to phosphorus ratio of 1 .6 (Mg):l(P0 4 ) is ideal as not all magnesium 

will be available for precipitation due to the formation of other complexes within the solution 

(Buchanan et al, 1994). The other reason which is not expressly suggested within the 

literature is to maybe counteract the influence of calcium ions within the influent. As already 

stated the calcium to magnesium ratio cannot be greater than 1 :1  due to the influence of 

calcium species on struvite precipitation i.e. poor crystalline amorphous product Le Corre et 

al (2005). Generally calcium is in excess of phosphate within liquors so a ratio of greater than 

1:1 Mg:Ca should be set within a recovery operation to stop the detrimental effects of 

calcium on struvite precipitation.
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Two forms of magnesium are typically used for the addition of magnesium. Magnesium 

chloride is the preferred choice within the literature e.g. Jaffer et al. (2001), Lee et al. (2004), 

though magnesium hydroxide has also been trialled e.g. Munch and Barr (2000); Ueno and 

Fujii (2001); Miles and Ellis (2001). Magnesium hydroxide is an attractive choice for reactors 

as it will raise the pH of the solution, which would lower the cost of raising the pH with the 

addition of base but pH cannot be altered independently of magnesium addition. Ueno and 

Fujii (2001) use sodium hydroxide to alter the pH to offer finer control. There is a downside 

to magnesium hydroxide addition and that is its low solubility which has been linked to the 

clogging of pipes and having a detrimental effect on crystal quality of recovered product 

(Miles and Ellis, 2001). Due to these reasons the use of magnesium chloride is more popular. 

Magnesium chloride is cheaper than magnesium hydroxide and is readily soluble in water. 

One other source of magnesium has been trialled within a pilot plant and that is the use of 

magnesium sulphate. Both magnesium chloride and sulphate are near equal in price (Fisher 

chemicals, UK) and Yoshino et al. (2003) (Table 4.3) found that using magnesium sulphate 

did not lead to any detrimental effects in the operation like those associated with magnesium 

hydroxide. With this information the use of magnesium chloride would be favoured thought 

the further trialling of magnesium sulphate should be considered.

Chemical spéciation within the liquor has been shown to depend on pH (Ohlinger et ah, 

1998). As has been previously shown (see section; chemistry of struvite) phosphate and 

ammonia exist in different forms at different pH values. The solubility of struvite was linked 

by Ohlinger et al. (1998) to the spéciation of these components. The author was able to show 

that the presence of magnesium phosphates within the solution lowered the solubility of 

struvite by the removal of these vital components, with their presence prevailing at pH 8.5. 

The lowest point of struvite solubility had been shown to be at pH 9. A rise above pH 9 saw 

the stripping of ammonia from the liquor and an increase of phosphate concentration (Booker 

et a l, 1999), which has been linked to the over production of fines due to the stripping of 

magnesium from the liquors. Though it should be noted a number o f higher minimum 

solubility’s have been published in the literature at pH 10 or higher (Ohlinger et a l, 1998, 

Booram et al, 1975; Momberg, 1992). Katuura et al. (1998) showed that the removal of 

phosphate from the solution increased as the pH of the solution increased from 8-9 but after a 

pH of 9 no more phosphate was removed from the solution. Understanding the spéciation of
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struvite components and the solubility is thus vital to a decision on the pH in the reactor. For 

a reactor which has a short HRT (hydraulic retention time) then the ideal pH would be 9, for 

longer HRT’s then a pH of 8.5 would be more suitable.

2.4.2 pH alteration: how, why and to what effect

Arguably the most important condition within a reactor is the pH of the liquor. pH choice 

plays a extensive role in the spéciation of reactants, speed of reaction, nature of product and 

overall reactor design.

By far the easiest method to alter pH is with the addition of base such as sodium hydroxide 

e.g. Shimane and Osaka. The addition of base is an expensive process and methods to avoid 

this procedure have been well researched. Treviso and Geesterambacht both employ an air 

stripping unit for the removal of carbon dioxide from the liquor. Carbon dioxide within the 

liquor reversibly forms carbonic acid (H2CO3) thereby lowering the pH. The removal of this 

CO2 by injection of air into the liquor raises the pH without the addition of base (Battistoni et 

a l, 1997). This method while very attractive requires a substantial unit for the removal of 

CO2 from the liquor which makes it an expensive investment. Ohlinger et a l (1999) were 

able to show that vigorous stirring of solutions was able to raise the pH from 8-8.5 though 

this took a mixing speed of 500rpm and economics of such a reactor should be taken into 

account.

The speed of formation of struvite has been shown to be controlled by the liquors pH and for 

a commercial recovery operation this is very important. Momberg (1994) was able to show 

that by increasing the pH to 9 then nucléation could be achieved within a few minutes. One 

problem with such high pH is the production of fines. Fines have been a problem for a 

number of authors e.g. Mangin (2004) and Le Corre et al. (2006). Due to the production of 

fines at high pH’s Battistoni et a l (2005) were able to show that by setting the pH to 8.5 the 

precipitation of struvite could be changed from a homogeneous to heterogeneous process
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with the use of a seed material. Depending on the conditions required within the reactor, that 

is a seeded or non-seeded reactor, the selection of the pH will be dependent.

2.4.3 The role of seed and accumulation materials

Seed and accumulation materials are used within reactors to aid the growth of crystals. The 

formation of fines within reactors is a well reported problem as has already been indicated 

(see Section 2). To overcome the formation of fines within reactors, the use of seed materials 

and accumulation devices has been reported greatly. The use of seed material is generally 

carried out in the meta-stable zone of struvite supersaturation. This is generally achieved by 

setting the pH >8 .6  in the reactor. Within this area of thermodynamic instability, nucléation 

of struvite may only happen on the surface of seed material, so eliminating the formation of 

fines.

A system of self seeding is employed at Shimane, Japan (Ueno and Fujii, 2001) (Table 2.2). 

The Shimane recovery plant has three reactors for the recovery of struvite, two 500 m3 d*1 

reactors and one 150 m3 d*1 reactor. Fine struvite crystals are grown within the reactor 

column at a pH of 8.2-8.S. Approximately every ten days fine crystals are discharged from 

the bottom of the FBR and collected. Fine struvite crystals are reintroduced to the nucléation 

zone of the reactor for continued growth. Larger struvite pellets are collected separately from 

the FBR and are dewatered. This method is very successful with 500kg of struvite being 

produced per day and a 90% reduction of phosphorus from the influent. To achieve these 

results though a high hydraulic retention time (HRT) of 10 days is employed which is quite 

high when compared to other reactors e.g. Suzuki (2005) 3.6h, Jaffer et al. (2001) 64min and 

Munch and Barr (2001) Ih, but then Shimane has one of the highest phosphate removals.

Sand is relatively cheap material that has been used as a seed material. Sand has been used in 

the recovery of calcium phosphate at both Geesterambacht and Treviso HAP trial (Table 2.2 

and 2.6 respectively). At Treviso the use of sand as a seed material for the production of
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struvite has achieved excellent results. Treviso uses a combination of air stripping to provide 

the bulk of the pH rise and the addition of small amounts of sodium hydroxide to aid the air 

stripper. In a demonstrative experiment 650m3 of influent was able to produce 280Kg of 

struvite. It should be noted that Treviso has a very low phosphorus concentration in the 

influent but even so recovery rates of 60-75% of phosphorus as crystalline material are 

achieved.

A system of self seeding of struvite is employed in a pilot plant by Ishikawa et al. (2004). 

This method uses a second smaller reactor connected to the main reactor. Within the smaller 

reactor ‘fine’ struvite crystals are allowed to grow to 0.1mm in diameter. These crystals are 

then reintroduced to the main reactor where growth is continued and grain sizes of between

0.25-0.4mm are achieved. This method is very successful with a 97% reduction of soluble 

phosphorus from the influent. To achieve these results though a high hydraulic retention time 

(HRT) of 3-4 days is employed which is quite high when compared to other reactors.

Shimamura (2003) (Table 4.4) operated a similar pilot plant to Ishikawa but with the 

objective of being able to control the crystal particle size with a shorter HRT. Conditions 

within the reactor were set so that crystals entering the main reactor where of a defined size. 

By defining the size of the seed materials entering the authors were able to control the 

product crystal size. Shimamura (2003) went on to show that the phosphorus recovery rate 

was related to the influent phosphorus concentration and the surface area of the struvite seed 

material, they were also able to show that as the influent phosphorus concentration rose so the 

production of ‘fines’ rose as well. This relationship suggests a method of being able to 

overcome the production of fines within reactors which can plague phosphorus recovery 

methods i.e. find a suitable phosphate influent concentration and alter with dilution to 

maximise particle size. Wang et al. (2006) was able to show that the low specific gravity of 

struvite and its ease of being fluidised made it an excellent seed material. The authors were 

also able conclude that due to its higher surface area to weight ratio it was a better seed 

material than sand or granite.
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Accumulation devices work in a different manner to seed materials. Suzuki et a l (2005 table 

4.3) used a 1mm diameter mesh to facilitate the accumulation of struvite. The mesh was 

submerged within the top half of the reactor and struvite cross bridged on the surface. 

Different materials were trialled with metals i.e. steel, copper and aluminium all working 

well. It was found by the authors that a mesh made of rubber was particularly unsuitable for 

struvite recovery. The mesh was submerged for 30 days for the experiments with the struvite 

being harvested by the light brushing of the mesh. A 50% reduction in effluent phosphate 

though is rather low and cause for note. This method of recovery is very attractive due to the 

simple nature of the reactor setup; the cheapness of the material also helps make this an area 

for further investigation.

2.4.4 Design of reactor for phosphorus recovery

There currently exist five full scale phosphorus recovery operations, three in Japan and two in 

Europe. All five of the operations share a very similar design philosophy with the only 

differences being in seed material used and the way the desired pH is achieved.

The Shimane plant reactor has two internal compartments for the reaction and the settling of 

struvite. The inner section of the reactor is the nucléation zone and the outer section of the 

reactor is the separation zone (see Figure 2.5). The separation zone allows the settling of 

struvite crystals with collection happening about every ten days by discharge from the bottom 

of the reactor. The smaller struvite crystals, fines, are returned to the reactor to provide new 

seed material for the reactor to continue operating.

With the Crystalactor® at Geesterambacht, a similar reactor design is seen but instead of 

recycled struvite acting as a seed material for the growth of product, quartz sand is used to 

grow HAP on (see Fig 4). The influent is pumped in an upward direction at high velocity (30- 

50m/h) to enable a complete fluidisation. Pellets of HAP-sand grow and as their mass 

increases there isn’t enough pressure to keep them fluidised and so they settle at the bottom
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of the reactor. Treviso’s reactor also has the same design as the Ciystalactor® with pellets 

grown on sand and removed in the same manner.

Diameter 0.4-4m 1 Effluent

Height 6m
Fluidised bed
grains
(02-2m m )

* * * * * * * * * * *
* * * * * * * * * * */S/S/S/M'S/S/S/S/S /V "

I Inject ion nozzles | 

Chemicals 

Influent

Injection and release 
of pellets

Fig 2.6 Geesterambacht Ciystalactor® design

The design philosophy for an FBR reactor in the literature is quite standardised. There exist 

two main options which are varied in all the operations, how to achieve operation pH and 

collection of product. Aeration has been demonstrated as a good method for the raising of the 

pH and has been successfully demonstrated at Treviso and Geesterambacht. The addition of 

base though is far easier method and doesn’t require the installation and operation of a further 

unit, with NaOH being a relatively cheap chemical to purchase, though amounts required 

would vary depending on the alkalinity of the liquors. The other choice when designing a 

recovery operation is the method of recovering the product. Settling within the reactor is 

considered the easiest method available and is achieved by the use of seed materials at 

Shimane, Treviso and Geesterambacht. Two other options are available though for the 

recovery of the final product, accumulation device and coagulating polymers. Accumulation 

devices such as steel mesh as reported by Suzuki et al. (2005) and Le Corre et al. (2006) have
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both shown great results for the collection of struvite and initial results from this project have 

confirmed these results. One problem with this method though is how to transfer it to a frill 

scale operation. Unfortunately it is difficult to set a machine to clean the mesh and so it 

would need to be done by hand, adding costs to the operation. The use of polymers to 

coagulate the crystals was shown by Le Corre et al. (2006) to be an effective means for the 

collection of the product in synthetic liquors. This method for the collection of product is to 

be investigated further within this project.

Though FBR reactors seem to be the most popular type stirred reactors have been trialled at 

two sites and along with many bench scale tests. Stirred reactors have their own problems but 

one big advantage in that they are relatively simple to operate. The reactor design of Slough 

was designed with the same principles as that of the Phosnix process i.e. two zones within the 

reactor, one for nucléation and another for settling (see Fig 5)

pH Probe

 1 Influent |

Effluent

Magnesium and NaOH

Weir

Settling Zone \ Nucléation Zone

Struvite
Organic particles 
Air bubbles

Air Grid |

Fig 2.11 Slough stirred tank reactor design
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2.4.5 Hydraulic retention time

The HRT of a reactor is of particular importance to the design. HRT is a measure of the 

average residence of a soluble compound within a reactor (Sinnot, 2005). The longer the 

HRT the larger the reactor needs to be. In theory the longer the HRT the larger the crystal 

size and phosphate removal should be. To achieve larger crystal sizes a high HRT (10 days) 

is coupled with a recycling unit in the Phosnix process. Marnais et a l (1994, Table 2.5) found 

that a HRT of 14 days was most suitable and achieved a 91% removal of phosphate, though 

there is very little information on product size or quality.

Other authors have found that shorter HRT’s have yielded good results. Suzuki et al. (2005) 

found that a HRT of 22h was suitable for the accumulation reactor and Jaffer et a l  (2001) 

was able to precipitate good sized crystals with a very short HRT of 64mins within a stirred 

reactor. Short HRT’s are more attractive due to the lower costs and ways of achieving this 

should be investigated further

Munch and Barr (2001) though showed by varying the HRT between l- 8 h there was no effect 

on the product size or removal rate. By linking other’s work it might mean that HRT does not 

have that great effect on the crystal size or removal rates. Crystal size and phosphorus 

removal could then be a function of the operating pH. For the reactors with the longest HRT a 

link can be made to the pH being >8.7. This idea is not expressly presented in the literature 

and could be an area of further research.

2.4.6 Summary

Optimisation of the recovery process can be undertaken in a number of different ways. By 

changing the concentration of the constituents within the liquor supersaturation of the 

solution can be achieved although this has a detrimental effect on the size and quality of 

particles. Conditions within what is known as the meta-stable region have been seen to reduce
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the production of fines when seed material is used. Further addition of magnesium is 

generally required due to low concentration and the achievement of a 1 :1  ratio with 

magnesium. Magnesium may be added in a number ways though the most common and least 

problematic is with the addition of MgCL. In this thesis a range of Mg:PC>4 ratios will be 

tested so as to be able to make a choice of the best ratio for struvite precipitation.

Changing the pH of the solution allows you to decrease the nucléation time of struvite, 

making it more commercially viable. Again there are a number of methods available to raise 

the pH. The addition of NaOH is the most common chemically due to its high availability and 

in the current work is the method of pH adjustment. Stripping of carbon dioxide from liquors 

is the other favoured method for raising the pH of the solution and is done by the injection of 

air to the liquor. Though initially expensive to set up it generally requires the addition of 

smaller amounts of chemicals to achieve the desired pH. The pH level within recovery 

processes varies from 8.2-9 depending on the strategy of the recovery process. Within the 

current work a pH of 9 was selected to allow for rapid struvite nucléation, in awareness that 

this can cause the precipitation of fines.

All five of the major phosphate recovery operations employ the use of seed materials within 

the reactors. Addition of seed material provides nucléation sites for the growth of struvite. 

Choice of seed material depends on the system in question with air stripping favouring the 

use of sand and chemical base addition the use of struvite as a seed material. Steel mesh has 

been seen to provide an excellent accumulation material for the capture of struvite and is an 

area of further research interest. The current work will focus on testing both types of reactor

i.e. the FBR and stirred tank, to allow a direct comparison between each type. Methods for 

accumulating struvite crystals will be investigated to overcome the production of fines.

2.5 Appendix Tables
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3 Experimental

3.1 Collection and characterisation o f  centrate liquors

Previous reports suggested the belt press (Battistoni et al, 2006b) and the dewatering 

centrifuge (Doyle et al, 2002 and Lee et al, 2003) as the locations with the greatest potential 

for struvite formation. The supernatants of these processes have been identified as having the 

highest concentration of orthophosphate and magnesium (Jaffer et al, 2002).

Initial tests on the supernatant of these two processes identified the dewatering centrifuge as 

the location with the highest orthophosphate concentration. Magnesium concentration was a 

secondary consideration, as further magnesium addition was already planned.

Samples were collected from sites operated by Severn Trent Water Ltd. The four sites 

sampled were Wanlip STW, Leicestershire; Derby STW, Derbyshire; Stoke Bardolph STW, 

Nottinghamshire; and Coleshill Sludge Destruction plant, Warwickshire (see Table 4.1 for 

sampling dates).

Sampling was carried out initially by dipping a bucket into the stream leading from the 

centrifuge. The samples were transported to Cranfield University in 25L containers, 

(acidification of the centrate samples has been shown by Sharp et a l (2003) to not stop 

changes in phosphate concentration and so was not carried out with the samples collected).

At Cranfield, samples were filtered through a 125 pm mesh sieve to remove gross particles. 

Characterisation of the samples was carried out using the methods outlined in Table 3.1. For 

samples where the range of the cell test was exceeded dilution of the sample by a factor of ten 

was carried out with distilled water. For cell test methodology refer to individual cell test 

instructions (Appendix 1). For calcium, alkalinity and suspended solid determination see
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methodology outlined in ‘Standard Methods for the examination of water and wastewater 21st 

Edition’ (2006).

Table 3.1: Methods used to characterise liquor samples

Determinant Method Range (mg L"1)

Orthophosphate Merck Cell Test 0.5-25

Soluble ammonia Merck Cell Test 4-80

Total phosphorus Merck Cell Test 0.5-25

Total nitrogen Merck Cell Test 10-150

Chemical oxygen demand 
(COD)

Merck Cell Test 25-1500

Magnesium ICP when available
or estimated as 1 0 % of calcium
concentration

30pg L^-lOOmg L"1

Calcium ICP when available or

determination by titration against 
EDTA with Marexide indicator

lOpg L^-lOOmg L 1

Suspended solids Solids collected and dried from 100ml 
of liquor

NA

Alkalinity Titration against HC1 with 
Bromocresol green and methyl red 
indicators

NA

pH pH meter (VWR pH 100, VWR, UK). -2-15

3.2 Jar Tester precipitation

A series of jar tests have been undertaken to determine the dose of magnesium to be added to 

centrate liquors for optimum struvite precipitation.
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The dosing tests were carried out using a jar test apparatus (Aztec sedimentation jar tester, 

Aztec Environmental Control, UK) to evaluate the required magnesium dosage for optimum 

struvite precipitation (see Figure 3.1)

Figure 3.1: Image of jar tester setup for precipitation tests

The doses of magnesium were added to jars containing 500ml of centrale as magnesium 

chloride hexahydrate (MgCh-ôF^O 0.5mol/ Fisher Analytical Reagent Grade, UK). Doses 

were added as zero, Immol, 2mmol, 3mmol, 4mmol, 5mmol. The pH of the centrale was 

adjusted to 9 after initial tests suggested this to be the optimum pH for rapid precipitation. 

The pH adjustment was achieved with addition of sodium hydroxide solution (NaOH 2N/ 

Fisher Analytical Reagent Grade, UK). Solutions were mixed at 80 rpm after preliminary 

tests suggested this to be the lowest operating speed to ensure homogenous fluidisation of 

solids. The jars were stirred for two hours and the changes in pH monitored with a pH meter 

(VW RpH 100, VWR, UK).

At the end of each experiment particle size analysis was undertaken with a dynamic laser 

diffraction instrument (Malvern Mastersizer 2000, Malvern UK). Samples were filtered using

1.2 pm pore size glass filter paper (Munktell Filter AB, Sweden). The filtrate was used to 

measure the orthophosphate (PO4-P) and soluble ammonia (NH4-N) concentration remaining 

in solution using Merck cell tests (see Table 3.1). Samples collected on the filter paper were
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analysed with X-ray diffraction (XRD, Siemens D5005, Germany) and scanning electron 

microscopy (SEM, Philips XL30 SFEG, Netherlands) coupled with energy dispersive X-ray 

analysis (Oxford 7321) (SEM-EDS).

3.3 Phase 1 fluidised bed reactor desizn and operation

A pilot scale crystallisation reactor has been developed at Cranfield University to study 

struvite nucléation and growth (Le Corre et a l,  2006c). The reactor was initially used to 

study struvite nucléation growth in synthetic liquors, while in the present work it has been 

used to study struvite crystallisation from centrifuge liquors.

The process consisted of a 10 L reactor made of Perspex with two side sampling ports and a 

drain valve which is illustrated in Figure 3.2. The reactor dimensions are as follows; height 

0.7 m with a top section width 0.21 m and a bottom section width of 0.12 m.

Effluent

A ir flo w

C en tra le  liquor 
w ith  specified  
a m o u i t s o f  
M agnesium  Chloride

Figure 3.2: Schematic and picture showing the setup of the crystallisation reactor for struvite 

precipitation
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Magnesium chloride hexahydrate solution (MgCE.ôHaO / Fisher Analytical Reagent Grade, 

UK) was added to two buckets each containing 4.5L of centrate liquor collected from Wanlip 

STW. The magnesium doses were 3, 3.5, 4, 4.5 and 5 mmol. After mixing the contents of 

both buckets with a mechanical stirrer (Eurostar Digital Stirrer, VWR, UK), both solutions 

were simultaneously injected into the reactor using a peristaltic pump.

After injection, a peristaltic pump was used to re-circulate the liquor through the reactor to 

increase the contact time. Air was pumped into the base of the reactor and adjusted between 

5-12L min' 1 to ensure the mixing of the particles formed and maintain their fluidisation 

throughout the experiments. The pH was adjusted to 9 by the addition of sodium hydroxide 

(NaOH 2 N/ Fisher Analytical Reagent Grade, UK). A pH probe (VWR pH 100, VWR, UK) 

was used to monitor any changes in pH in the reactor.

To evaluate the efficiency of the reactor in precipitating struvite from liquors, between 3-5 

mmol ofMgCl2.6 H20  were added prior to pH adjustment. Each experiment was typically run 

for 2  hours.

At the end of each experiment 500 mL of sample were collected and filtered using 1.2 pm 

pore size glass filter paper (Munktell Filter AB, Sweden). The efficiency of the reactor in 

removing and recovering struvite was assessed by measurement of ortho-phosphate 

concentration left in the filtrate and by characterising the solids collected on the filter paper 

by XRD and SEM-EDS.

3.4 Accumulation system desizn and configuration

A system composed of 2 concentric meshes was designed for use as an accumulation system 

to grow struvite. Both meshes were made of stainless steel 1 mm hole, 0.35 mm wire (H&B 

Wire Fabrications Ltd, UK) and dimensioned to fit in the enlarged section of the reactor 

(Figure 3.3). The external mesh was 55 x 14 cm and the internal mesh was 39 x 9 cm.
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 Overflow

\  /  Recirculation 
loop

Figure 3.3: Image and schematic of the accumulation mesh used to collect struvite from the 

crystallisation reactor and it’s positioning within the reactor

3.5 Phase 1 stirred tank reactor

A 235 L water butt was used to simulate a stirred tank type reactor. A stirrer (Eurostar Digital 

Stirrer, VWR, UK) was placed in the centre of the tank and set at 1500rpm to ensure 

homogenous mixing of the solution. A pH probe (VWR, 100 pH, VWR, UK) was placed 

within the tank so the pH could be monitored over the course of the experiments.

50 L of centrate collected from Wanlip STW was added to the tank and stirred. For each 

experiment 5mmol of magnesium chloride (MgCW HzO / Fisher Analytical Reagent Grade, 

UK) was added to the liquor. The pH of the solution was adjusted to 9 by suitable additions 

of sodium hydroxide (NaOH 2N/ Fisher Analytical Reagent grade, UK). The experiments 

were run for 2 hours during which samples were taken at specified intervals to measure the 

change in orthophosphate concentration using Merck cell tests over the experimental time. 

Unfortunately due to limitations with the reactor design solid samples were unobtainable.
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3.6 Side-bv-side operation o f  a FBR and stirred tank reactor

To compare the efficiency of both types of reactor in the precipitation of struvite, a side by 

side comparison was carried out when both reactors were run in a continuous mode for three 

hours with liquors collected from Wanlip STW (see Figure 3.4).

Figure 3.4: Set up for side by side analysis of each type of reactor

Like in the previous set of experiments the centrale was filtered through 125 pm mesh to 

remove the gross solids that are present in the liquors. The main storage container was filled 

with -400 L of filtered centrale. Due to a degree o f variability in the orthophosphate 

concentration in the samples that were collected, NaHPC^ (Fisher analytical Reagent Grade, 

UK) was added to the centrale and the concentration adjusted to Immol L"1 of P O / .

Figure 3.4 shows the arrangement of reactors for the continuous operation. In these 

experiments the FBR was fed continuously from the centrale storage tank. Suitable amounts 

of magnesium sulphate hexahydrate solution (IN MgSO^bFhO Fisher analytical Reagent 

Grade, UK) were manually added at ten minute intervals to maintain the magnesium
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concentration. The pH of the liquors was maintained at pH 9 with the addition o f (NaOH 2N/ 

Fisher analytical reagent grade, UK).

The stirred tank reactor has a 10 L capacity though for the reactions the fluid level was kept 

at 9 L to match the volume and retention time of the FBR. The clarifier was designed to store 

50 L of reactant to allow the greatest time for the settling of any solid precipitate (see Figure

3.5 for details of the dimensions).

Figure 3.5: Image and schematic showing stirred tank reactor and clarifier

The chemistry o f the liquors in the stirred tank was altered in the same manner as with the 

FBR. Suitable amounts of magnesium sulphate hexahydrate solution (IN M gSC ^.b^O  

Fisher analytical Reagent Grade, UK) were added at ten minute intervals to maintain the 

magnesium concentration. The pH of the liquors was maintained at 9 with the addition of 

(NaOH 2N/ Fisher analytical reagent grade, UK).
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Samples were collected from the bottom of the clarifier and the average (d 0.5) size of 

particles was determined using laser diffraction (Mastersizer 2000, Malvern Instruments, 

UK). The samples were then filtered using 1.2pm pore size glass filter paper (Munktell Filter 

AB, Sweden). The solids were dried at room temperature for 48 hours and the dried solids 

were characterised with XRD, SEM and EDS.
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4 Results

4.1 Phvsiochemical results

The physiochemical characteristics of the liquors collected from the four sites are presented 

in Table 4.1 and show how between the four sites there is a significant variation in the main 

constituents of struvite i.e. Mg, PO4 and NH4. This data suggests that magnesium is generally 

the limiting constituent of struvite precipitation, which is expected as it is often added in 

struvite recovery operations e.g. Ueno and Fujii (2001). Here it varies between 3 and 24 mg 

L' 1 and when compared to the phosphate levels it can be seen that Coleshill and Stoke 

Bardolph are magnesium limited with respect to phosphate and surprisingly Derby is 

phosphate limited. The surprise is that Derby operates a BNR plant and it is generally thought 

that BNR plants rerelease a great deal of bound orthophosphate into the supernatants after 

anaerobic digestion (Jeyanayagam, 2005).

The majority of the data collected was from Wanlip STW, where a total of nine separate 

samples were collected over nine months. The data collected from Wanlip STW shows a 

degree of variability in magnesium, with the magnesium concentration varying from 5 to 15 

mg L"1, with a mean value of 10 mg L"1. The soluble phosphate concentration also shows a 

large range of concentrations, with the concentration varying between 44 and 136 mg L"1, 

with a mean value of 8 8  mg L"1. This variability means that at some points Wanlip can be 

considered magnesium limited and whilst at other times it is phosphate limited. This means 

that constant monitoring would be required for a recovery plant so that suitable chemical 

additions can be made. The ratio of PO^Total P shows that there is no link between the 

concentrations.

Calcium levels also show a great variability across all the sites sampled and is likely related

to water hardness, with levels going from 29 mg L"1 at Coleshill to 147 mg L"1 at Wanlip.

Calcium has been shown to have a detrimental effect on the precipitation of struvite by Le

Corre, et al. (2005), so the concentration of Ca within the liquors is important when
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considering struvite precipitation, especially if its future sale value is to be considered. 

Ammonia levels are in the range expected and are significantly higher (in mmols) than any 

limiting value. The ammonia concentration compares well with that reported elsewhere e.g. 

710 mg L ' 1 Ueno and Fujii 2001; 522 mg L"1 Yoshino et a l 2003.
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Results

Previous studies of the physiochemical characteristics of Wanlip and Coleshill have been 

made (see Table 4.2). Comparison of the mean values for the data collected from Wanlip 

with that of Doyle (2002) and Wall (2000) shows 15% less orthophosphate present and nearly 

10 times less magnesium though this is comparing one samples set of data with 9 separate 

sample collections data. The orthophosphate data for Coleshill matches the data reported by 

Wall (2000) but is 40% less than that reported by Doyle (2002). Magnesium concentration is 

again lower than that recorded by the other authors.

Table 4.2: Reports by other authors on the concentrations of PO4, Mg, NH4 and Ca recorded 

at Wanlip STW and Coleshill sludge destruction plant (all figures in mmol)

1 Author
I: :

Site PO4-P 
(mmoles) (mmoles)

NH4-N
(mmoles)
' •' : '

Ca
(mmoles)

>
Doyle
(2 0 0 2 ) Wanlip 1 .0 2 .0 38.1 4.0

Wall
(2 0 0 0 ) Wanlip 1 .0 1.7 53.4 4.7

Doyle
(2 0 0 2 ) Coleshill 1.4 0 .2 59.8 1 .6

Sharp
(2 0 0 0 ) Coleshill 1 .0 0 .8 49.7 2.3

Doyle (2002) made a similar study of the physiochemical characteristics of liquors collected 

from Coleshill over a period of five months. The authors reported a comparable lack of 

consistency in the liquor’s physiochemical qualities, with the magnesium, orthophosphate 

and calcium concentrations all varying over the sampling period. This again shows the need 

for constant monitoring of the physiochemical properties of the liquors so that additions of 

chemicals are correct for the quality liquor at any given time.
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4.2 Jar tester precipitation tests

A series of bench scale experiments were undertaken to determine whether struvite could be 

precipitated from the four STW sites selected. Experiments investigated the effect of 

magnesium dose on orthophosphate removal and precipitate quality. Centrate was collected 

from Wanlip STW, Derby STW, Stoke Bardolph STW and Coleshill sludge destruction plant 

on the dates given in Table 4.1 (sample number 1-4).

The data presented in Tables 4.S-4.6 and Figure 4.1 show that 60-75% removal of 

orthophosphate was achievable with no magnesium addition for the Derby, Wanlip and Stoke 

Bardolph samples. Coleshill’s liquor required an addition of Immol of magnesium to achieve 

comparable phosphate removal due to its low initial Mg concentration. These levels of 

orthophosphate removal are in close comparison to those achieved by Doyle (2002) for 

Coleshill; Wall (2000) for Wanlip; Jaffer (2001) for Slough STW with similar Mg:P0 4  ratios.

Increasing the MgiPCU ratio to 3:1 meant that Wanlip, Stoke Bardolph and Coleshill all 

achieved >80% orthophosphate removal whilst a ratio of 5:1 was required for Derby to 

achieve a similar removal. The reason for Derby’s result is not clear but it may be linked to 

the low initial orthophosphate concentration (see Table 4.1). Similar results have been 

reported by Suzuki et a l (2005) where the influent orthophosphate concentrations was 6 8  mg 

L*1 and a Mg:P0 4  ratio of 2:1 but only 50% of the influent orthophosphate was removed.
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Table 4.3: Derby STW centrate liquor PO4 removal as a function of Mg:P0 4  and the change 
in pH over the course of experiment. Sample number 1 (for pH data see Appendix 2)

| Mg:P04 ratio 1.4:1 (Natural) 3.9:1 5 : 1 6.4:1 8.6:1

PO4 removal (%) 61 65 77 80 83 8 8

pH initial 9 9 9 9 9 9

pH final 8.83 8.9 8.93 8.92 8.85 8.83

Table 4.4: Stoke Bardolph STW centrate liquor P O 4  removal as a function of M g : P 0 4  and the 
change in pH over the course of experiment. Sample number 2 (for pH data see Appendix 2)

! Mg:P04 ratio 0.7:1 (Natural) 1.9:1 3 : 1  4.1:1 5.2:1 6.3:1

PO4 removal (%) 75 75 83 91 92 93

pH initial 9 9 9 9 9 9

pH final 8 .8 8 8.9 8.89 8.82 8.82 8.81

Table 4.5: Coleshill STW centrate liquor P O 4  removal as a function of M g:PC>4 and the 
change in pH over the course of experiment. Sample number 3 (for pH data see Appendix 2)

| Mg:P0 4  ratio
:

0.1:1 (Natural) 1.1:1 :2.1:1 3.1:1 4.1:1 5.1:1

PO4 removal (%) 2 1 61 85 89 92 93

pH initial 9 9 9 9 9 9

pH final 8.93 8.92 8.84 8.85 8.84 8.82

Table 4.6: Wanlip STW centrate liquor P O 4  removal as a function of M g:PC>4 and the change 
in pH over the course of experiment. Sample number 4 (for pH data see Appendix 2)

Mg:P04 ratio 0.14: 1 (Natunal) 0.85:1 1.6:1 2.3:1 3 : 1 3.9 :

PO4 removal (%) 76 79 89 94 94 91

pH initial 9 9 9 9 9 9

pH final 8.91 8.91 8 .8 8 8.85 8.87 8.83
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Figure 4.1: The impact on orthophosphate removal % with an increase in MgiPCU ratio

Changing the Mg:PC>4 ratio also impacted the particle size of precipitate generated (Figure 

4.2, original data in Appendix 3). The data shows what is thought to be individual crystals 

after comparison with the data obtained by the SEM. It can be seen at Mg:PC>4 ratios of <1:1 

(>1.1 Ca:Mg) the d0.5 (50% of particles sized) is >200pm for the four sites. As the Mg:P0 4  

ratio is increased past 1:1 (<Ca:Mg 1:1) there is a decrease in the d0.5 particle size to 

<200pm, with all four site’s d 0.5 particle sizes converging in a similar pattern at <80pm 

when the Mg:P0 4  ratio >2:1 (<Ca:Mg 1:2).

Similar results have been reported by Le Corre et al. (2005), where the Ca concentration 

affected the crystalline properties of the precipitate i.e. when the Ca:Mg ratio was >2:1, an 

amorphous material was observed with XRD analysis which was seen to have similarly large 

d0.5 particle size after analysis. When the Ca:Mg ratio was altered to 1:2, a defined 

crystalline material was produced of -30pm in size, very much in agreement with the results
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reported here. It was proposed that this change in particle size is related to the precipitation of 

amorphous calcium phosphates when the Mg:P0 4  is < 1 :1 . As the Mg:PC>4 is increased past a 

ratio of 2 :1  a precipitate that is < 1 0 0 pm is produced due to the production of a crystalline 

struvite. Small size of the struvite crystals has been previously linked to the highly 

supersatured conditions (Mg:P0 4  ratios and a pH of 9) leading to rapid nucléation (Ali and 

Schneider (2006); Battistoni et al. (2005); Munch and Barr (2002) reported a maximum d0.5 

particle size of 110pm of produced in an FBR using Mg(OH)2.
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Figure 4.2: The impact of Mg:PC>4 increase on the d0.5 particle size of precipiate

SEM images of the precipitate produced by variation of the Mg:P0 4  ratio are shown in 

(Figure 4.3) (EDS analysis in Appendix 4). It can be seen there is considerable difference in 

the morphology of the precipitate produced at a Mg:PC>4 ratio of 0.1:1 and the images 

produced at higher ratios. The image at a ratio of 0.1:1 shows the precipitate is amorphous 

and may be calcium phosphate. Le Corre et al. (2005) reported similar findings when the
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Ca:Mg ratio was 2:1 compared to the 7:1 Ca:Mg ratio reported here. The EDS analysis of the 

precipitate also shows 8 % of the precipitate to be Ca again indicating the presence of calcium 

phosphates.

At a Mg:P0 4  ratio of 1.1:1 there are three types of material present in the sample; the typical 

‘coffin’ like structure characteristic of struvite produced from STW liquors (Takiguchi et al,

2004), a second ‘dumbbell’ like structure, possibly calcite as this often precipitates in small 

balls (Hirai et a l, 2000) and a third indefinable mass of material similar to that from the 

lower Mg:P0 4  ratio image (calcium phosphate). The EDS analysis showed a fall in the 

amount of Ca from 8 % to 5%.

As the Mg:PC>4 ratio is raised above 1 .1 :1  the clumps of indefinable material are no longer 

present in the images and the material is clearly crystalline in nature, which is linked to the 

Mg:Ca ratio being greater >2:1 (Le Corre et al, 2005). The images at ratios >2.1:1 shows a 

small increase in the size of individual crystals, though this increase isn’t linked to the 

predictions of the Mastersizer data. The amount of Ca present in the crystals falls from 2% to 

0.71%. It is thought that the EDS analysis taken on the 4.1:1 ratio precipitate is not 

representative of the total sample and further analysis would show the steady decline seen in 

the other EDS analysis.

The morphology of the crystals grown from sludge liquors varies to those crystals grown 

from synthetic solutions (Stratful et al, 2004). Crystals grown from synthetic solutions tend 

to be more elongated along the z-axis of growth i.e. needle like (Kofina and Koutsoukos,

2005). The crystals grown from the centrifuge liquors can be seen to be coffin shaped, this 

has been linked to the presence of other ions i.e. calcium, sodium and sulphate impeding the 

growth axis of the crystals (Kofina and Koutsoukos, 2005).

72



R
es

ul
ts

i f

<V„ | c  V n n  OH o n ’ i| t l* > ij  r|

Fi
gu

re
 

4.
3:

 A
na

ly
sis

 b
y 

SE
M 

on 
the

 
ef

fe
ct

 o
f 

ch
an

ge
s 

in 
M

g:
P0

4 
rat

io 
(sa

m
e 

as 
Ca

:M
g)

 o
n 

cr
ys

ta
l 

m
or

ph
ol

og
y 

for
 t

he
 

Co
le

sh
ill

 c
en

tra
le 

sa
m

pl
e 

(8
.0

6.
06

)



Results

XRD analysis of the precipitates collected from Coleshill at Mg:P0 4  ratios of 1.1:1 and 3.1:1 

was used to help in identification (Figure 4.4). This identification was done by use of peak 

matching software (PCPDFWIN database).

The sample taken from Mg:PC>4 ratio of 1.1:1 shows a mixture of calcite and struvite from the 

peak matching software. The result of a mixture of two materials is to be expected at such 

Ca:Mg ratios where competing reactions between Ca and Mg would be occurring. As 

previously mentioned, calcium phosphate is amorphous so its presence cannot be easily 

identified from XRD data. The identification of calcite and struvite is expected from the 

SEM-EDS results. At Mg:P0 4  ratio of 3.1:1 ratio, the XRD image shows struvite dominant.

1300

1200

1100

1000

w  «00

1.1:1 Mg:P0 4  ratio. Calcite highlighted 3.1:1 Mg:P0 4  ratio. Struvite highlighted

Figure 4.4: XRD analysis of Mg:PC>4 ratios of 1.1:1 and 3.1:1 precipitates

The results from the jar tester precipitation tests have shown that effective removal of 

orthophosphate is easily achievable by simply raising the pH to 9 at three of the sites tested;
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this only failed Coleshill due to the low starting Mg concentration (Tables 4.2-4.5). When the 

Mg:P0 4  is raised above 1:1 at pH 9, all the sites tested were able to remove >60% of the 

initial orthophosphate. This level of removal would remove a significant proportion of the 

struvite scaling potential and should lead to a reduction in the amount of scale formed in 

pipework. Decreasing the phosphate levels in the sludge recycle liquors should also lead to 

less on the biological P removal process such as Derby STW 1 mg L*1 P discharge limit. 

Higher removals of orthophosphate were possible by significant increase in the Mg:PC>4 ratio 

though this is at added cost to any reactor operation.

The quality and particle size of precipitate produced was affected significantly by the ratio 

Mg:Ca selected. At low ratios, large amorphous particles were observed. At a ratio of 1.1:1, a 

more crystalline material is observed though the XRD data shows it not to be exclusively 

struvite. At ratios of >2:1, struvite crystals are the main product though the crystals are on 

average a smaller size than at lower Mg:P0 4  ratios. Crystal size can be increased by allowing 

greater retention times in the reactor. Abe et al. (1995) reported the growth rate of struvite 

crystals to be 0.061 mm d"1 at orthophosphate influents rates of <100mg L"1. The size may 

affect capture of the crystals in any reactor which explains the need of accumulation devices 

or seed materials often reported at full scale (Ueno and Fujii, 2001; Battistoni et al, 2006; 

Suzuki et al, 2007)

4.3 Phase 1: FBR results

A total of 12 experiments were undertaken in the Phase 1 tests using the FBR (Table 4.7). 

The initial 4 experiments were undertaken without the metallic mesh, and the remaining 8 

were run with the metallic mesh over a range of reaction conditions and samples. All the 

experiments achieved >90% removal of available orthophosphate.
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Results

Experiments 1-4 achieved excellent orthophosphate removal (>90%) but there were 

considerable levels o f suspended solids (fines) in the FBR effluent (Figure 4.5). No particle 

size measurements were possible during this period due to equipment problems. The 

precipitation of fines with this reactor is in agreement with the results of Le Corre et al. 

(2005) who also reported the precipitation of a similar amount of fines (200 mg L"1). Munch 

and Barr (2000) reported fines (d0.5 -110 pm) from a FBR with Mg(OH)2 dosing.
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Figure 4.5: Suspended solids collected from the FBR effluent in experiments 1-4

To overcome the production of fines and to simplify the collection o f these particles from the 

reactor, Le Corre et al. (2007) demonstrated the effectiveness o f a metallic mesh system for 

the accumulation o f fines from synthetic solutions. The impact of the metallic mesh system 

was investigated here on Wanlip liquors in experiments 5-12 (Figure 4.6).

The solids collected in experiments 5, 6, and 8 were due to accumulation o f solid particles in 

gaps/rough surfaces of the mesh support structure (plastic struts used to support and hold 

mesh in place, see Figure 3.3), and not on the surface of the mesh as hoped.
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In Experiment 7 there is significantly less suspended solids in the effluent and corresponds to 

an increase in the amount of material that was collected on the surface of the metallic mesh. 

No changes in variables where made between this experiment and experiment 8  but the 

patterning of the deposit suggests that there was contact between the mesh and the reactor 

wall as the deposit was restricted to two areas on the mesh and not an even covering like seen 

in experiments 9-12.

In experiments 9-12 the effluent suspended solids were reduced, while the amount of material 

collected on the mesh surface increased greatly. Two variables were changed between these 

experiments and experiment 7-8; firstly there was an increase in the reaction time from two to 

three hours and secondly the initial orthophosphate concentration changed from 6 6  to 97 mg 

L"1 due to collection of new liquors. Visibly there were a large amount of suspended solids in 

the liquor up to two hours but after three hours the liquor suspended solids had cleared. It is 

thought that this reduction of solids in the liquor is due to the gradual accumulation of 

material on the surface of the metallic mesh due to the mesh acting as a filter (Le Corre, 

2006; Suzuki et a l, 2007). It is only after 2 hours that enough of a coating of material is 

present on the surface of the mesh to allow for larger deposits of material to be observed. It 

was not possible to separate the two effects but it is likely that both played a role in the 

improved removal.
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Figure 4.6: The suspended solids and solids collected on the mesh for experiments 5-12. 

(Experiment 5-6 with 53 mg L"1 PO4 run for 2 hours; Experiment 7-8 6 6  mg L"1 PO4 ; 

Experiment 9-12 with 97 mg L"1 PO4 run for 3 hours).

An examination of the struvite scaling rate for experiments 9-12 is shown below (see Figure 

4.7). Le Corre (2006) reported the scaling rate of the metallic mesh in an optimum system to 

be 7.6 g m' 2 h-1, which is -10-20% better than the rate observed here. The main difference 

was that Le Corre’s (2006) experiments were carried using synthetic liquors with a Mg:P0 4  

of 1:2 as opposed to ratios of 5:1 trialled here. Interestingly Suzuki et al. (2005) reported the
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scaling rate o f a rectangular mesh system to be l,037g over a 30 day period. If the best result 

here is extrapolated to a period of 30 days then the result of Suzuki et al. (2005) is twice as 

good. Why a square mesh would be better than a circular mesh is a question for future 

investigation.

8 -

7 -

9  10 11 12

Experiment Number

Figure 4.7: The struvite scaling rate o f the metallic mesh system (g m"2 h '1) in experiments 9- 

12

Analysis of the solid material collected from the mesh by SEM showed the majority o f solids 

to be struvite (see Figure 4.8). The characteristic ‘coffin’ like structure of struvite is present 

in the image.
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Atomic Calculated 
% Struvite %Element

Electron Image 1

Figure 4.8 Image and EDS analysis of precipitate collected from metallic mesh after 

experiment 9

From the 12 experiments carried using the FBR it is seen that the reactor can always achieve 

excellent orthophosphate removal levels, >90%. The production of fines though is a problem 

that has been encountered by other authors but as shown here can it can be overcome by the 

introduction of the metallic mesh system to the reactor.

The metallic mesh system was shown by Le Corre (2006) to work by filtration instead of 

nucléation on the mesh surface. In these experiments it is thought to take two hours for the 

mesh to become coated in precipitate. Once a sufficient coating is present, visible 

accumulation is seen on the surface and a reduction in the suspended solids in the reactor 

effluent. The scaling rate of the metallic mesh during these experiments was lower than that 

reported by Le Corre (2006); Suzuki et al. (2005).
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4.4 Phase 1 stirred tank results

The second reactor under investigation in this thesis is a stirred tank reactor. Initial tests used 

a 350 L water butt as the reactor and centrate collected from Wanlip STW on the 10th (sample 

number 9) and 17th of August 2006 (sample number 10). Details of experiments undertaken 

are given in Table 4.8.

Table 4.8: Summary of reaction conditions, initial liquor characteristics and the final 

orthophosphate removal %

1 Experiment 
| Date

F .
F :

Experiment
Number

■

Reaction
Time

(hours)

Magnesium
Addition
(mmol)

Initial

1 1  
(mg L‘!)

Initial
n h 3

cone, 
(mg Lf1)

p ° 4

removal PH

12.08.06 13 2 5 65 564 40 9

13.08.06 14 2 5 65 564 61 9

14.08.06 15 2 5 65 564 53 9

18.08.06 16 2 5 98 764 79 9

19.08.06 17 2 5 98 764 49 9

The removal of orthophosphate with the stirred tank reactor was lower than with the FBR 

with a maximum of 79% achieved (see Figure 4.7) though lower removals were the norm. 

The majority of the orthophosphate is removed within the first 75 minutes of the reaction 

(Figure 4.8).

82



Results

120

100

I
aI
iI

1200 20 40 60 80 100

Time (mbs)

Figure 4.8: The change in orthophosphate concentration over time

The data shows there are significant differences in the removal of orthophosphate, even 

though the magnesium concentration is constant. The reason for this performance of this 

reactor isn’t fully understood though it is believed that the stirrer might have been too small 

for such a large tank but this doesn’t compare with the jar tester results for similar conditions. 

It is clear that the design doesn’t match the jar test data so this design was no longer used also 

unfortunately due to the design of the tank it was not possible to collect any solid samples to 

confirm the precipitation of struvite.
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4.5 Phase 2: Side-bv-side comparison results

The results from Phase 1 showed excellent performance in orthophosphate removal by the 

FBR with and without the metallic mesh system and reasonable performance by the stirred 

tank (although this was an unoptimised reactor). The new stirred tank reactor (see materials 

and methods) was designed to allow a direct comparison between the two reactor designs by 

having the same influent flow rate and retention times. Due to time constraints only three 

conditions were selected for trials (see Table 4.9). The orthophosphate concentration for all 

experiments was 95 mg L"1 so each reactor could be compared easily.

As production of fines was a problem in the FBR, methods of fines capture were examined 

e.g. the metallic mesh and polyDADMAC. Le Corre et al. (2007) showed that a 1 mg L"1 

polyDADMAC dose of a cationic polymer, polyDADMAC, could be used to form 

agglomerates of crystals to produce floes.

Table 4.9: Outline of the operation conditions for each reactor

Experiment Number » 19 2 0

Experiment Date 10.01.07 18.01.07 25.01.07

Conditions

Magnesium addition 
(mmol)

FBR

Stirred Tank

FBR 

Stirred Tank

No addition

No addition

1

1

Polydadmac
(ImgL-1)

Polydadmac 
(Img L '1)

3

3

Steel mesh

Polydadmac
(ImgL"1)

3

3

pH
FBR + 

Stirred Tank 9 9 9
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The experimental results for 18-20 are shown in Table 4.9. Experiment 18 was run with only 

the addition of 1 mmol of magnesium. The stirred tank was able to remove 60% of the 

influent orthophosphate concentration as well as 20% of influent ammonia. The FBR was 

only able to remove 25% of influent orthophosphate concentration and 20% of ammonia. 

Particle size analysis of the stirred tank precipitate revealed large particles which is in 

agreement with previous results of low Mg:PC>4 ratios. The FBR precipitate was a lot smaller 

but was still considerably larger than if solely struvite. Both precipitates were shown by XRD 

(see Appendix 5) to be largely amorphous in nature though peaks matching struvite can be 

seen.

Experiment 19 was run with the addition of 3 mmol of magnesium and 1 mg L"1 of 

polyDADMAC coagulant. The stirred tank reactor was able to remove 70% of the influent 

orthophosphate concentration as well as 30% of ammonia. The FBR performed better than in 

previously, with 45% of influent orthophosphate removed and 30% of ammonia removed. As 

expected with the addition of larger amounts of magnesium the particle sizes recorded had 

fallen but had still remained high, particularly for the stirred tank precipitate. This is thought 

to be due to the additions of polyDADMAC forming larger masses of precipitate. A reduction 

in particle size was also recorded from the FBR precipitate.

In experiment 20 the FBR was run with the metallic mesh reported previously. The stirred 

tank was again run with 1 m g -1 of polyDADMAC. Both reactors had an addition of 3 mmol 

of magnesium added periodically. The FBR showed a further improvement with 65% of 

influent orthophosphate removed as well as 30% of the influent ammonia. The stirred tank 

reactor was able to remove 65% of the influent orthophosphate as well as 25% of the 

ammonia. Particle size analysis of both reactors’ precipitate showed a considerable reduction 

particle size. This is thought to be due to the addition of more than 3mmol of magnesium.
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Table 4.10: The results collected for the experiments ran with both reactor types

Experiment 18 Experiment 19 Experiment 20

_____________

Stirred
tank FBR

Stirred FBR Stirred
tank FBRtank

_________________________

Orthophosphate 
removal (%) 60 25 70 45 65 65

Ammonia removal (%) 20 20 30 30 25 30

Settled solids (g L'1) 20.04 4.85 37.89 7.07 14.06
3.19

4.1*

Theoretical mass of settled 
solids if pure struvite (g) 26.95 7.35 30.87 19.86 28.68 28.68

d0.5 particle size (pm) 1039 239 630 120 90 50

*= Solids on mesh

In the polyDADMAC trials a problem was noted in that agglomerates of crystals were 

sticking to the Perspex used in the reactors (see Figure 4.9). This result would suggest that 

polyDADMAC is unsuitable for the formation of struvite floes if a reactor was made of 

Perspex. Further investigations would be required to see if this was a problem with other 

materials except glass.
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Figure 4.9: Images of precipitate sticking to the reactor sides and air diffuser (experiment 19)

Analysis of the precipitate with XRD and SEM-EDS was undertaken (Appendix 5 and 6 for 

complete results). The XRD analysis of the precipitates collected from experiment 18 showed 

the precipitates to have a significant amorphous character and led to the increase in 

magnesium addition for further experiments (see Figure 4.4). This lead to the decision for the 

magnesium does to be increased in experiments 19 and 20.

Below are shown the XRD spectra of the precipitate collected from the mesh in experiment 

20. Clearly struvite is the prominent species in the precipitate position and intensity o f the 

peak match lines of the database matching software (PCPDFWIN database) though there are 

a number of other peaks in the spectra.
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w aa »  w e *
2- Thet a- Scal e

Figure 4.11: XRD trace of the solids collected from experiment 20, metallic mesh. Highlighted 

lines on spectra show database comparison for struvite

The precipitate collected from the stirred tank shows struvite to be present (see Figure 4.10). 

The shape of the spectra collected for the precipitate of the stirred tank shows a lot of 

background noise. This background noise can be attributed to the presence of amorphous 

material either or both polyDADMAC and Ca in the samples collected.
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Figure 4.12: XRD trace of the solids collected from the stirred tank in experiment 19 with the 

addition of polyDADMAC. Lines show database comparison for struvite

The morphology of the crystals collected from the metallic mesh in experiment 20 (Figure 

4.13) matches the struvite shape seen previously (see Figure 4.7). The crystals are a lot 

smaller, -10 pm, compared to 35-40 pm seen previously though it is hoped that with time 

they can grow (Abe et a l, 2005). EDS analysis of the crystal marked ‘Spectrum V is 

inconclusive for a positive struvite identification.
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Calculated 
Element Atomic% Struvite
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Figure 4.13: SEM and EDS analysis showing crystal morphology and elemental analysis of 

solids captured on the mesh accumulation device (experiment 20).

The image of the precipitate collected in experiment 19 (Figure 4.14) shows there to be 

struvite present from the shape o f the crystals.

Calculated Calculated 
Element Atomic% Struvite Calcite

lÔÔJjm 1 Electron Image 1

Figure 4.14: SEM and EDS analysis showing crystal morphology and elemental analysis of 

solids collected from the stirred tank reactor (experiment 19)
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A comparison between the results of the Phase 1 and Phase 2 trials show some interesting 

results. Firstly, the FBR performance of orthophosphate removal in the Phase 2 trials isn’t as 

good as in the Phase 1 trials. In the Phase 1 trials >90% of the influent orthophosphate was 

removed compared with the mixed results obtained here, 25-65% removal. The reason for the 

poorer performance is thought to be the relatively short retention time of 9 minutes compared 

to the 2-3 hour retention time of the Phase 1 trials.

The quality of the crystals produced by the FBR in the Phase 2 trials shows the reactor to 

perform well for producing struvite. The material produced by the mesh is a similar 

morphology though smaller than the material produced in the Phase 1 trials. Hopefully the 

size could be increased by the reactor being operated for longer periods of time e.g. Suzuki et 

al. (2007).

Results for using polyDADMAC as a coagulant in both types of reactor were mixed (see 

Table 4.11). Use of polyDADMAC in the FBR was found to be particularly unsuitable due to 

sticking of floes to the reactor walls and air diffuser. The difference between theoretical and 

collected solids was greatest when no polyDADMAC was added, contrary to expected 

results. Comparison of the performance of polyDADMAC in the stirred tank was not possible 

and further experiments to test its effectiveness would be needed.

Table 4.11: Showing the differences in results in reactors with and without polyDADMAC

WithPolyDADM 

(Experiment 18

Without PolyDADh 

(Experiment 19

1AC

Difference between 
theoretical and collected 

solids (%)
particle

(pm)

Difference between 
theoretical and collected 

solids (%)

d0.5
particle

(pm)

Stirred
tank 122 630 NA NA

FBR 36 120 49 50
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5 Discussion

5.1 Implications o f  this study to the wastewater industry

This study set out to show how phosphorus could be removed and recovered from sludge 

liquors. The phosphorus was to be recovered as struvite, which is known to cause scaling 

problems at STW operated by Severn Trent Water Ltd (Wall, 1999; Doyle, 2002). Recovery 

of phosphorus as struvite has been demonstrated at full scale in four locations around the 

world; three in Japan and one in Italy. A number of other pilot scale operations have been 

demonstrated, though problems with the final product’s structure and quality have been 

reported (Munch and Barr, 2002; Regy et al., 2002). Previous work by Le Corre (2006) had 

shown methods to overcome these problems in quality and structure of struvite by 

understanding the effect of Ca on structure and the use of a metallic mesh accumulation 

device for the capture of fines. It was hoped to be able to transfer these findings of Le Corre

(2006) from synthetic solutions to wastewater liquors. The project also set out to gain a better 

understanding of the merits of the two types of reactors available for the precipitation of 

struvite.

Two main reasons exist for why water companies wish to remove phosphorus from 

wastewater liquors. The first reason is due to the scaling problems that affect the 

operationally efficiency of STW. To reduce scaling problem, Antiplax is added to the 

centrate collecting wells at the sites sampled to inhibit the formation of struvite in later 

pipework. Antiplax costs ~£900 per cubic metre, with on average 1 m3 being required per 

week at Wanlip STW. Estimations of the operating cost of a struvite recovery reactor by 

Jaffer et al. (2002) showed the chemical and energy costs to be £50,000, mostly arising from 

addition of NaOH, but the revenue from the sale of struvite to be between £18,000-20,000, 

meaning a net cost of £30,000-32000 a year. This is substantially less than the £46,800 per 

year cost of addition of Antiplax at Wanlip STW. It should be noted that at present no market 

exists for the sale of struvite within Europe unlike in Japan.
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The second reason the wastewater industry wishes to remove phosphorus is to lower the 

concentration of phosphorus within the discharges from the STW e.g. the sludge produced 

from metal salt removal of P and releases to watercourses. The chemical precipitation of 

phosphorus with metal ion salts, namely iron, is carried out at 50 STW operated by Severn 

Trent Water Ltd. Struvite precipitation offers a method for P removal in an easier to handle 

and dispose of product unlike the sludge that is produced from metal salt addition. The sludge 

that is produced is normally spread on farmland but is increasingly unpopular with farmers 

due to the buying policies of supermarkets insisting produce not be grown on land fertilised 

by sludge arising from wastewater treatment (Towers and Home, 1997).

For the successful recovery of phosphorus as struvite the physiochemical characteristics of 

the liquor entering a reactor need to be monitored. This study and a study by Doyle (2002) 

have shown inconsistency in the concentration of struvite constituents over time at two sites 

operated by Severn Trent Water. In this study, the most noteworthy change, at Wanlip STW, 

was in the concentration of orthophosphate, which varied from 44 to 136 mg L"1 over the 

sampling period of twelve months. Magnesium, often the limiting constituent in struvite 

recovery operations and subsequently added, also showed a large variability over the 

sampling period between 5 to 14.7 mg L '1. Doyle (2002) found similar variability in the 

physiochemical characteristics of liquors collected from Coleshill. Doyle (2002) reported the 

orthophosphate concentration to vary between 104 to 195 mg L"1 and the magnesium 

concentration to vary between 6  to 24 mg L'1. These changes in the concentration of struvite 

constituents at Wanlip STW would mean that at some points the liquors are magnesium 

limited and at others orthophosphate limited with respect to struvite precipitation. This 

finding would have an impact on the operation of a struvite recovery reactor as it would 

likely need a system of monitoring and controlling the addition of chemicals to the influent 

liquors. This could be carried out automatically by machine though it would still require 

regular checking by a skilled technician.

If struvite is to be recovered from wastewater liquors, then it is hoped that the recovered 

product could be recycled as a fertiliser for domestic and industrial use (Johnson et a l, 2004). 

For this to be achieved the product needs to be of a high quality for easier processing into a
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marketable product. The calcium concentration has been shown by Le Corre et a l (2005) to 

inhibit the formation and quality of struvite crystals. Different ratios have been given by these 

authors as to eliminate the detrimental effect of calcium on the formation of struvite, though a 

ratio of >2:1 Mg:Ca is generally accepted. The SEM-EDS and XRD analysis of the 

precipitate produced from the Coleshill liquors showed that at a ratio >2.1:1, struvite was the 

principal product. This study and the study by Doyle (2002) have shown there to be 

considerable variation in the concentration of calcium over the sampling period, with a 

Wanlip varying between 83-147 mg L"1.

The difference between the two reactor designs has been examined in this study and obvious 

benefits can be seen for each reactor design. The FBR is the design of choice in operational 

reactors around the world. Three FBR are operated in Japan and one in Italy for the 

precipitation of struvite. There is also an operational FBR for the removal of phosphorus in 

the form of HAP at Geestmerambacht, Netherlands. All these FBRs use a form of seed 

material for the building of larger particles/pellets. The reactor at Shimane, Japan is able to 

produce crystals that range in size from 0.5-1.0mm, with the product then sold as ‘green’ 

fertilisers (Ueno and Fujii, 2001). At Treviso, Italy sand is used as the seed material and 

agglomerated particles of up to 1.4mm in size have been reported (Battistoni et al, 2006). 

Initial results for the FBR operated in this study showed the production of a large amount of 

fines though the reactor was able to remove >90% of influent orthophosphate. Results from 

the Phase 2 trials showed that the present FBR was unsuitable for a continuous operation as it 

was unable to collect significant amounts of solids. The orthophosphate removal was also 

significantly reduced from the Phase 1 trials but this is thought to be due to the relatively 

short retention time and could be altered with the use of a larger reactor with a longer 

retention time. Fines are an unwanted product as there collection and possible reuse as a 

fertiliser is unfeasible. Battistoni et a l (2002) even reported that the production of fines might 

hamper operational efficiency if the crystals found their way back into the STW via the liquor 

recycle stream.

It was shown in Phase 1 that a metallic mesh system could be used as an effective 

accumulation device for struvite. The metallic mesh system was able to remove >90% of the
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influent orthophosphate and recover the majority of the precipitated solids in the Phase 1 

testing. The material collected on the mesh was easily removed by light brushing after a 24 

hour drying period. During the Phase 2 side-by-side trial, the mesh system collected slightly 

less material on the surface of the mesh, with 65% of orthophosphate being removed during 

this trial. Results reported by Suzuki et al. (2007) showed a mesh system in a FBR over a 3.5 

year study to be suitable for the collection of struvite from swine waste liquors. One issue 

surrounding the use of the metallic mesh system would be the amount of sludge particles in 

the liquors and the possible collection on the surface of the mesh compromising the purity of 

recovered struvite. Another challenge is how to recover, at an industrial scale, the struvite 

from the mesh whilst operating continuously. A number of mesh systems would be required 

so that at a mesh change over struvite would not re-enter the STW recycle lines and cause 

problems later in the site.

The stirred tank type reactor operated in the Phase 1 testing was able to remove -55% of the 

orthophosphate present in the liquors much less than at similar conditions in the jar tester 

experiments. The majority of orthophosphate removal occurred within the first 75 mins of the 

experiment. The Phase 1 experiments were carried out in at what could be considered highly 

supersatured conditions (high Mg:PC>4 ratio and pH 9), where it is thought that high 

concentrations of magnesium allow the rapid production of struvite crystals, leading to a 

large amount of fines due to the depletion of available Mg. If the orthophosphate was being 

removed as struvite in such high supersaturated conditions, then it should follow that the 

orthophosphate removal would occur within the first ten minutes as reported by Momberg 

(1992). This was not the case in these initial experiments and reason for this is thought to be 

due to the stirrer not being sufficiently large for the reactor unlike in the jar tester 

experiments where the stirrer was matched to the jar size.

The stirred tank reactor for the Phase 2 testing preformed better than the stirred tank operated 

in the Phase 1 testing i.e. -65% removal of orthophosphate from the influent. Analysis of the 

precipitate that was collected from experiments showed that it was not exclusively struvite. 

SEM-EDS showed there to be a considerable amount of calcium in the precipitate collected. 

XRD analysis showed the presence of struvite in experiments 18 and 19 though the material
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had a amorphous nature. In experiment 20 SEM-EDS and XRD analysis showed the 

precipitate to be calcite.

The Mg:P0 4  is an important selection for both types of reactor, it can be seen from the results 

that at a Mg:PC>4 ratio 1:1 the stirred tank reactor removes 60% of influent orthophosphate 

whilst the FBR removes 25%. This would suggest that if the objective of the reactor was to 

remove orthophosphate alone the stirred tank could be run at this ratio and achieve good 

removal. If the desired product was struvite then the results from Phase 2 show that a MgiPCU 

ratio of 3:1 is required to achieve recovery as struvite. A method for recovery was also 

investigated here with polyDADMAC and the metallic mesh. polyDADMAC failed to 

achieve the same success as that seen by Le Corre et a l (2007). Problems in both reactors 

with material sticking to the Perspex parts were noted which would cause further problems 

later on. The metallic mesh system on the other hand worked particularly well. Material was 

produced on the surface and struvite was the recovered product. These results would suggest 

the metallic mesh as the better choice as an accumulation device for the recovery of struvite.
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6  Conclusions

• The physiochemical characteristics of the centrate over the sampling period show a 

large variability in the concentrations of the constituents of struvite. The 

concentrations of these chemicals in an on-site plant would require a system of 

monitoring being put in place. The monitoring would could be attached to an 

automatic chemical adder but would still need some intervention

• The jar tester experiments were all able to show a >60% removal of orthophosphate at 

Mg:P0 4  >1:1. Wanlip, Stoke Bardolph and Coleshill liquors were able to remove 

>80% of orthophosphate when the Mg:P0 4  ratio was adjusted to >2:1. The effect of 

calcium on the morphology of the struvite crystals was seen in the SEM-EDS results. 

It took only 2mmol of magnesium to overcome the detrimental effect of calcium on 

struvite morphology.

• In Phase 1 testing the FBR removed >90% of initial orthophosphate in all the 

experiments. Without the accumulation device, an average of -300 mg L"1 of 

suspended solids was present in the effluent.

• The high suspended solids were also a feature of experiments 5, 6  and 8 . Only when 

the reaction time was increased to three hours were the suspended solid levels 

decreased in experiments 9-12. The scaling rate of the mesh was calculated to be - 6  g 

m ' 2 h‘\  The material that collected on the mesh was easily removable with drying and 

light brushing.

• The Phase 1 stirred tank was able to achieve -55% removal of orthophosphate from 

the liquors added with the majority removed in the first 75 mins. Collection of 

precipitate from the reactor was difficult due to the sampling port not being at the 

bottom of the tank.

• Phase 2 testing showed that each reactor type could achieve different results. The 

FBR could produce relatively pure amounts of struvite, particularly with the mesh 

system and remove 45% of influent orthophosphate. Whereas the stirred tank reactor 

could achieve good orthophosphate removal -65% of the influent concentration but 

poor struvite purity.



Conclusions

• The use of the cationic polymer, polyDADMAC, was seen to be impractical for the 

capture of fines in both types of rector trialled in Phase 2 testing.
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7 Further work

• Further work on the mesh accumulation device. Optimisation of the FBR and mesh 

system in a continuous operation. Suzuki et a l (2007) has demonstrated a metallic 

mesh system over a period of three and a half years. The metallic mesh demonstrated 

that a square mesh worked better than a circular mesh with it being believed this was 

due to the surface area of the mesh. Possible new designs with increased surface areas 

could be a new focus for research of accumulation devices.

• Examine methods for the increase in particle size. At present the product is unsuitable 

for usage as a fertiliser. A more granular product is wanted by industry and so 

methods of producing a product like this are desirable.

• pH has been shown by other authors to allow the growth of larger particles at lower 

pH values. This is done by an increase in HRT of liquids which requires bigger 

reactors. An effective investigation with larger reactors or lower influent flow rates 

would provide useful results.

• Seed materials have been shown to work effectively at pH <8.80. At lower pH’s less 

base is needed to raise the pH so a lower cost. An investigation of seed materials in 

reactors could offer a method for a lower operating cost reactor.

• Scaling up of the reactors trialled here to on-site pilot plant.

99



References

8 References

Abe, S. (1995) Phosphate removal from dewatering filtrate by MAP process at Seibu 

treatment plant in Fukuoka City Sewage Works in Japan 59-64.

Ali, M. I. and Schneider, P.A. (2006) A fed batch design approach of struvite system on 

controlled supersaturation. Chemical engineering sciences 62, (12) 3951-3961.

Battistoni, P., De Angelis, A., Prisciandaro, M., Boccadoro, R., Bolzonella, D. (2002a) P 

removal from anaerobic supernatants by struvite crystallization: Long term validation and 

process modelling. Water Research 36, (8 ) 1927-1938

Battistoni, P., Paci, B., Fatone, F., Pavan, P. (2006b) Phosphorus removal from anaerobic 

supernatants: Start-up and steady-state conditions of a fluidized bed reactor full-scale plant. 

Industrial and Engineering Chemistry Research 45, (2) 663-669.

Battistoni, P., Paci, B., Fatone, F., Pavan, P. (2005) Phosphorus removal from supernatants at 

low concentration using packed and fluidized-bed reactors Industrial and Engineering 

Chemistry Research 44, (17) 6701-6707.

Benisch, M., Clark, C., Sprick, R.G., Baur, R., Struvite deposits: a common and costly 

nuisance. WEF Operations Forum, December, 2000.

Doyle, J.D. (2002) Struvite formation and control in wastewater treatment. PhD Thesis, 

Cranfield University.

100



References

Hafiier, S.D., Bisogni Jr., J.J., Jewell, W.J. (2006) Measurement of un-ionized ammonia in 

complex mixtures. Environmental Science and Technology 40, (5) 1597-1602.

Jaffer, Y., Clark, T.A., Pearce, P., Parsons, S.A. (2002) Potential phosphorus recovery by 

struvite formation. Water R e se a rc h ^  (7), pp. 1834-1842.

Jeyanayagam, S. (2005) True confessions of the Biological Nutrient Removal process. 

Florida water resources journal 1, pp. 37-46

Johnson, A. Hammond, R., Lewington, M., Ratnam, A. (2004) Struvite potential as an 

ingredient in horticultural fertiliser. Struvite: Its role in phosphorus recovery and reuse 

Cranfield, UK.

Kofina, A.N., Koutsoukos, P.O. (2005) Spontaneous precipitation of struvite from synthetic 

wastewater solutions. Crystal Growth and Design 5, (2) pp. 489-496.

Le Corre, K.S., Valsami-Jones, E., Hobbs, P., Jefferson, B., Parsons, S.A. (2007) 

Agglomeration of struvite crystals. Water Research 41, (2) 419-425

Le Corre, K.S., Valsami-Jones, E., Hobbs, P., Parsons, S.A. (2006b) Impact of reactor 

operation on the success of struvite precipitation from synthetic liquors. Environmental 

Technology; (Waiting for publication).

Le Corre, K.S. (2006c) Understanding struvite crystallisation and recovery. PhD Thesis, 

Cranfield University

101



References

Le Corre, K.S., Valsami-Jones, E., Hobbs, P., Parsons, S.A. (2005) Impact of calcium on 

struvite crystal size, shape and purity. Journal o f  Crystal Growth 283, (3-4):514-522.

Lee, S.I., Weon, S.Y., Lee, C.W., Koopman, B. (2003) Removal of nitrogen and phosphate 

from wastewater by addition of bittern. Chemosphere 51 (4) 265-271.

Momberg, G.A., Oellermann, R.A. (1992) The removal of phosphate by hydroxyapatite and 

struvite crystallisation in South Africa. Water Science and Technology 26, (5-6) 987-996.

Munch, E.V., Barr, K. Controlled struvite crystallisation for removing phosphorus from 

anaerobic digester sidestreams. Water Research (2001) 35 (1) 151-159.

Ohlinger, K.N., Young, T.M., Schroeder, E.D. (1998) Predicting struvite formation in 

digestion. Water Research'S! 3607-14

Potjer, B., (2001) Economic/ environmental costs assessment o f phosphate recycling 

possibilities at Thermphos' plant, Vlissingen, The Netherlands. Second International 

Conference on the recovery o f  phosphorus from sewage and animal wastes

Regy, S., Mangin, D., Klein, J.P., Lieto, J. and Thornton, C. (2002). Phosphate recovery by 

struvite precipitation in a stirred reactor. Lagep (Laboratoire d ’Automatique et de Génie des 

Procédés) internal report/CEEP (Centre Européen d ’Etude des Polyphosphates), 1-65 

Accessed in 2004 at http://www.nhm.ac.uk/mineralogy/phos/LagepReport.PDF.

Richards, I.R., Johnston, A.E. (2001) The effectiveness of different precipitated phosphates 

as sources of phosphorus for plants. IACR, Rothamstead, UK and Ecopt, Suffolk, U.K.

102

http://www.nhm.ac.uk/mineralogy/phos/LagepReport.PDF


References

Standard Methods for the examination of water and wastewater 21st Edition (2006), AWAA, 

Washington DC.

(2006)Stratful, I., Brett, S., Scrimshaw, M.B., Lester, J.N. (1999) Biological phosphorus 

removal its role in phosphorus recycling. Environmental Technology 20, (7) 681-695

Stratful, L, Scrimshaw, M.D. and Lester, J.N. (2004) Removal of struvite to prevent problems 

associated with its accumulation in wastewater treatment works. Water Environment 

Research 76, 437-4199.

Suzuki, K., Tanaka, Y., Kuroda, K., Hanajima, D., Fukumoto, Y. (2005) Recovery of 

phosphorous from swine wastewater through crystallization. Bioresource Technology 96, (14) 

1544-1550.

Suzuki, K., Tanaka, Y., Kuroda, K., Hanajima, D., Fukumoto, Y., Yasuda, T., Waki, M.

(2007) Removal and recovery of phosphorous from swine wastewater by demonstration 

crystallization reactor and struvite accumulation device. Bioresource Technology (2007) 98 

(8 ) 1573-1578

Takiguchi, N., Kishino, M., Kuroda, A., Kato, J., Ohtake, H. (2004) A laboratory-scale test of 

anaerobic digestion and methane production after phosphorus recovery from waste activated 

sludge. Journal of Bioscience and Bioengineering 97 (6 ) 365-368

Turker, M., Celen, I. (2007) Removal of ammonia as struvite from anaerobic digester 

effluents and recycling of magnesium and phosphate. Bioresource Technology 98 (8 ) 1529- 

1534

103



References

Ueno, Y., Fujii, T., (2001) Three years expierence of operating and selling recovered struvite 

from full-scale plant. Environmental Technology 22, 1373-1381.

UWWTD. Council of the European Communities, Directive concerning the collection, 

treatment and discharge of urban wastewater from certain industrial sectors (91/271/EEC) 

Official JL , 135/40, 1991

Williams, S. (1999) Struvite precipitation in the sludge stream at Slough wastewater 

treatment plant and opportunities for phosphorus recovery. Environmental Technology 20, 

743-748.

Wall, F. (2000) Evaluation of the potential for struvite and calcite formation at seven sewage 

treatment works within the Severn Trent region. MSc Thesis, Cranfield University.

Yoshino, M., Yao, M., Tsuno, H., Somiya, I. (2003) Removal and recovery of phosphate and 

ammonium as struvite from supernatant in anaerobic digestion. Water Science and 

Technology ^ { l )  171-178

104



Appendix 1

Cell test instructions, concentration limits and accuracy

Orthophosphate

Appendix

105



Appendix

Spectroquant1
Phosphate

Cell Test
—I-j -

1.14546.0001

for the determination of orthophosphate

1. M ethod
tn 5U?hihc sototion, nrthqpho^phate ions react with 'immÔtÉtmt vanadaie aed 
ammonium heptemdyhdata tdfptHi cmtw-yeaow «T,oiybdovanadophosp$wtc 

- add that Is detemitMd phtodmetncàliy (VM ntethMi!. :i 
The method Is analogous to  US Standard Methods 4500-P C,

2 . M easuring  ra n g e  a n d  n u m b e r of d e te rm in a tio n s

y< fclem il,< to tlàftsï. .  _ _ _ _ _ _

I .  |v.
1.5 -75.7 PO.v
1.1 -57.3 P A

1 Arr . lOCOlCW- 1000 Piri 10 E0TA, OS*
100(tO ]|Fe^ 10 S" 10 llypsana

10*ICẑ 1000 III) ' 1000 SCte Na-aoc-iais
lew tocolkkri- SrO,-' ICCO(tOO) NaO 20

toco Mn" looo S 04 !030 NdN% 20*
C4w ICO ' NH.' 1000 7m- 1000 Wa^Ck 1 0 'c,^ igo < iq IMP 1000(100)CrA* 10(1) t % .1000

5. R ea g e n ts  a n d  aux ilia ries

• P lease note the  warnings on the packaging m aterials'

IThe reagents in the tost am stable up to the cate stated on the patic When 
; stored dosed at + i5 to  +25 *C._________________________  2  J

Package contents:
25rcâctldhc^ts
1 cell with blank (white screw cap}; required only when using the 
S 0 118 photometer
1 sheet ot round stickers far numbering the ceils 
Other reagents and accessories:
Merckoquant* Phosphato Test. Cat No 1 104M.DD0I, 
maasuhP-g range 10 - 500 mgn PO ^
Universal Indicatorstrgis pH 0 -14, Cat, No, 1,09535.0001 SuWiwM&S iWkC* Nd. 1J0WZ, '
Phosphate standard sdution CertiPUR1. 1000 mg-1 PO/1,
Cat. No.'1.16398.0500
Pipette for a pipetting volume of 5.0 ml

6. P rep a ra tio n
•  Armiyze immodiatcl-/ altor sarrp'ing.
•  Check the phosphate content w-th the Merckoquanr* Phosphate Test. 

Samples containing more than 25 mgl PO.-P (76.7 rhgl POJ 5 imust be diluted 
witfidisffiiod water.

•  The m ust be within the range 0 -1 0 .
Adjust, if necessary, vrlth sulfuric add.

•  Filter turbid samples.

7 . P ro ce d u re
P g K W M  ̂ C to n c w  tlo w th , pnStqsw.weft;

'■ Meiumum eDserbssice; the wavewsih stored «  system pfnMomttets may «fier trom this

3  A pplica tions
T W  te s t mwisur#* endy drthcphôdphâtD.
Sample materiaf;
Ground.vatef and surface water, saawaler
W a s te w a te r
lixtustriai water
Boilar water
Nutrient solutions to t fertilization Snketiér appropriai sa rt^p retreatm ont

4 . In fluence o f fo re ig n  s u b s ta n c e s
This was checked in solutions cantaWng ID and 0 m gl PO<*P, The concentra­
tions of foreign substances given in the W e  to  betaw the limit ai whidi the 
determinatsn is Interfered with
The values <n parenthesesappiy tor the phosphate-free so lu tai. In s a n e  eases, 
namely the tolerable concentration "m this striutkm is lower khan ibsit inttic 
phœ phateTC om alnlrgM ^ .. --

I Concentrations of foreign substances in mgl or ü  ,

Notes on  the measurement:
•  For photomètre measurement Zhe cete must becican 

Wipc. if necessary, with a  dean dry doth.
•  Messurement of turbta solutions yields false-high reatktgs.
•  th e  pH of the measurement solution must be within the range 0.5 * t .0.
•  .The colour of the measurement solution romains stable (ofat least 60 roin 

. ■ aftsr tha end ot the roaàion time stated above.

8. A nalytical q u a lity  a s s u ra n c e
The measurement resuTscsn be cffdaby recognized under the precondition 
that analyhcai quaüt^assurance measures a te taken (ATV M 704).
To check the photometric measurement system (test reagents, measurement 
devke, handtrg) and the mod» of working, a'dilute phosphate standard solution 
texvtainifig 15.0 mgfl P O ^P canbe used
fSampfe-depteideitl hterferencas (matrix effaoti) can 66 datermined by means 
d.stançtord aefctttibn.

Characteristic data of the  procedure:
In the production control, the following data were determined tn accordance with 
ISO 8466-1 and Dl M 38402 A51 ;

Standard ctei-iatsncilthe procedure 
CocSiewot ot w rw lkn  ot me procedure 
Confidence Interval 
Number 01 tab

TtçWitrÿUW I *072%| ±ôi*dPOfp
1-12.

Sensttivtty: D.010 A (absorbance) £0.13 fngT PO,-P 
Accuracy of a  moasurament value: max, ±  OS mgl PO. -P

9. N o te s
*  Use «rîy phosphato - free dc-tergsits toctcan glassware, Otherwise 88 with 

hy#ocNor% (approx 10% ) arid tedwteetzm d for several beUro.
•  For information on drsposoi/return tor disposa! please contact your 

local Merck organization or Merck dealer.

MetAKQaA, 642/1 Darmstadi.Gemny.Tel. *49(0)6151720. Fax+49(0)6151 722000, 
errrircnmerital. analysis ® merck.de hltpdr'photomelry.merck.de
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Spectroquanf

p

Ammonium 
Cell Test

1.14544.0001
1.14558.0001
1.14559.0001

N H /
6. P rep a ra tio n

1. M ethod
Ammcmim niirogèn (NH4-N) occurs partly In the fatrnoî ammonium iûns and . 
'party a s  ammonia, A pH * p em !6m epull trtum ektets betooen the two tom s 
In stronçty alkaline so teo n  ammonium ralrogen is present almost entirely as  
ammonia, which reacts willi Irytxidiiorite ïons to form mcnochloramine, This m 
turn reacts whh'a substituted phenol to form a  Mue mdopheno! derivative that is 
determined photometrically i ............
The method Is analogous to  EPÀ 350.1, US Standard Methods 4500-NB. D. 
end ISO 7150/1.

2. M easu ring  ra n g e  a n d  n u m b e r o f d e te rm in a tio n s
Member 01

Cet No. ■«Mermfitàtiéns

1.14555.0001
1.14544.0001 
1,445590001

020*64» 
0.5 - ISA 
4.0-*0.0

0̂ 6-1000
06 .2 0 .0
5,2-103.0

For programming data (orselected photometers / spectrophotometer see the webâtç,
3. A pplica tions
TNstMtmuasuTRl̂ ammailumlonsarxldasolyedammorta.
Sample material:
Groundwater and sudace waier, seawater 
Orinting water '
Wastewater
Nutrtoht solutions tor fertilization
Soils a no food after pppropriato sample preireatmeni

4. In fluence  o f fo re ig n  s u b s ta n c e s
This waa c h e ck #  in coûtions with M im onW ccnccntfM iW lTW
of the reapecdve moasunng range and irth  O mgl NH.-N :The concentrations of
loreiun substances given in the labia tie betow the timii a! which thld-tetmina- 
lion is interfered with

Ctinircntrntionv of fsietg 
1,14555. 1.14544. 1.14559

suajtances in mg-t cr 
1(1455?.

%
1,14541. 1.14553,---

Af- 1C02 1030 1000 fcDTA tooo icqo * '•1000
2% 530 1000 Pnmiry

Ctf- 1060 toco «300 auninest1,,», 0 0
c r i 25 5 0 ' ' : jb 0 Secondaiy

. 10 25 100 10 25 too
CrA * 25) 500 1000
Cu- 25 50 23C phenols 25 50 100

IOX) 1000 KMC Amana 50 too 250
50 too 250 Triethanol-

Hÿ- 50 too 500 10CO 10% toco
hto. 50 100 600 SuTtactsnB' 1000 1000 1000

10 -25 100 Na-acetete 10% 1U% 10%
N*' -25. .53 250 N ad 10% 20%
NO 5)0 1000 1030 NaNQ, 10% .10% E0%t v tooo 10CO 1000 Naao. 15% 10% 20%POJ 250 600 MOO
S ' $ 10 SO
ao ,* loi» 101X1 toco
Zrf- -50 too 600

Rcdubnç agtms Inktfcre wSh tie  cselemiirutlau, 
lestod wrh'rrethyfasiwi 

' iesisd with dirreihytamine
“ tested wm rwiiorts .ca tcac . and amnnk w d x tm b

5. R ea g e n ts  a n d  aux ilia ries

Please note the warnings on  the packaging materists!?
: The reagents In the test arc stable up to the date stated on the pack when 
I stored closed a t*  15 to +25 ’C.

Package contents:
1 bottle of rcagont NH,-iK (contains granulate ■» dssioant capsu'e)
26 reaction ceils
1 ceil with blank (white screw cap): required only when using the 
S 0 118 photometer
1 blue dose-metering cap
I sheet of found stickers for numbering the ceils 
Other reagents and accessories:
Universal indicator stripvs pH 0 -14, Cal. No. 1.09535,0001 
Sodium hydroxide sdmion 1 moll, Cm. No. 1.09137.
Sulfuric acid 0.5 motl. Cat. No. 1,0907?,
Spedremrant6-' CombiCheck 10, C at No. 1,14676.0001 
Spectrogjanf CombiCheck 20, Cat No. 1.14675.0001 
Spedrcqjanti’CombiCheck 70, C at No. 1.14669.000!
Pipe+.e for a p-petiing volume ol 0.10 ml 
Pipette fora pipetting volume of 0.50 ml 
Pipette- lo ta  pipetilng voiume of 1.0 ml

way into the dese-metering cap. Before «ntch dosage Rnsiire that theptitie ^ I

•  Analyze immediatéty Alter sampling.
•  The pH m ust be within die range 4 -1 3 .

Adjust,H necessary, wfm sodium hydroxide, solution or suttoric add .
•  Fifter tuitiid sampies,

7. P ro ce d u re
(  1 .14S W ,

( to e t r e w w I B M . .

S . ,

1 f t > » >
if"""*"""
Add. *6*4 i ü j t *  liyily.Bntfzhi 
«jgcroùiilÿ Until the re agent le 
completefy distolved

L u v e  to  i r a n d k t  1 5  m ?n p e g c l tc n  tiriw j.'ftieri « te n s w o  sa m p le  In s h e p h d ip m e tt- r , ,

Notes on  the measurement:
•  F «  phptometnc measurement the ce ls  must be cfaan.

Wipe, if nccesssry, with a clean dry doth,
•  Messummentof fcnted sofertonsydds tetei»«gfi rewSngs,'
•  Ammonium-free samples turn yelcw on addition ol reagent NH,-!K.
•  The pH of the measurement solution must be within the range 11.5-11.6.
•  The odour of the measurement solution remains stab c for at less! 60 min 

afferthe end of toe react-on time stated above.
•  In the event of ammonium concentrations exceeding 500 mgl (Cal No, 

1,t4558.ÛC0î), 1000m gl (Cat, No, 1,14544.0001 ) .or 5000mgA (Cat.No. 
1.14559.K#;), other reaction p red m s are formed and (atso-low tcartrgs 
ara Raided. In such cast» *  is odvhahla.tocohductapiatabllitiy check ol 
the messoremenlresulls by (W n g lh e  sample (1:10 , 12100).

8. A naly tical qua lity  a s s u ra n c e
The measurement results can be elf,oaily reçogrtzed under the p teom dtoh  

„.tom»fl4lytidi4.i»iâtiy assurance m easures'are taken (AW A 7 0 4 L -^ w .^ ,l„ ..  
Itiu Spectroquani1 ComciChedt products given below can fee used tor'nis pur­
pose. Each contains a standard solution tor .cheeking toe photometric m eas­
urement system (test reagents, messurement device, handling) and toe mode 
of working and also an addition solution for deternlmmri samplo-ttopcndcnl 
tntoierenoe* (matrix sfleas). The appropmle ComblCtiiKk product can be 
ksmdtolhofoaowmgWbk:

Ammonium Celt Test CombiCheck Standard solution
Cat. No, CaJ.No. melNKrN

1.1456B.CUOI 1,14876. Ori)!, Corr.i4Check 10 4.1X3
1.14544 0001 f.14675.0001, CombiCheck 20 120

1_14M94X»1.CdmWChmA70 590
Characteristic quality data:
(n toe. production controf,toe toriowtog data were determined to accordance * #  ISOMtK-iandUiNaGiMASI:

1 1.1455A 1.14544. 1,14559.

Sttrxfcrd deviation or the procedure 4 0043 v 6 is : *049
fmg.1f,H4.f4)
CoettiC'ent ct xaristicnot the procéder (%) + 1.1 *1.6 t i a

! Contzje.nce Interval (ng,l NHvNi ±610 *63 t i i z
Nurroer o tto s 23 10 23

Characteristic date of too procedure:

| i l * : * 1.14S44. 1.14559.
Sensdmsf, 004 0.1 0.4
Absotfcrifice 0 013 A
«UT8Sr*XXh to (rpgl NHrN)
AcaracyofaroeMunvntext value m*x *0.20 max.* O.ç max. *5.6
;mn*f.H,.N:

For quatty and batch cemfcates tor Speetroquanf test kiis sen top website

9. N o tes
•  Recicsc the reagent botlie immedlaiely after use,
•  Rinse glassware arr/nonium-lree with ttstiltod water. Do not use  detergent!
•  For Information on disposaL'refum for disposal please contact your 

local Merck organization or Merck dealer.

Mc-rck KGaA. 64271 Oarmstact G errany, T d  *49(0)6151 720, Fax *49(0)6151722000, 
e-wircnmfiritil analysisffimorck cto httpV/photomelry.morek.dc-
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Appendix

Sprriroquan t

Phosphate 
Cell Test

1,14729.0001 6. P rep a ra tio n

lor tho determination of orihophcsphate and total phosphorus 
USEPA approved to r  d rinking  w a ta r and wastowatsf

1. Method
In sulfuric solurtion ortfiophosshate Ions it-a ti witn moiybdatc ions to  iorm 
m clyW ophosphohc acid Aacortiic a d d  reduces this to  phosphomoiytxienum 
bloe (PMaj that is determ ined p to ldm et'ieaty .
The method is analogous to  EPA 3655*3, US Standard Methods 4500-P E, 
and  ISO 6878,

2. Measuring range and number of determinations

•  Analyze immediately sampling.

•  Digestion tor the determination of total phosphorus (Wear eye pro­
tection!):

« 5 S S L

1.5-76.7 mglPOrt 
l . l - M i n ÿ l P A

> in Bæ cass of ftisn COD values: 2  dKes
6 A Sgsdto i fcimfiereture d  100 ’C may redit in telse-tow readings te g in ib® case of

pclyskesphew»). ,  _  . .

For programmtng data t x  sWocted photom eters Aspectmphotometere s e e  the
website,

3. Applications
This lest m easu res only orthophosphate. Sampled m ust be decom posed by 
digestion before total phosphorus can  b e  m easured  (see  section 6)

S am p le  m ateria l;GrouwwtdweridaUdaœwaiw/oeaiMtcr -
Drinking water 
W astew ater
NutoMlsdlutlotmforlerGBzatiofi
Soils after appropriate sample prèteatment 
Food after apprcprialo sample preteatm ent

4. Influence of foreign substances
This w as checked Inactdkmàconlaêàng 15 and 0 m gi P b t -P. Thetcoflcewa- 
WondOf l o n ^  auîistahcôs#wen k  the laWe 6» W ow  tha * 1#  at wWch thB ̂  
determinaRonlsWdrlomdWilh

su to ü n ces  to m g*or%  • .....

tttM F 8 0 Pb'' EOT A 1000-
1A  re '- 1000 Ë* 10 Eurtnctiniir- . --500

Ca‘- icco lH g’' 60 1000 COPlK-hye-Sgm
Crf- tOOOlMd 1000 BOA 1000 pmhafme) 750'
CN fOOPlMir" IC0O ZrF- 1000 Na-acetofr t i l , ;
DV 1000't o t i ' 1000 NaCI Z)% i
C tfit* 2S1NA' 1000 NaNO, 1U1v|
Cm' lOOOtNO,' 1C00 K a^O. 10%

Reducing ngenW Wertore f *  dolosmliwbon-
n t« t« ! wim nantor»k;,ra!femc, and enicw  siiriiKtWr.
n *  A higher COO ussy Impair the efficacy of the digo*iing miiture hr toe deter- 

/ 1 \  mtnalicn ot lo t i  phofphorrns end thus rceuil In false-low reapings. Up to 
A— A * miniimtim e l  1500 mgfl COO. tfiia can tse avoided by edding Ï  dost»  cl 

reagent F-1K Ifislead of t ,

5. Reagents and auxiliaries
iP iiaserto is# sS i^ to to g e i on  tho packaging materials!
|Tfwrwgenistoihoid#̂ stabkuptotra date stated on Ad p̂ck when
sto red  closed a t *15  to> 25  ’C, _____________

Package contents:
1 bottre of reagent F-1K 
1 bottle of reagent P 3 K  
1 bottle of reagent P-3K 
25 roaeion  cette
I  cell with blank (w hite screw  cap); required only when u sin g  th e  
S 0 118 photometer 
1 green  cose-m etering cap  
1 blue dose-meterm g cap
1 sh e e t of round stickers for numbering the cefis

Other reagents and accessories:
Merckoquanf* Pnosphate T est. C at. No. 1.10428 0001, 
m easuring range 10 - £00 mg,I POr*- 
Unh-ersalmdicator strips pH 0 • 14, C at. No, 1,09535 0001 
Sulfuric a d d  0.5 m ol l. C a t  No. 1.09072.
Spostm quanr’1 CombiCheck 20. Cat. No. 1.14575.0001

Pipette for a  P'Petting volume cl 1,0 ml 
T horm oreaabr

#Üie&lhëpĥph8(6cqnWwiÀthêM*ri*dqüW*'Ph6i*ĥ^
Sam ples contairting m ore titan 76.7 mg.1 P O .1 rtiist b e  diluted with distilled 
w ater pdortodigBStion,

•  The pH m ust be within the range 0 -10 .
' Adjuti, 8 necessary , with suiluricatid.

*  Filter turbid sam ples.

7. Procedure
PisnsatMsampte ram.

5*cps.

r#tolrto.r»ctonc#wd«v,

uaffl t ie  rengent Is conpleitiy  dusolved

lù w w  to.stsnd t i r  5 miri (niftctorvtlrBe}, |* n  ew w m  tie  sarrwie in 6» phrtoewtor.:     ------------------
-1, m *  case of riŸ'' cMclda conkrun. IT k  fiism.'-.f.nrr (rw
rciapi'inlr, P-?< ;u. :l P-PK.

Notes on the m easurement:
•  For phbtometrto measurement the ceBs must be dean.

Wipe, if necessary, with a  dean  dry cloth.
•  Measurement of turbid solutions yfelds talsc-high readings.
•  The pH cl toe measurement solution must be w ih h  the range 0.60 * 055.
•  The colour ol the measurement sokitldn remains siaWe for ht teas’. 60 min 

«AwftmtoidclthereiKiiM tW M AtedfaM ire;'''' '

8. Analytical quality assurance
The measurement results can be officbliy recognized uwter the precondition 
that analytical quaiity-assuranco measures are taken (ATV A 704). 
Spectroquanf CombiCheck 20 can be used for this purpose.
This article contains a standard solution with 8.0 mgfl PO.-P for checking 
the photometric measurement system (test reagents,- measurement device, 
handling) and Ihe mode of working sndalao an addition solution tor defer- 
WnlnQ earnpte<tepcndomirtierferenc*$(matrtxafWs)-

Characterlstic quality data:
In the production control, thé foltwiog data were determined in accordance with 
ISO 6466-1 and DIN 38452 A51.

S tan d a rt i  d c v a f io n  o ’ the  proctofcre (mg-l P O .-P ) 

C o o llk io r i (T varia tion  t i  » »  procedure 
to n lit if ic e  mterval tm g l FO.-P)

Niimterbffois

±016

Characteristic data of the procedure:

Sensitivity: .
Atowhfinco O.Otp A cawspcnds to (mgl FOfP) 
Ardwacy of s  n^aswemerit value

0A8
max.* 03

For quality arxj batÜTCertficates ferSpecfroq j a n f 1 te s t k ta  s e c  the website,

9. Notes
•  R e d o se  Ihe reâgenl boW s'im m etfiately after u s e .
•  U sé only phosphate-free deie rgen ti to  d e a n  c iassw are. OthorwSso till with 

hydrochlonc a d d  (approx. 10 %) and leave to stand for several hours.
•  For Information on disposal/return for disposal please contact your 

local Merck organization or Merck dealer.

Merck KG.lA 64271 Dammtadl, Gtsrmany.Tcl. *49(0)6151 720, Fax +49(0)0151 722000, 
onvironinen!ai.,arialysis© merck.de httpV/pholometry.mcrck.da
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Appendix

Spectroquanr ■6 k’
Nitrogen (total) 

Cell Test

1.147G3.0001

N
1. M ethod
O r g a n e  grid hwgaNc n it ro g e n  cbmpcwnds are tonsfdnrad in to  r t t a i e  s c c o rd in g  
to  K o ro te K 's 'm c th o d  b y  i re a tm e n î  w ith  e n  o x io z ih g  a g e n t  m  a  ih c rm o i e a d o r .  tn  a  
so iii tio n  a t i t t o o d  w ith  s t ifu r fc  a rx t  p h o s ^ o r i o S d . i b i s  n it ra te  r e a c ts  w ith  2 ,6-d 't- 
m e B iy ip h c n d  (DMP) to te m  44»»>"2><6mtitW «nol Stat is  d e te rm ih e d  pltbte 
m d r iô a ÿ .. .  . . . .
The digestion Is analogous to EN IS 0 1 1SO5-1.
The determ ination  of nitra te  is  an a lo g o u s t o  ISO T890O,

2. M easuring  ra n g e  a n d  n u m b e r o f  d e te rm in a tio n s

.«Wstthng range)

F o r  p ro g ra m m in g  d a r e  lo r s e - e c te d  photometers /• spednv lio tem eters  s e e  t h e . 
webs#*.

3. A pplica tions
Sample material:
GnouRdwater, ti tttk ir tg  water, and surface water 
liKlustrial water
Wastewater
, Inflow and outflow et wsciewater-treatmefit t r a i ts  
Nutrient solntttsi?. for tertilizaiiiTn 
5ri0satter a p ç ro p r la to  s a m p lo  p re t ro a b M M
"Thti te a !  is  n o t  tu t te d  lo r  seaw ater,

4 , Influence o f  fo re ig n  s u b s ta n c e s
Ths was checked In solutions containing 75 and p mg,1! N Trie concentrations ol 
foreign substa-ices'givefi In liie tabte 6e below the trait at which It it» detentirratfOR 
is interfered with.

Concentrations of foreign substances in mgtt or %

■ AI*" iteo 07- 1(00 Ni’ 1000 Sydsetants11 .R * '
:,Ca'- 1000 p Pb'- 10» CSS {K-hytboqan-
'CrT
'Cl

1000
10000

Fe-
Hry»

10Ù0 r o . '
RO,'

woo
tow

CfohMok)
Nil «rastiitf

3500
Kt'k

'C ,' 100 Mg' 1030 Sn" "  1(A) M sC f" " --
CrX)^ 11» touo Zn»- t w NaiSO. 10%

i  v. *h hiii'ii-.ric Ont m o  n hd  nrVmnic surtorT anis 
. .  y /hcn  the quantity <.i rongent ft iff  is  tibut it ed, ItNi to tenW c COD ini:uM-.t.vs 
’ \  to  7000 irg it  In the e w n t of b lÿ to r COD vetoes islsH O w  re su its ere oa tsw ed .A

5. R e a g e n ts  a n d  aux ilia ries

, P t o ^ n o , g t h e ^ ^ m , t o , ^ n g m m e ^ !

t The test reagents are stable ip t a ih e  dale staled on the pack when stored
d o se d  at i15  to «25 C.________' _____________

Package contents:
I bo tiieo h eag en tN 'lK  
1 bolke of wagon* N 2K 
1 bctoeof reB0*raN»3K
Z Sreacyuocerts.. . . . .
1 cel: with blank (write se sw e a p ) :  required  only w hen using  frie S 0 118 
photom eter
1 sheet of round stickers for numbering the cells

O ther re ag en ts  a n d  a c ce sso rie s :
Spectroquant1 COD C el Test. C a t  No. 1.14555:0001. 
measuring range 500 -1 0  ODD mg.1 
SpccTOqÙtrl" CwnWCheck 70, Cat, No. 1,14669.0001 
i.teickoqoan?’ Peroxide Test, C a t t e .  1,100! 1,0301,
PMasunng range a.S  > 25 m gl H JOj,
W ater for ort-lino analyses, C a t  No 1.01051.5000 
Sodium sultiie snfiydcas GR for analysis, Cat No. 1.08657 
Fmpty coils 16 mm with screw caps (25 pcs). Cat No.-1,14724 0001 
Pipettes for p:pe!ting vdurees of 1.0 and 0.0 ml 
Tliermureacts*

6. P rep ara tio n
*  Analyze Immediately alter samplMg.
•  Cneck, vrhers nesessai'y. the COD with the Spectroquanf* COD Cell T esi/in  

liie event of COD Values of m ete thnn 7003 m gl. trie Bampte m ust b e  diluted 
with distilled water,

/ .P r o c e d u r e
Digestion:

Dataedwator.’'

K :L
’’ h Is reccmmanded to use water tor m *«ê anelysis. Cat fki; 1.01051.5C60 
*t When using spectmquant'CombtCtiKk 70. the quantity iri rvegml N-f k mue; be 

titout*>d in ordsr to malntairs the eificacy of foe rfecompomtfon proratliing.»AiXgteiogNirêgMwê'N.IOOTiiigyiŵMtetolmteitegs. - . . . .
Check the sérrptos dçestedal 100 "C totfreestari.from perréàds with the Msrekoquani* 

. Peroxide Test. H necossary,eSminate a-xy percifda by adding a spatoto-tip o* Kxf'am 
Euh»e; ' ' •

preparation o f measurement sample:

Dps«red.cacW  ; td n «  
wmpte <

I Pipette m$t> a  m c t m  td ln  '  - i

-  r !l= ^ ;=f5Er— : ;
Notes on t t i e  m easurem ent:
• F&pteteiieite'miigswrete4Xte».te*iiWirê#!:n..

Wipe, if necessip/, w itii a dean dry cbxh.
•  M e a s u r e m e n t  o f f a r t id  .s o lu te n s  y l& 'd s fa 's e - h îÿ i  r e a d i r ^ .
•  T h e  c o b u r e f  t h e  ro e s s u r e m e n !  s d u ti'o ri re rtH iris  s t a b l e  t e r  3 0  m in  a f te r  th e 'e n d  

rit Orê reaàiori bmc êtote: mxwo. (Altor 60 mei Iriê meaaewnrinl irèfùe would 
h a v e  in c r e a s e d  by 5 % .)

8. A nalytical q ua lity  a s s u ra n c e
Trie memauremën# rèéute t e n t e  oAéte#/ reifognizedtmrtelrieprecorsditk^ Ote
a n s ly f ic a t rn ts lip i '-a ssu re rro e  m e à s i r e s  a r e  t a k e n  (ATV A 7 0 4 ; "  ’ '
S |*clfO (hjm F C ôT k(te»ck70M nteusedtete*pütp tee..
This article contains a  s tan d ard  so lu tion  w tehbO  mgT N for chncMrtg rite phpto- 
iM M  m eaeutem eni system  (test reagenR, measuretnetm devke, hafÿMrqi and
trie  m o r te  o '  w c tk tn g  a n d  afefo a n  a d d i t i o n s o l u t i o n  fo r  d e te t r a n i r 'f l  sa m p le *  
d e p e n d e n t  im e r fé re n c a s  (m a trix  e f f e a s )

C h a r a e te r t s t i e  quality d a t a :
tottep(oductm conW i1tetel!m m gd^item (ktom m edln*«cri'Oenc@ w i*i 
ISO f^ K -l  arid DIN3»i32 A51,

riuroitorkviai'onoftwmwtoiid
irrglfj)
C orffsiertt o f  vanatmt o i th e  « è fo o dft)
CorAtencamteriml
|mg4N)
Kwter'Mbta

Characieristtc data of the procedure:

Sereawtly:.
AbsortjanceO.Old A. Conoipqndsto (mytNi
Àmiraey ibt a  measurement value 
(mg*N)

^ t p k ^ t e d t e i t e t e t i f t e l M  t e ^ * t e « N ! a n r W  k tesee toearetelre.

9. N o tes
•  f i o d o s e  t h e  r e a g e n t  b a s t e s  im m e d ia te ly  a S e r  u s e .
•  For Information on disposal/return for disposal please contact your local 

Merck organization or Merck dealer.

Merck KGaA, 64271 D v r s  tarit. Gomrary, Tel. x49(0|6151 720, Tax *49(0)6151 722O0U. 
enwotvnentai.ana’y s .sy  merck.de hnpVZph01ometryfmerck.de
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Appendix

Spectroquant*
COD 

Cell Test

1.1454Î.0091i.IWKLDOOl1;H691Æ001

USEPÂ approved for wssteweier

1. D efinition
TTheCODfchêinieaï oxygen demand) expresses the amourt of oxygen oPghat. 
h g  from potassium dichro-malè t w  reacts w«ih the oddeaÿi^Bÿstaftces con­
tained in 1 1 of water tinder the working conditions of tw  ppeyfedprocedure.

lW*i6 Ab#qulvd0*ioiamol% )p«̂ arèlBxpr*ŝ àsmg4COD(nmaiO,)
2. M ethod
The wafer sample is cxldtzed with a hoi suüunc sototon ci potassium d«*m- 
rnale, wiih silver sitiale as  the catalyst Chloride is masked with m èrery  
rsuiiste.The concentration of greenCr1, ions is then determined pNÀametdcaly. 
The m ethod Is analogous to EPA 410.4, US Standard Methods 5220 D, end 
IS0 15705,

3 . M easu rin g  ra n g e  a n d  n u m b e r o f d e te rm in a tio n s

I CKNo. t Humberol
detemdnslietis

1.14541.0001

1.14651.0001

1.14555.0001 EE
For programming data for selected photometers /  spectrophotometers see the 
w ete te .

4. A p p lica tio n s
This test measures organic and morganfoccmpounds cxMzabfo by édiromafe.
Exceptions: some heterocyd c compounds (c,g pyrWine), rpraternary nitrogen 
compounds, end readily votatilo hydroeaitions.
Sample material:
In-process c o n t ro ls
.W astew ater-... . .

5. in flu en ce  o f fo re ig n  s u b s ta n c e s
The concentrations ol lotclgn substances pyen in the table lie below the limit al 
which the determination Is interfered with.

CM. Ho.
ConceMrailotv* of foreign substamcei In mg'! or f i  

Cl c m  CrO,-~ HO/ SO.1 H A  HaNO, N o fO , Hn-TO.

l.14H14X»t|imoq &5 50 W '* 'W 10% 10% 10%
hiamiaoot {Koo nm- 50 so zo% ai% 20%
1.(4555.0001 i 8000 25 68. SO *5 10 10 «  10?» 10%

6 . R e a g e n ts  a n d  aux ilia ries

Plw sem o t, the warnings on (he packaging nwW W  
Store the pack protected from llghtf
The recgcnts in the test are stable up ta foe date slated on the pack when 
stored dosed at 115 to *25 "C,

Package contents:
25 rcad cn  cells -
1 ceil with blank (white screw cap); required only when using the S 0 118 
photometer
1 sheet of round stickers for numbering the cells
Other reagents and accessories:
Mgi cksqua m* Chlonde Test, Cal, No. 1.10073.0001, 
measuring range 500 - 3COO mg-1 Ct 
SpectmgimnF ComblCheck 20, Cat. Mo. 1,14675,0001 
Specrsqua nf* ComtiCheck 70, Cat. No. 1,14689.0001 
Spectrsquant» CombiCheck .80, Cat, No. 1.14738.0001 
Pipette fora pipetting voltirrw Of 1.0 ml 
Pipaite for a pipetting volume of 2.0 ml 
Pipette tor a  plpeft-ng volume of 3 0  ml 
Thonmoicactor

7. P rep a ra tio n
•  Anaiyzp Immediately alter sampSng.
•  Homt^enlze the samples.
•  Check the chforfde content with Ihs W rckoquanf Chloride Test .

Samp tes containing more ch bride than Is stated far therespem-vB test kit in 
section 5 must be diluted with dstiSed w aîk 'piior to  (tefarfaWng the COD.

8. P ro ce d u re
; t i4 8 4 i. |i . i4 e « . ,  i . i* a 5 . |

S u w x l  h e  br«ts«n »lheieaebonceltby swirkng

pierresied

h -

|3C m . ' 10m  I CarsfuD,atoeto run kwr the

• ontn Pe reagent {Wew eye p ro r tc iiw !  
i ïh .sr tltw p m esh o .'i

reaptl

' fiem®!!) Urn t o  cr% hem lte nemwoKtor wxlfiow to eoat In a laa-Mbe rack

Notes on the  measurement:
•  For photometric measurement ihe cells must be t ie a a  

Wipe, if necessary, with a clean dry doth.
•  Measurement d  turbid sotut-ens yields false-h-gn readir
•  The measurement yaiuo remaTO stable over a  long term

8 . A nalytical q u a lity  a s s u ra n c e
The measurement results can be oditiaily recognized under die preoondibcn 
Dial analytical qualty-assiirahce measures are taken (ATV A 704).
The Spectroquant5 CombiCheck products given fcefaw can be used lor this pur­
pose. Each contains a  standard solution for checking the jshotomctrfc meas- 
utiwnont sysfam Itsiitieagents, measurement devkb. handfmg) land the mode 
of working and step an  sdditlon solution for determining sampkbdependerd 
intcdmences (matrix effacla) The aoprophaie CombiChock product d m  be 
found in thé foflowiog table:

CombiChock 
■ Cat. No,

.'Standard «elution- ..-.yngaCOO'"*"'’"
1,14541.000!
i.weaibooi
1.145850001

1.146750091, C or NChecaZU 
1.14736 OOtM.ConaChadreo
1.14@B,0001, ComWCbeck 70

7SO
1500
SOÔO

Characteristic quality data:
In tiMi production control, the fallowing data were determined in accordance with 
IS08466-1mrx| DIM 38402 A51;

StaedoddeviMkmcMbep'ocedura
(mgtCCOI
CoeRdent of vadasos of Src ptcecdjru fu) 
Cordtknca interval (mj-1 COO, 
NumbmrolMis

1,14541. 1,14681. 1.14555.

±5A a  181 ± 3 5 2

10.73 ±1.01 ± 0 8 5
± M

.30 23
Characteristic data o f  the procedure:

1.14541, 1 .1 4 * 8 1 . ! 1-14555.

SêniilMty.
Amcstanca 6.619 A 
eortespends to (rng-l COD)

17 33 | *7

Accuracy ef a measwsment value max.+30 -w x,.+ 75 max.* 136
:(mgiicoo) 1 -
fo r quality and batch certificates far" G pectroqiw f test kits sec  the website,

10. N ote
The les t reagents must not be nm  off with the wastewater!
For Information on  disposal/return for disposal please contact your local 
Merck organization or Merck dealer.

Merck KGaA 64271 Damstadt, Germany, Tel +43(0)6151720, Fax +49(0)6151 722COC. 
cnvûonmcrlol.analys.'sG mbrck.tifi httpdfptiotonw1ry.nwfck.de
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Appendix 2

pH change data for the jar tester precipitation tests
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Appendix

Appendix 3

Particle size analysis of the precipitate produced in for each site during the jar tester 

experiments
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Appendix

Appendix 4

EDS analysis of the precipitate collected from Coleshill STW
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Appendix

Appendix 5

XRD data from experiments 18-20
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