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Abstract

Formation of struvite (MgNHsPO4.6H,0) 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:POj 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. 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™ 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 Smmol.

In Phase 2 tésting 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' (Immol). The stirred tank reactor was able to consistently remove ~65% of the
influent orthophosphate concentration in the 3 experiments at a Mg:PO, 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 4.1g 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
O - Population Concentration - Minimum Reduction -
Equivilent®E)  (mgl) (%)
10,000-100,000 2 80
Phosphorus >100,000 1 80
10,000-100,000 15 70-80
Total Nitrogen
>100,000 10 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 ez al., 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
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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 dl.,
1995; Ueno and Fujii, 2001; Jaffer 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 Jaffer et al. (2002) showed the major cost to be addition of NaOH for the pH
adjustment when the influent Mg:POj ratio is close to 1:1, whereas Turker and Celen, (2007)
reported 55-60% of cost to be from addition of Mg as MgCl, when significant quantities of

Mg are required to achieve the required operation Mg:POj ratio.
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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 $100,000 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 al., 2002; Le Corre et al., 2006¢) 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

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

The objectives for the project were;

o Identify a STW centrifuge supernatant (centrate) with suitable physiochemical
characteristics for struvite precipitation and determine suitable magnesium doses for

successful struvite precipitation.

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

type reactor in a batch type mode.
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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.
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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

6
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sustain a BNR (Strickland er 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).

(B

" |Anoxic Zone} | Aerobic Zone P
Q +RAS

RAS

Figure 0-1.1: An example of the BNR process (A20 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).
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VFAS CO2Z +H20 02 or NO3
P Uptake

P Release

Stored P

Cell Growth

Anaerobic Zone Aerobic and Anoxic 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™ for a BNR plant’s sludge compared to 143mg L™ 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 e 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

8
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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 ef 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.
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2.2 The chemistry of 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):

Mg** + NH,;" + nHPO,™* + H,0 <MgNH,PO,.6H,0s) + 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 ef 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 ef al,
1999). The first stage of struvite formation is nucleation 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 al., 1999). Introduction of seeds into the liquor can bypass the nucleation stage
of formation. Seeds can be suspended solids present within the liquor or deliberately
introduced seed material e.g. quartz sand (Battistoni ez al., 2005) and struvite crystals (Ueno
and Fujii, 2001). It has also been seen that surface roughness of pipework and walls can act as

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

The nucleation of struvite is managed by pH, supersaturation, temperature and interaction
with other ions. Nucleation occurs when the combined concentrations of Mg2+, NH4*, and

PO4* exceed the struvite solubility limit (Ksp). Ksp of struvite is defined as:
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Ky= [Mg""] [NH{'] [PO{]
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 Kgp a conditional solubility product (Kso) can be calculated. The Ks, of

struvite is defined as:

»MgNH PO,
aMgaN aP

SO

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

struvite.

The Ks, when calculated takes into account the effect of pH on the formation of struvite, a Kso
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 ef al., 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 obvviously unsuitable for a

recovery operation, though are a problem for STW in scaling. Momberg and Ollermann
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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 Smins. Nelson et al. (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 ef al. (2003) was a rise
in the rate of reaction, a near tripling of the rate constant form 3.7 h™" to 12.4 h™ 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 10 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 constitﬁents changes through Slough STW
(Jaffer et al., 2001)

Table 2.1: Change in phosphate, ammonia and magnesium concentrations through the Slough
STW (Jaffer et al., 2001)

e BNR eﬂluen Blended Centnfuge‘
! ,Determinant . 2 e o Dlgested Sludge o i
e (average of 4
pH 7 7 7.3 7.6
PO (mg LY 4 65 153 95
NH,' (mg L) 2 90 1166 615
Mg®* (mg L") 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.
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The pH of the liquor also plays an important role in the speciation of phosphate and
ammonia. The change in speciation of phosphate as the pH changes is particularly dramatic.
Figure 2.3 shows the changes in the speciation of phosphate at different pH values based on

the measured pK, values of the different protonated forms of phosphate.
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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 H,PO,” and HPO,*. As the pH rises above 7.5 then HPO,* 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 HPO4* is the major ion.

The speciation of ammonia is also dependent on pH. The equilibrium constant, K, has been
reported as 5.7 x 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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_ IVELH']

= =5.7x10"
[NH,]

K,

Miles and Ellis (2001) showed with MINITEQAZ2 calculations that ammonia would start to
be evolved at pH 9, with the rate of evolution increasing exponentially. Recent work though
by Hafner ez 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™) in all sites (Ueno and Fujii, 2001; Jaffer et al., 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 Supersaturation 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 er 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, NH,, and PO, then struvite precipitation can
occur (Ohlinger et al., 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).
14
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Ap= o - s = [Ioo’ + AT In (amgz+ . anus' - 3p04 )] —

2 3 %
[ns° + AT In (8mg”" « anus” - @pos)s' |

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:

W

(a PR/ N/} 3—)s
Mg NH PO, 1=k3_Tan

(g2 Bygss Oy )’

Ap=fT In

Where Q can be defined as the divergence of the system from equilibrium (saturated) and is
the motivating force for the formation of struvite. For Q= 1, the system is at equilibrium, for
> 1 the system is supersaturated and precipitation can occur (Kofina and Koutsoukos,

2004). A relative supersaturation can be defined as

c=Q"-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 er 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™ is typical (Jaffer ef 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 nucleation was Q=
3.18 for constant pH and Q= 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 nucleation step for formation, which
could have an effect on the recovery of struvite from STW liquors as sulphate is normally
present at ~100mg L' (Metcalf and Eddy, 2003)

Levels of supersaturation of Q > 2 have been linked to the production of struvite crystal fines.
Fine crystals are small, unwanted crystals within a struvite recovery process (Battistoni e al.,
2006). Shi ez 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 al., 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 ef 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). Nucleation 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 nucleation 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 al. (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 al. (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 er 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 NH4H,PO4 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 Smmol to

55mmol increased the induction time from 2min to 20min.

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 ef 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 Eum (2002) with swine waste
water, containing 220mg L™ 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 al. (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™ 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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. 2+ + 3-
Lo=Kgp.yMg . YNH4 - VPO4

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

thermodynamic solubility product.

The solubility product was seen to increase and reached a maximum of 37.3 x 10" At a
temperature of 65°C there was a great drop in the L, of struvite to an average of 17.5 x 10™,
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 e 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 er 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 ef 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 II” 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 speciation 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 of reactor for the recovery of 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 ez 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 nucleation 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 er 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 ef al., 1999).
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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
(Mamais, 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. Burns et al. (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 al. (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).
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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 nucleation to heterogeneous primary nucleation. The
reactor produced a large quantity of fines which was linked to the over supersaturation of the
solution. This lack of nucleation was seen by Le Corre er 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 etli
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 nucleation 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 nucleation 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 al., 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 100mins (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 ef al. (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 for Treviso compared to 120mg L™ 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 nucleation 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 al., (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 al.
(2000) where the precipitation efficiency on seed materials could be related to the saturation
of the solution. Further work by Battistoni ez al. (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 nucleation
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 of reactor conditions for the controlled formation of 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 al, 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 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. Burns et al. (2001)
showed that magnesium to phosphorus ratio of 1.6(Mg):1(PQy) 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). Genérally 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 ez 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 speciation within the liquor has been shown to depend on pH (Ohlinger et al.,
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 e al. (1998) to the speciation 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 al., 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 of higher minimum
solubility’s have been published in the literature at pH 10 or higher (Ohlinger et al., 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 speciation 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 speciation 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 (H2COs) thereby lowering the pH. The removal of this
CO, by injection of air into the liquor raises the pH without the addition of base (Battistoni ez
al., 1997). This method while very attractive requires a substantial unit for the removal of
CO; from the liquor which makes it an expensive investment. Ohlinger et al. (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 nucleation 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 ez al. (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, nucleation
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 m’ d*
reactors and one 150 m’> d” reactor. Fine struvite crystals are grown within the reactor
column at a pH of 8.2-8.8. Approximately every ten days fine crystals are discharged from
the bottom of the FBR and collected. Fine struvite crystals are reintroduced to the nucleation
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) 1h, 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 650m’ 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 érystals 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 al. (2005 table
4.3) used a Imm 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 nucleation 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

32



Literature review

of the reactor. Treviso’s reactor also has the same design as the Crystalactor® with pellets

grown on sand and removed in the same manner.
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Fig 2.6 Geesterambacht Crystalactor® 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 ef 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 full
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 e? 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 nucleation and another for settling (see Fig 5)

pH Probe
Magnesium and NaOH Influent
l Wweir = ———====| Effluent

Settling Zone

I Nucleation Zone I

> Struvite
# Organic particles
& Air bubbles

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. Mamais et al. (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 al. (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 1-8h 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 MgCls. In this thesis a range of Mg:POj, 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 nucleation 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 nucleation, 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 nucleation 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 of centrate liguors

Previous reports suggested the belt press (Battistoni er al, 2006b) and the dewatering
centrifuge (Doyle et al., 2002 and Lee e 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 al. (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 fabtor 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

55



Experimental

methodology outlined in ‘Standard Methods for the examination of water and wastewater 21*

Edition’ (2006).

Table 3.1: Methods used to characterise liquor samples

| Determinant ! ~ Range(mgL”)
y Oftﬁbphbspﬁéte Merék Cell TeSt 05-25 | k
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 Merck Cell Test 25-1500

(COD)

Magnesium

Calcium

Suspended solids

Alkalinity

pH

ICP when available
or estimated as 10% of calcium
concentration

ICP when available or

determination by titration against
EDTA with Marexide indicator

Solids collected and dried from 100ml
of liquor

Titration against HCI with
Bromocresol green and methyl red
indicators

pH meter (VWR pH 100, VWR, UK).

30pg L!-100mg L

10pg L'-100mg L™

NA

NA

-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 ofjar tester setup for precipitation tests

The doses of magnesium were added to jars containing 500ml of centrale as magnesium
chloride hexahydrate (MgCh-6F*O 0.5mol/ Fisher Analytical Reagent Grade, UK). Doses
were added as zero, Immol, 2mmol, 3mmol, 4mmol, Smmol. 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

(VWRpH 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 al, 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 ofa 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

Centrale liquor
with specified
amouitsof
Magnesium Chloride

Airflow

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

precipitation
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Magnesium chloride hexahydrate solution (MgCl,.6H,O / 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 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 of MgCl,.6H,O 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 design 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 I 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 ofthe experiments.

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

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 of 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"1ofPO/ .

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 ofthe liquors was maintained at pH 9 with the addition of (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 ofthe FBR. The clarifier was designed to store
50 L ofreactant to allow the greatest time for the settling of any solid precipitate (see Figure

3.5 for details ofthe dimensions).

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

The chemistry of the liquors in the stirred tank was altered in the same manner as with the
FBR. Suitable amounts of magnesium sulphate hexahydrate solution (IN MgSC*.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 1.2um 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 Physiochemical 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 NHy. 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" 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 5t0 15
mg L, with a mean value of 10 mg L. The soluble phosphate concentration also shows a
large range of concentrations, with the concentration varying between 44 and 136 mg L,
with a mean value of 88 mg L. 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 PO4: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™ at Coleshill to 147 mg L™ 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™ Ueno and Fujii 2001; 522 mg L™ Yoshino et al. 2003.
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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 POs, Mg, NH,4 and Ca recorded
at Wanlip STW and Coleshill sludge destruction plant (all figures in mmol)

AllthOr , Mfles) ( mNg ;_11;) o (mlﬁzles)
(28512‘; Wanlip 1.0 2.0 38.1 ] 40
(%31(;) Wanlip 1.0 1.7 53.4 47
88’612‘; Coleshill 14 0.2 50.8 1.6
(Szl(‘f(‘)rg) Coleshill 1.0 0.8 49.7 23

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 4.3-4.6 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:POj4 ratios.

Increasing the Mg:PO4 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 al. (2005) where the influent orthophosphate concentrations was 68 mg
L and a Mg:PO, ratio of 2:1 but only 50% of the influent orthophosphate was removed.
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Table 4.3: Derby STW centrate liquor PO, removal as a function of Mg:PO;, and the change
in pH over the course of experiment. Sample number 1 (for pH data see Appendix 2)

PO, reinoval (%) k

pH initial 9 9 9 9 9 9
pH final 8.83 8.9 893 892 885 883

Table 4.4: Stoke Bardolph STW centrate liquor PO, removal as a function of Mg:PO; and the
change in pH over the course of experiment. Sample number 2 (for pH data see Appendix 2)

~ MgPO;ratio  0.7:1(Natwra) 19:1 3:1 41:1 52:1 63:1
"P04’rémojvs\’;‘i(%) Sl 75 = g 83 -92 i 93
pH initial 9 5 o o . .

pH final 8.88 89 8.89 882 882 8.1

Table 4.5: Coleshill STW centrate liquor PO4 removal as a function of Mg:PO, and the
change in pH over the course of experiment. Sample number 3 (for pH data see Appendix 2)

 MgPOsratio  0.1:1(Natural) 1.1:1 21:1 31:1 4.1: :1
PO, removal (%) B T S R a—
pH initial 9 9 9 9 9 9

pH final 8.93 892 884 885 884 882

Table 4.6: Wanlip STW centrate liquor PO, removal as a function of Mg:PO, and the change
in pH over the course of experiment. Sample number 4 (for pH data see Appendix 2)

Mg:PO; ratio  0.14:

(Natural) 0.85:1 1.6:1 23:1 3:1 39:1

PO, removal (%) 76 79 89 94 94 91
pH initial 9 9 9 9 9 9
pH final 8.91 891 888 885 887 883
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Figure 4.1: The impact on orthophosphate removal % with an increase in Mg:POj4 ratio

Changing the Mg:PO; 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:PO, ratios of <1:1
(>1.1 Ca:Mg) the d0.5 (50% of particles sized) is >200pm for the four sites. As the Mg:PO,
ratio is increased past 1:1 (<Ca:Mg 1:1) there is a decrease in the d0.5 particle size to
<200um, with all four site’s d 0.5 particle sizes converging in a similar pattern at <80pm
when the Mg:POjy 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 ~30pum 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:POy; is <1:1. As the Mg:PO; is increased past a
ratio of 2:1 a precipitate that is <100pm 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:PO; ratios and a pH of 9) leading to rapid nucleation (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)s.

2000 -
¢ Derby
1800 -
D Coleshill
1600 - A Stoke
Bardqlph
1400 4 © Wanlip
E 1200 A
2
]
‘1000 -
K-
k-
S 800 -
600 -
400 - 4. 6
200 - o
0 T il T - T T = T T
0 1 2 6 7 8

ﬁlg:PO, ratl%

Figure 4.2: The impact of Mg:PO, increase on the d0.5 particle size of precipiate

SEM images of the precipitate produced by variation of the Mg:PO, 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:PO;, 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:PO, 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 al., 2000) and a third indefinable mass of material similar to that from the
lower Mg:PO, ratio image (calcium phosphate). The EDS analysis showed a fall in the

amount of Ca from 8% to 5%.

As the Mg:POy ratio is raised above 1.1:1 the clumps of indefinable material are no longér
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 ef 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 ef 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).
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XRD analysis of the precipitates collected from Coleshill at Mg:POj, 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:PO; 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:POj ratio of 3.1:1 ratio, the XRD image shows struvite dominant.

L tvounts)

LIn (Lounts)
8 ¥ 8 B

g8 8 8 8

” ;%“’“ ettt sl

.
2Datr-Scoe

1.1:1 Mg:PO, ratio. Calcite highlighted 3.1:1 Mg:PO; ratio. Struvite highlighted

Figure 4.4: XRD analysis of Mg:POj 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:PO; 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™ P discharge limit.
Higher removals of orthophosphate were possible by significant increase in the Mg:POj 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:POq ratios. Crystal size can be increased by allowing
greater retention times in the reactor. Abe et al. (1995) reported the growth rate of struvite
crystais to be 0.061 mm d at orthophosphate influents rates of <100mg L. 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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Experiments 1-4 achieved excellent orthophosphate removal (>90%) but there were
considerable levels of 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.

350 n
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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 ofthese particles from the
reactor, Le Corre et al. (2007) demonstrated the effectiveness of a metallic mesh system for
the accumulation of 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 of 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 ofthe 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 66 to 97 mg
L™ 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 al., 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™ PO, run for 2 hours; Experiment 7-8 66 mg L™ POy;
Experiment 9-12 with 97 mg L™ PO, 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? h!, 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:PO4
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 of a rectangular mesh system to be 1,037g over a 30 day period. Ifthe 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.

Experiment Number

Figure 4.7: The struvite scaling rate ofthe metallic mesh system (g m"2h'l) in experiments 9-

12

Analysis ofthe solid material collected from the mesh by SEM showed the majority of solids
to be struvite (see Figure 4.8). The characteristic ‘coffin’ like structure of struvite is present

in the image.

80



Results

Atomic Calculated

Element )
% Struvite %

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 ofthe 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 10™ (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 %

xperimen | RCton  Magnesiam el

"'iExﬁeﬁme@f':‘i |
Date :

Number

12.08.06

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).
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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-by-side comparison results

The results from Phase 1 showed excellent perfbrmance 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 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!
polyDADMAC dose of a cationic polymer, polyDADMAC, could be used to form

agglomerates of crystals to produce flocs.

Table 4.9: Outline of the operation conditions for each reactor

~ ExperimentNumber

‘Experiment Date 180L07 250007
FBR No addition Polydadrgac Steel mesh
(ImgL™)
Conditions Polvdad Polvdad
. .. olydadmac olydadmac
Stirred Tank  No addition (Img L'l) (Img L")
Magnesium addition FBR 1 3 3
(mmol) Stirred Tank 1 3 3
FBR +
pH Stirred Tank ? 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:POj 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' 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 mg "' 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 conéiderable 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

; Expe‘rlme‘l»lit‘,‘ 18 Emerinién,

xpé'rimentZQ

Orthophosphate 60
removal (%)
Ammonia removal (%) 20
Settled solids (g L) 20.04
Theoretical mass of settled 26.95
solids if pure struvite (g) )
d0.5 particle size (um) 1039

25

20

4.85

7.35

239

37.89

30.87

630

7.07

19.86

120

65 65
25 30
3.19
14.06
4.1*
28.68  28.68
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 flocs 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 ofthe 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 of 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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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 um, compared to 35-40 pm seen previously though it is hoped that with time
they can grow (Abe et al., 2005). EDS analysis of the crystal marked ‘Spectrum 1’ is

inconclusive for a positive struvite identification.
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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 ofthe crystals.

Calculated Calculated
Element Atomic% Struvite Calcite

100Jjm 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 flocs 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

‘Wlthout PolyDADMA

~ With PolyDADMAC
. (Experlment 19)

Difference bétwee dos5 leference between L d0 5
: theoretlcal and collected particle -  theoretical and collected partlcle

e sohds (% ~ solids (%) - (um)
Stirred 122 NA NA
tank
FBR 36 : 120 49 50
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5 Discussion

3.1 Implications of this study to the wastewater indust

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 m> 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 Horne, 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 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. 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™ and the magnesium
concentration to vary between 6 to 24 mg L. 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 al., 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 al. (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.

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 ez al. (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:PO, 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:PO; is an important selection for both types of reactor. it can be seen from the results
that at a Mg:PO; 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 Mg:PO;
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 ef al. (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

e 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

o The jar tester experiments were all able to show a >60% removal of orthophosphate at
Mg:PO; >1:1. Wanlip, Stoke Bardolph and Coleshill liquors were able to remove
>80% of orthophosphate when the Mg:PO4 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.

e 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’ of

suspended solids was present in the effluent.

e 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™ h!. The material that collected on the mesh was easily removable with drying and

light brushing.

e 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.

e 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.
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e 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 wbrk

o Further work on the mesh accumulation device. Optimisation of the FBR and mesh
system in a continuous operation. Suzuki et al. (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.

e 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.
o 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.

e Scaling up of the reactors trialled here to on-site pilot plant.
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Cell test instructions, concentration limits and accuracy

Orthophosphate
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pn VRO

1.14546.0001
- Phosphate
Cell Test P
i : .
| S m—
-for the determi of ortl 5
1. Method
in w‘mnr: solition, orthaphosphata inns maz!wm ammm vanadm and
ammanium hepla'miyndma ta > form o1 , o
‘acid thatls ealy (VM

‘Thamathod is analogous toUs Staudard Methods 45004’ C.

2. Measuring range and number of determinations

Wavelength?

313nm

15 ~TET mp1PO>
1A =573 mpn PO,

! Mismurm ensectancy; the wavekngtn stored imsystem prodomalors may difer rom this .
valua

3. Applications

This test maasures ey eandphosphate
Sample material:

Groungwater pnd surlane walwr, saawater
Wastewatar

Inclustrizl water

Boitar watar

Nutriet solutions oz fem!i:avw‘-

Soils atier approprista sampss pretreatment

4. Influence 01 foreign substances

This was checked in solutas contalning 30 and 0 mal PO.P, The concenirar
tions of foreign substances Given in ha tate fie beiaw the limit atwhich the
determinaton is interferad with .
The values in parenthesss appiy 1or the phosphate-free solubon. b sume cases
namaly the tolerable concentration in this sofutian is lower than thatin the

pmsphamunmg sowlica,. . ST
[« ol!amgn inmofler% i

AAAAAAAAAA .
Ay . 1 vt 'Csf‘ 108 | PO WJEDTA Ba2%
Asl? mo(m Fg™ 158" 10| tiysazing 10
Ca™ 00011 1000 S0 1000 | Na-aselats W
o' !IBCQ o 1000 50, 1005 {100) { e Hita
N 1008 kot 1000 § 50 ) Nk, 20%
Co® 168 NH V000 | o 1000 § Ha S0 K%
> W0ONSINP 1002¢00)

Cr.o 10¢1) | NO: 1

5. Reagents and auxiliaries

{Pieae ots he warnings on the packaging materfat

{1ha reagnate i the test are etsble up 10 the Gate stated on n‘xe pa:ix when
istored closad 81 41510 425 °C,

Package contents:
25 peaction cels
1.celt wih blank (white screw cap); required onty when using
_SQ 118 photometer
1 shest ol round stickers for numbering the celis

Qther reagents and aceessorics:

Masckoguant® Phosphato Test. Cat. No 1.1D428.0001,
maasurng range 10 - 500 mg/t PO*

Universal indicator stips pH 0 - 14, Cal. Mo, 1,09535.0001
Sutfuric anid 0.5 metf, Cat, No, 1.09072,

Phosphate standard solution CeniPUR®, 1000 gt PO,
Cat. No. 1.16398.0500

Pipatta fora pipetting voluma of 5.0m!

the

6. Preparation

. Anatyze immediately a!‘nrsamﬂmg

# Chack the phosphate content yith the Merckoguant® P‘rmplm!a Test
Samples containing more than 25 mg POAP (76.7my/ FO ) mustbs dilted
with Sstiffed water,

® The pH must be within the range 0-10.
Adjust, it necessary. with sutlunc acid.

® Filtor turbid samples.

Ammonia

Appendix

7. Procedure

.-Notes on the mensurement:

& Forphtiometric measurement the celis must baclean. *
“Wipe, if necessary, with a clean dry cloth.
® Measurement of turbie solutions yields faise-high reatings.
® The pH ot the measurement salition must be withinthe pange 0.5-1.0.

+ ®.The coiour of the measurement solution romains stable mral teast 60 min

aftsr tha end of the rpaction tme stated am

_8.Analytical quamy assurance

Tne measurament resuts can be offcialy rm;azed unde?me precondition

- thatanalytics! quality-assurance measures ard 1akef; {ATY M 704).

" of stasrard additon.
" Characteristic data of the procedure:

o Unem(y;umv i

To check the photemelric measurement System {les! reagents, measuremant
dévice, handing) and the modo ot working. a Giute phospha:e standard solution
mzmmﬂg 15 o g/} PO, P can be used-

{matrix aflacisy can be datemined by means

in tha production eontrol, the following data were daterminad in accordance with
150 8486-1 2nd DIN 38402 AS1;

r o e proced 2009w FOP
Coc O OF watalion of Ihe precediire ab72% -
Contsénce warys’ 10 gt POLP
Hurmbesenf dola 12 '

- Sansitivity: 0.010 A (zbsotbance) & 8.13 mg'l POP

Acguracy of & maasurament value: max, + 0.5 ma PO,-P

8. Notes

h 145 to Chean gt 0, Oth £ with
hycrocmorz: amd (apnrox 10 %‘r andlesve 1o szand for vaml harirs,
» F n for dizposal please contact your
Io:m! Merck on;anlmﬂon ot Merck deater.

AT

Mmd‘KGaA 642!1 Du'm'stam Grmany Tal +49(016151 720, Fax +48(0)6151 722000,
http:#iphotometry.metck.de

emir
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L
Spectioguant’

‘Ammonium
CellTest
i

1:14544.0001
1.34558.0001
1:14559.0001

NH,*

Appendix

6. Preparation

Howd the reanent boia upright
“way o \he doseme’lex ]

] ;
L e —
1. Method ‘

Ammonam mlrogen tNhL-N) occurs pan!y ithe form of ammoniur oas &f\d
panty as ammania; A pH-dependent equif brium eidists béteen the two forms.
in strangly. akaline solution ammoniam m:rcgen i3 present akmost entirely 5
ammanis, which reants witlh hypechlorile ons 1o form menachioramine This n
fur TEacts win 8 substinfted phenol to form a blue ndopheno! derivative tat is
determingd photomatsicaly.

The method Is analogous to EPA 350.1, US Standard Methods 4500-NH; D,
und 1ISO 7150/1.

2. Measuring range and number ot determinations

Cat. No. JEN
1-14558,0001 0.26- 1030
1.94343.0001 06-206
1.34559.000% 52-100.
For pmgzamcrjng data for selrcted photometers Ispeckropmtome'e's 808 370
wabsiia

3. Applications
This test measures bath ammoniam ions ard dissolved ammonia.

Sampte material:

Groundwater and smace ws’er, .‘eawﬂ.c'

Drinking water

Wastewaror

Hutricnt solutions for festlizstion

Boils ang tond atter appropriate eample pretrestment

4. Intluence of foreign substances

This was checked iry solufions with ameionium concontrations froir the middie

of the rezpettive measunng range and with 0 mg 1 NH-N.The concentrations of
. fureign subgtances given in the tabls lie below: thiz fimit al which th' tHﬂmma-

ton 43 intmriemd witn

. Ana!yze immedate! y a‘!ar samphn;
® The pH must be writhin the range 4 « 13,

Adjust;H pecessary, with sodium Fydroxids solubon ar suburic ackd,
® Fifter ibid samples,

7. Procedure ‘

Notes on the measuremant:

® For pholometne measwremant the calls must be claan.
Wipe, 4 nocessary, with a glean dry cloth,

® Messurementof tutid solutions yiclds fassedugh teadings,

® Ammonium-fras samples turm yesiow on addtion of reagent MH-1K.

# The pH of the meascrement splution must be within the fange 11.5- 148,

® The cofour of the measuremant sbhtion remains stabie for al least €0mn
after 1he end of the teackon time stated above.

. ln tha event ¢ ammonum congentrations excaeding 500 mg1 (Ca! No.,

1.14558.00011, 1000 mg (Cat Ho. 1,14544.0001), v 5000 mah {Cat. No.

1.14558.0001), other reacton products ara fermad and alsn-low eadings
ara yielded. In such cases it is ndvisable Yo conduct a plausiblity eheck of
the measurement results by difuting the samiple {110, 1:100).

8. Analytical quality assurance

. Tne et resulis can be officvilly necognized undsr the precondtion
i Cancertentions of Jore/gr Sutstances in | mg»{‘( o % = »{{;N%ﬂ%'ghﬂﬂl Mt(y}‘:imfumwss Bra E;e‘n ATV A o 04!5;;‘;‘ »puv;
. ¥ P W SpetirguR 1 16T PIOCICTS gIven betove Can B2 use: 3
114558, 1.14534. 174850 TA9550 1454, 144553, posa. Ench cantaing a standard soiution 1or oh Lt e meas.
1o 1000 o | EDTA W00 0G0 " 106 srement sysiem {test reagents, rrf-asurcrm:vxt tevice, nand‘mg) ant the mode
850 -50G. . 1000] Primary ’ ol working and 2o an addit tor 4 sampla-d it
W56 1000 - 1900 famines [ infedterences (matrix éMacts). The approprade CermbiChack product can tie
25 50 g : Tound i the Tollowing Lubts:
10 o5 100 f amines” 10 25 100 - .
25 500 1000 § Aming Ammonium Celi Test - CombiCheck $Standard solution
25 ol 250 | ptencis 2 2] 160 . Ho, Cat. No. mo/INHN
1203 3900 100G | Anjsnis 50 ton 26 y -
% 100 250 | Tristhanal- 134558.000 114876, 0001, ComNCheck 10 Ai
&1 100 500 | aming 0o 100 1M ! ~ "
= 0 200 | Burtactsots™ 1000 1000 1590 1145420001 } 146750001, ComtsChecs 20 ; 120 !
10 25 100 { Na-acetate 10% W 1% 1185820001 1I86ER. 0001, Cs »Clw- 0 p1e2s] :
25 5 250 :MCI % 10%  Wn . -
& w00 Mk, 10 W% . RO% i
1006 1060 1000 Ma SO, 154 - 19%  pnee|  Characteristic quality data:
260 ¢ CBOD . W000 o the production cootrol, the forlowing data were deiermined in acserdance with
5 10 55 150 84861 and DIN 38402 A5 12
LTI R T T
5 100 500 To1A4s58. | 1B | %4850
Feiting 23801 Interiere with te Getermmation, Standard deviadion o e procedurs [ oavea3 | .85 | sode
: lested weh metAaming A NH-N)
= ﬁ:::g ::1«2 zﬁoﬁn%&,i;gnc and aninnic surkactants Coeticitnt of variason of fhs procodar (%) 41 218 212
Contrence fesenal {rgd NHAN) + 040 103 12
5. Reagems and auxiliaries 3 Murerof ks Ll il 2
Fleaumstothc mmingsomhe kaging m Char, dats of the proced: e . .
! Tha reagents in the testare stable up o the date sta'eu onthe pack when ! 114558, | $4544. | “9.qa8b0,
| stored closed et + 1510 +25C. : } ’
004 3} .04
Package contents: i Absartance 6 010 A
1 battle of reagent NH-1K {contains granutate » dasiceant capmes :.) COWWW 1o (ot HH M) - H
25 renction celis Accurazy of & mesiumnend vl max +0.20 | mac408 | maxa20 |
1 ceit with llank (white screw cap), required only when using the iyt i eN) : i
50 118 photometer L

1 blue dose-metenng cap
1 shest of round stickers !or numbering the cells

Other reagents and sccessories:

Universal indicator slrips pH 0 - 14, Cat. No. 1.08535, £301
Sodium hydroxide solition 1 moll, Cat. No. 1.09137.
Stilturic ackd 0.5 moll, Cal. Mo, 1.09072,

Spectroquant” CombiCheck 10, Cat. No. 1,14676.0001
Spertroguam® CombiChack 20, Cat No. 1.14675 0001
Spectroquant” CombiCheck 70, Cat No. 1.14689.0001
Fipetia tar a gipeting volume of 0.10m)

Fipeta for a pipetting volume of (.50 m!

Pipeticfora ppetting volume of 1.0m!

For quatty and batch cestficates for Spactroquant™ 1661 kit séa the wiebsiic,

9, Notes
& Racicsd the reagent bottle mmedld!elv atter use,
® Ringa glassware ammoniumn-free with distiled water, Do notuse dotergent!

® For Information on di posatre for dispoxal pleass your
local Merck organization or Mérck dealer.

Marck KBaA, 84271 Dammstact, GerTany, Toi 440016151 720, Fax +4%/0)6 157 722000,
ewvircamaitat ana)yuu‘i‘mnrrx e hitp:/iphotometry.morck.de
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100t )
Spectroguant” ‘m“ ) 1.14729.0001
Ty ‘Phosphate ;
~ CellTest P
e
for the determination of orthop , xndml phor
USEPA approved for drinking wa!a: and: msmwamt
1. Method

In sutfuric solution Mﬂophos:x'xa!e fors tcaclwm miolybdate ions 10 form
motybdophosphoric acid. Azcoic acid this to phozphomaly

Plue {PMa; that is datermined photomaticaly.

Th§ gf)m? is inalogous 1o EPA 365.2+43, US Standard Ml!hods 4500-P E,
an 6878,

2. Measuring rangs and numbar of determinations

Appendix

6 Preparahon

& Analyze immediately alter sampling
® Digestion for the detarmination of total phosphorus (Wear eye pro-

tectionl):

15767 mgh P02
11573 mpAPO,

A it tass nlb';mccbvamas 2 doses
n Adigeaslion Wimpetalurs o 100 ¢ nuw mm in talsedow nzaqus teg mtwca ol

For programeing ¢ata for selected photormeters £ spectrophotometers see the
website,

3. Applications

This test maasures only orthophosphate, Samples must be decomposed by
oipestion betore total phosphoris can ba measured {see soction §).
Sample matevlal‘

0ot L &
Drinking wter
Wastawatar .
Nutrient solations for ferflizaton
Soils ahar epprcumazﬂ sampie preteaiment
Faod after ag Tt samp‘t p

Lirtace waldir,

4. Influence of foreign substances
This was chacked in sch.ﬁmsmnzazmng 15and0 mg‘t PO‘ P The TONCLNING-
tiony of lareign subistancos given in the table e balowy the limit at which thiF«
getermination Is intertered with

7o

@ Crieck the phinzphiate contant with the Merckaquant® PhosphaleTest. .
‘Samples contairing more han 78.7 mg'l PQE’ mu"! be dxiuwﬂ with o s..m!ed
water prior fo digrsbon, i

¢ The pH must be within the rango 0-10.
“Adust, # necegsary, with sutufic acid.
# Filter turbid samples.

7. Procedure

. — ‘ s [ R ——
Ay oo |F K 100 EDTA 1000
1 ARO# 10| vex 1000 | 5F 10 ] Sorlnctanta® . <800
iCat 1000 1 Hy CEPBIOE 1000 | COD (K-hyeregan

Y% 1000 | Mg 00 | SO 1000 | prittatate) 7597
o] 1030 3 OO § 2 1000 ] Ha-azehte 5% ;
Ot 00 | NHL ieei T Hall 0%
Ce 04 25 7 100G NaND, W%
Cu T NGy e ¥a,80, 0%

Reducing sgents alurore with Bas dolerminainn.
¥ ealed witn nonigale, catianic, and anionis surtactasta
Ahighse COD may impalr the sificacy ol she cxgn:!mg i sture b the datas
A ination of total phasphonis and (hs fesut In tafsslow reasings. Up to
& maxirmre of 1509 mg? COD, this €81 b6 Avoided by adding 2 doses of
rgent P instead af 1.

5. Rcagents and auxitiarles

orthe patkaging’ mateﬁe

The rea inthe teﬂ ara stah#e upto e date stated on she pack’ when
stored closad at #1510 4257

Package contents:
1 botvie of reagent P-1K
1 bowte of resgert P-2K
1 boitie of reagent P-3K
25 reaction colly
1 catt with blank (white screw cap); required anly when using the
50 118 photometor
“1 green doge-melering cap
1 blue goge-metenng cap
1'shest of round stickers for numbering the celis

Other magcn!s and accessories:

terckogquant Priosphate Test. Cat. Na. 1.10428 0001,
mensunng tamge 10 - 00 mgt PO

Universal indicator stips pH 0 - 15, Cat. No, 1.03535.0001
Sutfuric acid 0.5 molil, Cat. No. 1.02072

“Spectrocuant’ ComhiGhesk 20, Cat, No. 1. 14575.0001

Fipetie for @ pipetting volume of 1.0m!
Tharmareacior

Total nitrogen

i :
mang B2 and P3X,

Notes on ihe measurement;
® For phmmsm: measurement the cets mus’ be clezn.
Wipe, if necessary, vath a eican dry cloth,
o N of tutbutt sobutions yiclds faise-high readings.
® The pH of the measuroméant solution Mist bS within the range 0.80 - 0.85.
® The colour tf tha moasuroment salution rcmams stabie for at least €0 min
atter the end of the reaction tme stated above: ™

8. Analytical quality assurance

The measurement resils can be officially recognazed under the precondiion
2t enalytical quality-assurance measures are taken {ATV A704),

Spammuanr" Camgiclzeck 20 canbe used forthis putpose.

This anticle contains a standard solution ¥t 8.9 mg? PO-F for checkmq

the photomotric measurement Bystam {test seagents, measuremant device,

handiing} and the mode of working and afo un addition solution for deter-

trining sample-dspendent interlerentes {rra’tﬁxeffects)

Characteristic quality data:
0 1he productian cortrol, the foliowing dsta were :iezemmed inaccardance with
150 8466-1 and DN d&mAﬁi

Srandard doviation of the procvdine (ng1 POAF) | £015
Coulfior: ¢ vasation ¢f s % ! 1%
Conlidence mterval {mgh PO,-R) 1204
Numbearof iots | 25
Charnctwisﬁc data of the procedure:
Sensit mey o8
Avombrings .010 A carﬁspcndsb {mgd mrp; .
Actiscy of B measarement value mart £ 05

For quslity and baich gertfates for Spectroquant® test kg see the website,

‘9. Notes
® Raciose the reagent boties| mdamly aeruse. i
® Use only phozphate-tree detergents to Cean glassviaro, Othervise fll with i

hydrochlonc acid (:zpp'ax 10 %} and ipave m s1and for sevaral hours. i
@ For Intormation on gi Ureturn for dl ! please contact your |
local Merck organizaﬂon or Merck dealm

Mereh KGah, 6-127'1 Dams&ladt ana'ly Tsl. 449{!)‘6151 720, Fax +43(0%151 722000,
hitp/photometry.merck.de
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4005

B.M
Nitrogen (total)
Cel! Test

Spectregquant”. 1.14763.0001

N

Sopm

1. Method
‘Organic énd inorganc nnmgen eolmouncs are transfmnﬁd ﬁmo nitrate according

Appendix

7.Procedure -
Digestion:

1o Komlel e method by trestment with 8n oxdzing agent ing i1 ma
solution acidifios with suttutic ard phaspioric aced Ahig nimm; rez:ms with 2,64
methyiphenst {DMP) totorm 4nitr2.8 hyipbenol Bial i determined pholo-
malncaly. :
'the cigewon is unebgous 10 EN ISO 119051,
er ion of nitrate is ) 1150

789071,

')

2. Measuring range and numher of determinations

For prograrmming dae forselcted pholomelsrs § spaciraphiotemeterns see tha ‘_
wabsits.

3. Applications

Sample materiat:

Groundwate’, tnaking water, and sudace waler
Industiial water

Watlewater

Intow end autfiow of wastewaler-treatment plants
Negtrient sohitiens Tor fedilization

Sailsafter appropriate sampls pretreamant

This test & not sulted for scawalus,

4, Influence of foreign substances - - ,
This was checkad In solubons containing 75 and 0 mgd N The concentations of
toreign substances givers In i tatio be bulw ther lrait & which the determsination
is interferad with.

" Ma mmrrmdwmz watst tororviee analysis, l:ai No 1 0!05! m
A When Using Spectroguant® CombiCheck 70, the quantity orlmamﬂ! N-1K st be
doubled in ardar to maintain the etficacy of the decompoasition nmr:emm
» A thgnstion mmpedture of 100 *C may resull i falser ko hathiegs.
Chenk the sarmpios dgested al 160 °C tor froedom o ;nfmm wit the Yercxonguant™
S!w&xz tssl £ reaczsmry‘t«mmmavy peroxida by adding a spatada-tip of Eodion
e

Preparation of measurement sample:
e e S AR
Do potinle Sontents

Notes on the massurement:
@ For phofametric measurrment e Colls et bis céon.
Veipe necessary, with a clean'gry cioth,

; [ ol foreign inmglor% ® Measurement of turbid 0l lutons yieids ta'se-high readings.
s s ) > PRI ML The geiaur of the measurement solution remains stable for 30 min aker th end
- 1000 | & Toon e 100G Sucactamst 500 o1 1he (tkon ime S1atoy DOVC. (MG B0 Mt 1S GRS, Ve ok
G 1000 | £ 1000 | Py €s8 hay by 6"
s 1000 | Fe~ 1030 PO v increasel by 5 %)
Re 18000 | Heie 1000 | 810
=y 10 | by 1000 | gt
=722 00 | Max 10 | 2 )
i - ~ The et ests can be ofticially retsgnized undar the precondition thet
" fented WEN hotienic, St phrd philopic sartardants Wl il are taken (AW AT0A) G
= ¥ihen the quantity of roagint NIK is doatiled, i Tolural Spec‘rccuanr‘ Co'mCheci 70 ¢an be used for this plupgse,

D
167000 /L In e event o bigher COD vahas oleatow results 818 phtaines.

5. Reagants and suxmaries

The (es! reagents mre s‘&le up h the da‘e &'n.ed nn fha‘ pack when stored
closedal 150 25°C.

Package contents:

1 botie of teagent N-1K

1 bottis o reagant H-2K

1 botsa of reagant H4.3K

25 weachon guits .

1 cal with blank (white screw cap); required only when using the SQ 118
photometer

1 she! of mumd stickers for numbering the rells

Other reagents and sccossorles:

Spactrogiant’ COD Cel Test, Cal, No. 1.14555.0001,
messuring range 500 - 10800 mgl

Specraninet’ CombiChack 70, Cat, N, 1,14568,0001
Merckoquart? Peroside Test, Cal No. 1100110201,
FOGUANG r:mgc 0.8 25 mal KO,

Water for a-line analysis, Gat No 1.01051.5000

Seatsurn sulfie antydous GR foranalyses, Cal No 1 0&&5?

Empty ool 16 mimwith serew caps (25 pos). Cat No 134724 D00t

+ Pipeties for ppeting yolumres of 1.0 and 8.0 mi

Thenmuneacts®

6. Preparation

® Analyze Immediately alier tampling.

® Gneck, viere nasessary, the COD witk the Spectroquant® COD Celt Test %n
the evant of COD values of mace than 7003 mg'l, the sa'ms-srmus! be ddutad
with ifistiled water,

Tris articts containg a standard solution with 50 mght N for chasking e phato-
metrs 6Nt system ftest reagents, maeasisement device, nanding) and
the ok o working and akst an addition w!ulion for determining sample-
dependent intarérences {matrix etects)

Characteristic quality data:

inthe production control, the folowing dila visre determined in Bcodroance Wit
1BOgEB-Tand DIN B8A02 AS1;

Brarekeea devanon of i method [T
(erg¥N) :
Go;:'f-sicn:!.'{ vasaian of the metnod L 214
Corfidancs nteryal : IEY: .
(1)
ch ic diata of the p
! Sanat ) i
Absombance D010 A 1 :
w'ms*&uis © rp Ny ; . [
Acoracy et a measurement srs&f mae s §
: {mg.’z )

For qually snd baeh certiicates for Saectioquant® test kits see the viébstte.

9, Notes

& Racios ths reagent bs"ias. mwdzmy ataruss,

® Forin! fonon for diap
Merck orgaﬂlz:mon or Merck dealer,

| please contact your locat

marrk KGah, 64271 Dammstadt, Garmary, Tol. +39(0)8151 720, Fax +43(0;61 51 722000,
ana'yss @ k.de hupiphotomelry/merck.de
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hivt] .
Sreroquay | RS §'§§§§§'823}
l coD 1.14821.0001
Cell Test

|cop

USEPA approved for wastewster

1. Definition

The COD (chemica’ oxygen demand) expresses the nrmun{ of uxygc:n cngmt
g trom ‘potassium dichromats that reacts with the oxidi tances con.
1ained in 1 L of wates dinder the working conditions o‘m tprocadins.

3 mol K:Gr,0, is aquivalent 1o 1.5 mol O; “g, '}
Results are sxpressed 8s mgl COD (= mg! O By

2. Method

The water sampla is oxidized with 8 hot syltunc solton ol potassivm tichro-
mate, with sitver siftate as tne catalyst, Chiotide 15 masked wih mercry
sutiste, Tha concentration of green Cr' lons s then delemmined photomstically.
“The method Is analogous to EPA 4104, US Standard Meihoﬂsszzo D, snd
15015705,

3‘ Measuring range and number ol determlnatlons

1 14331 ooo1
| 134691.0001
L— 1. 11::55 0o

“For programrmung data for selected pmeomem»s  spectrophotomeiers see the
webste.

-4, Applications

“This fest measures organic &nd iNorganic compounds oxt Ighzable by dichromate,
Exceptons: soms heterooyde compounds {e.g pyriding], ruaemary nitrogen
compounds, Bnd readily volalile hydrocarbons.

‘Sample materlal:

{n-procass cortrols

»wasw water

5. Infiuence of torexgn substances

‘The concentraians of luteign substances given mne tabie jia below the mit al
whizh the determinaton Is interierod with,

ir‘ Cat ko Cont of toreign inmghorss

I g1 e Cr0F NO; SG4 WO, NaNO, NoSO, WaPO,
Uinsogootlzoce 26 20 80 2 s w4s 0% fom
COLASE3LO0N SO0 B0 10 UBD L B0 R0% 0% 20%
PleesssopmfBom 25 &) 50 35 W 0w 0% 0%

Appendix

7, Preparation .

® Araiyze imnediately afier samping. -

® Homigenize the samples. )

@ Check the ehivdde mcntvrth e Merckcquanx* Chicrice Test.

Samples contalning more chiptide tharls stated for the respective (st kit i
socton S must be cilted wiih distiied wister prior to determining the COD

8. Procedure

e
Y TR {Weat: s
Ihe rall becomes hotl),

Notes on the measurement:
# For photometric measurement the cells must be tiean

Wioe, if nocessary, wtha cleandy ot w\
® Meazurement of turbid solut: 406 yields false-hign reads n
® The maasurement vatug mmam stable over A long !etm

9, Analytical quality assurance

The measuremens resuls can bs aficially recognized under the pqmmmﬂ
that anaytical quaiity-assurance maasures are taken {ATV A704).

The Spectroquant® CombiCheck products given below ¢an be used for this pur-
post. Each comtaing & standard solution for dpeckmg the phiotometric meas-
wremont. sysfam {is5t reagents, measurement device, handing) and the mode
ol working and sisoan addition selution for determining samplo-dependert
interdorences {matrix atiacts). The appropriate CombiCheek proguct can be
“fatind in the foliaving table:

‘6. Reagents and auxiliaries

Plaaxa yiots the wamings on the packaging materials
Store the pack protected from light!

The reagents in the test are stable up to the date stated on the pack when
sored closed a1 +1510 425 °C,

Packago contens:

25 reactien colls

1'coll with blank (white scraw cap}; required only when using the Q118
photometer

1 sheat of roungd sickers for numbering the celis

Dther reagents and accessories:

Merckequant” Chlorce Test, Cat, No. 1.10078.0001,
maasuring fanga 500 - 3000 mg) CF

Spactroquant® CombiCheck 20, Cal. No, 1,14675.0001
Bpecmaquant® CombiCheck 70, Cat. No, 1,14682.0001
Spec‘rcquam"{;ombr"heckso Cat, No, 1.14738.0001

Pipetta fara pipeting voluma of 1.0m!
Pripetie for a pipotting volume of 2.0 mi
Pipette fara pipattng volurer 0t 30 mi
Themoreacior

| copcenTest, | CombiChock | Ssandard salution
ki L gt M <At No, A e €O e
1MSG000T 156750008, CorbClmes 20 | 730
1HEILON0T ¢ L3733 900, CrreChack 80 i 1500,
148550001 | 1.14838.0001, CompiCheck 70 | £000
Characteristic qualitydam
In e production coniral, the 1c1mvv'xg data were determined in atcordance with
IS0 B486-1 pnd D'N 38402 AB1:
[ taesn, | tasssn | 14855
1 * .
4 thviation of the procedure 258 [ -5 4352
{rg1COD] i
Coeflilent of vasanzn of fio proderdure (%) 4073 1 4 0. €5
Corfidence interval img! CO0} PR £33 +BO
{ Number of i 30 0. =
_Charactsristic dats of the procedure:
1A | 118, | 14sss
Sansitvty 7 a2 a7
Amcgitanca CH10A
éanesponds 1o img! SO0}
.} Aczuracy of a measuroment valug max,s 30 | owx 375 | a5
é( ACOD; '
m —

For quality and bateh ceftificates 167 Spectroquant? test kits see the wobsite,

10. Note

The test reagents must not be fun off with the wastewater!
For on for disposal p&eaw contact your focal
Merck organization or Merck desler. -

Karck KGaA, BA271 Damstant, Germany, Tel +43(0)6151 720, Fax +48(0)6151 722000,
emviranrentalanalyss @ morck o0 hitp:fiphotometry merck.de
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Appendix

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 S

XRD data from experiments 18-20
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