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Summary of Conclusions
World wide interest in Recycling Phosphates from Sewage
Partnership for the future
The first international conference on phosphate recycling, organised by the Centre Européen d'Etudes des
Polyphosphates (CEEP), brought together more than 100 industry and water company decision-makers from
across the world, along with scientists and researchers, regulators from environment and agricultural authorities
and the European Commission.
Political will is needed to exploit the potential for phosphate recovery from sewage and animal wastes, the
conference at Warwick University concluded. "This will require a partnership involving the water and animal
waste industries, government authorities and the phosphate industry" affirmed John Driver, chairman of
the conference. "The phosphate industry is taking the lead in this. We are convinced that the future lies in
phosphate recycling and consider that within a decade up to 25% of phosphates used in detergents and
other high-grade applications could be recovered from sewage and animal wastes".
Potential for P recovery
The quantities of phosphorus present in sewage and animal waste are significant compared with the needs of the
detergent and high grade phosphate industry. EC regulations and local environmental objectives are making
phosphorus removal from waste waters increasingly widespread. These two facts mean that in the future
phosphorus recovery for recycling could become economically viable. The conference heard that in the UK
around 40 million tonnes of domestic sewage* is produced each year as well as some 150 million tonnes of farm
animal wastes. A further 150,000 plus tonnes is excreted directly onto fields.
* tonnage of organic wastes present in sewage before dilution with tap and rain water.
These wastes can be estimated to contain around 45,000 and 200,000 tonnes, respectively, of phosphorus (as
P). Together this represents approximately six times the consumption of phosphate products in the UK (detergent
phosphates and other high grade applications such as metal cleaning, pharmaceutical and food uses).
Recycling -- a viable option
It is likely that a significant proportion of this P would be available for recovery. Logistical reasons, such as the
cost of transport and the scale of installations, will make recovery for recycling likely to be an economic option
only in the case of large, geographically concentrated waste streams (sewage from urban areas, intensive animal
production). In rural areas, agricultural sludge or manure spreading will remain the best option for recycling
nutrients.
Only part of the P in each waste stream can feasibly be recovered. In sewage treatment, for example, recovery is
most efficient in side stream processes and in this case a significant proportion (probably 40 – 50%) of the P will
be "lost" into sludges. A higher proportion could be recovered by hydrolysing the sludges to release trapped
organic phosphates.
However, in the UK, even a conservative estimate of the potential for P-recovery and recycling (50% recovery
applicable to 25% of sewage and to 15% of animal wastes) represents half of industrial phosphate demand.
Fertiliser and animal feed, however, use 5 - 6 times more phosphates than industry.
The obligation to remove P from waste waters

The European Urban Waste Water Treatment Directive 91/271/EEC (21st May 1991) requires P removal to be
installed at all, except very small, sewage works in eutrophication sensitive areas by December 31, 1998.
Eutrophication sensitive areas are designated by national governments of member states. These are all lakes,
rivers, estuaries and coastal waters which are already eutrophic, or may be vulnerable unless protective
measures are taken. Within these sensitive areas (by Article 5.2 of the Directive) P-removal must be installed at
all sewage works serving conurbations of more than 10,000 pe (person equivalents). This treatment (Annex I.2.b
of the Directive) must remove at least 80% of phosphorus and reduce concentrations in the outflow to below 2
mg/l (1 mg/l if > 100,000 pe). 70-80% of dissolved nitrogen must also be removed.
Although this Directive is not yet universally applied, and the 1998 deadline will not be fully respected in some
Member States, it is clear that P removal will increase in sewage treatment across Europe in the near future.
The national definition of sensitive areas is subject to regular revision. A tighter definition would bring more waste
water treatment plants into the remit of the Directive.
P removal versus P recovery
Where P is removed from waste waters, it is transferred to sludge, either in an organic form -- biological P
removal, or as a chemical precipitate --chemical P removal.
The majority of sewage works equipped with P removal in Europe use chemical precipitation, often simultaneous
with secondary biological treatment with the result that the chemical precipitate is mixed into the organic sludge.
Iron compounds are the most widely used chemical for P removal, although aluminium compounds can also be
used. This means that sludge volumes are increased not only by the addition of phosphorus as phosphates, iron
or aluminium are also added.
Effective P removal requires higher concentrations of precipitation chemicals than will
actually combine with the available P, further increasing sludge volumes. John Upton, Severn Trent Water, UK,
indicated that P removal using iron precipitation increases sludge volumes by 40% on average.
This method also results in increased chloride concentrations in outflows. Iron precipitated phosphorus is not
readily available to crops. The excess of iron salts in sewage sludges can fix existing P in soils further reducing its
availability to crops. This reduces the value of these sludges for agricultural spreading. Where sludge is
incinerated, the phosphorus compounds are non combustible, reducing the calorific value of the sludge and
increasing ash volumes needing to be landfilled. Recovery of P for recycling, rather than its transfer into sewage
sludges, offers economic and environmental paybacks for the water industry. These benefits must be compared
with the investment and running costs of P recovery installations.
Economic and technical feasibility
The conference examined the technical pathways currently under development as well as the economic
boundaries which would make P recovery a viable option. These discussions are detailed below and summarised
here.
Economic viability will depend to some extend on the price the phosphate industry is prepared to pay for the
recovered product, the costs for the water industry of Precovery compared to P removal processes, and
predominately on sludge disposal routes and costs.
The phosphate industry might reasonably be expected to pay a small premium for
recovered P, compared with mined phosphate rock, as it contains lower levels of heavy metals and other
problematic contaminants than most natural rocks.
Transport costs, however, will be significant for phosphates recovered from sewage
works spread over the country. A medium-sized sewage works, of 100,000 pe, might
produce 1-2 lorry loads of recovered phosphates per month.
The calcium phosphate Crystalactor® plant at Geestmerambacht, Holland, produces
200 – 300 tonnes/year of phosphate pellets from a 230 000 pe sewage works.
Hideo Katsuura, Unitika Ltd, Japan, indicated that phosphates recovered as struvite by his company are currently
sold to the fertiliser industry at around $150/tonne (13.5% P).
The conference looked at the costs of P recovery processes. Several pilot, and full scale plants, have been tested
or are already operating in different countries, recovering phosphates from waste water streams through calcium
phosphate or struvite formation (see below).
Both pathways can produce pellet-like solids which are readily drained to below 5-10% water and can offer 5 –
15% phosphorus content. For comparison, mined phosphate rock currently used by industry typically has a 20%
phosphorus content.
Other techniques for P recovery exist at the lab or experimental scale, including ion
exchange and recovery from sludge incineration ash.
- pilot plants at sewage works :
- Darmstadt, Germany (Karlsruhe University pilot financed by CEEP, 1997-1998), fluid bed reactor 270l/h ;
- Chelmsford, UK (Essex and Suffolk Water [Compagnie Générale des Eaux]/DHV, 1997-1998), DHV
Crystallactor® 700 l/hs ;
- Warriewood, Australia (Sydney Water/Australian Water Technologies fluidised bed demonstration plant, April
1995 – March 1996. 50,000 pe and 120,000 l/day) ;
- Westerbork, the Netherlands (DHV Crystalactor®, 1988).

- full scale plants :
- Japan, Shimane Prefecture (Unitika Ltd, struvite production from sewage), 45,000 m3/day, commissioning
September 1998;
- Japan, UBE Industries Sakai plant (Unitika Ltd, struvite production), 48m3/day, running since 1995 ;
- the Netherlands, Geestmerambacht (Uitwaterende Sluizen Waterboard Edam, 230,000 pe.) and Heemstede
(35,000 pe), DHV Crystalactors® forming calcium phosphate from sewage ;
- Avebe, the Netherlands (struvite from food industry wastes, DHV Crystalactor®, 150m3/h) ;
- Putten, the Netherlands (precipitation of potassium struvite from 700,000 tonnes/year of calf manure, Geochem
Research and Delft University) ;
- Gaggenau, Germany (precipitation of calcium phosphate from industrial waste waters, Mercedes
Automobiles/Karlsruhe Research Centre), 160 m3/h.
Other full scale plants are known to be functioning using a calcium phosphate recovery process developed by
Kurita Water Industries Ltd but precise details are not currently available.
The economics of these operations were examined. Costs are very difficult to assess as these plants have been
designed as experimental or demonstration processes and
design and running costs should significantly reduce with engineering and operating
experience.
Paybacks for the water industry
P recovery offers the potential to significantly reduce sludge production compared with established P-removal
processes. The economic payback will depend largely on the sludge disposal options available.
Several participants underlined the tendency to limit agricultural spreading of sludge,
because of local nutrient excesses, risks of heavy metal or pathogen contamination,
local public resistance (odour problems) or because of problems of food industry
acceptance. Quality charters defined by supermarket chains, oil mills or dairy
industries, in many countries, increasingly proscribe sewage spreading.
P recovery can also relieve the water industry of certain operating problems. Struvite
precipitation in pumps and pipes will be prevented downstream of P recovery. Heavy
metals may have a natural tendency to be trapped in recovered phosphates, reducing contamination of outflows
or sludges. The phosphate industry is well equipped to deal with these metals with in existing processes.
P recovery is generally readily compatible with nitrate removal, and can even directly
contributes to this, if P is recovered as struvite.
Conditions for P recovery
It is probable that P recovery for recycling will be viable only in certain situations:
- sewage works subject to the obligation to remove phosphorus ;
- large or concentrated waste streams, ie sewage works in urban areas or intensive animal production, where
transport of the recovered P can be rationalised and where recovery installations would be of an economic scale ;
- areas where the low cost option of agricultural spreading of sewage sludge or manure is not available.
Although the proportion of wastes concerned by these criteria is difficult to assess, the conference concluded that
it is probably significant and certainly will increase over coming years.
P recycling and the phosphate industry
Phosphates used by industry and in fertiliser manufacture are currently extracted from mined phosphate rock, a
non renewable resource. Most of Europe's needs are imported, in particular from Morocco, South Africa and
Russia.
A limited resource
Recovery of phosphates from wastes therefore enables industry to replace an imported non-renewable resource
with a sustainable recycled raw material.
The conference heard from Ingrid Steen, Kemira Kemi Sweden and CEEP Chairperson,
that world reserves of phosphate rock are currently estimated at around 100 years,
depending essentially on the rate of intensification of agriculture in developing
countries. This time scale, based on commercially exploitable reserves using current
technology, is around twice that currently estimated for the depletion of petroleum
reserves.
Current phosphate rock reserves mean there is no short, or medium, term pressure on
industry to turn to recovered phosphates. The phosphate industry underlined to the
conference, however, that the quality of rock available to industry is already
deteriorating with a lower P content and higher contaminant content (heavy metals, iron, aluminium).
John Driver, Albright and Wilson, UK, indicated that the P content of rock available to
industry has been falling by an average of around 1% per decade.

Sustainable raw material
Recovery of phosphates will, in most processes, concentrate much of the heavy metal content out of waste
waters, in particular sewage, into the recovered phosphate product. This may have significant advantages for the
sewage works operator. Even so, the recovered phosphate products will contain levels of heavy metals -- one or
two orders of magnitude lower than those found in phosphate rock.
The phosphate industry is well equipped to remove heavy metals in its processes, although at a cost. Recovered
phosphates offer both a quality premium to thephosphate industry and an opportunity for the water industry to
eliminate problematic contaminants.
Cadmium, in particular, has been the focus of much attention in phosphates imported for fertilisers. There is an
expectation that standards will tighten significantly in this area. The EC, it was noted, is financing a project to
remove cadmium from phosphates mined in Morocco, on site, to avoid their transfer to Europe.
Redefining industry structure
The use of recovered phosphates, produced in appropriate chemical forms, should not present a processing
problem for the phosphate industry. They would however necessitate a major redefinition of the industry's
structure and logistics.
The European phosphate industry's structure has increasingly moved towards a small
number of large production plants. There is only one remaining phosphorus furnace site in Western Europe
(Vlissingen, Holland) and less than a dozen phosphoric acid plants (phosphoric acid is also imported from
production plants situated alongside the
phosphate rock mines).
In the long term, the use of small, diffusely produced quantities of recovered phosphates would necessitate
restructuring the phosphate industry. Small local production units and appropriate stocking, grouping and
transport systems may be needed.
In the short term, to get recovery started, it may be more appropriate for recovered
products to be recycled locally in agriculture.
Positive future
The conference heard that, despite these challenges, the European phosphate industry is convinced, at top
strategic management level, that P recovery represents a feasible and positive future.
The organisation of this conference by CEEP, the joint research fund of the European phosphate industry and
sector Group of CEFIC (European Chemical Industry Federation), confirms this conviction.
The overall objective of the conference was to look at how to move towards this sustainable vision for the future.
The conference requested that the phosphate industry establish a clear description of its wishes, and
requirements, regarding the chemical and physical form of P recovery products - including the impact on the value
of such products of different factors.
Conference conclusions
It was concluded that phosphate recovery and recycling must involve the high grade
phosphate industry (represented by CEEP, the organisers of the conference), but also the fertiliser and animal
feed industries : all of whom use phosphate rock as a raw material.
Recovered phosphates will be most appropriately recycled through one or more industries, depending on the site
of production, local markets and the recovered product type.
Local solutions
Recovery for recycling will be logistically, ecologically and economically viable if it is
developed for waste streams from municipal and industrial waste waters, as well as from agriculture, and recycled
back to the consuming industry offering the best local solution.
The conference clearly indicated that from the waste operator's, or regulator's, point of view, there is no reason to
distinguish recycling back into agriculture from that into high grade phosphate products as the phosphate industry
is perceived externally as a "whole", including all these sectors.
The phosphate industry representatives present (CEEP) agreed to enter into
discussions regarding phosphate recovery with both the animal feed industry and the
mineral fertiliser industry.
Joint research and development

The conference concluded that joint research and development is necessary between the water and waste
industries, the phosphate industry and environmental regulators. The objectives should be to improve the
economic efficiency and to generalise the technical know-how of phosphate recovery for recycling, both into
fertilisers and high-grade industrial phosphates for detergents and industrial uses.
Regulator support
The political and financial support of regulators (environment, industry and agricultural authorities), and in
particular the EC Commission, will be important to enable this joint research and development to be launched.
Industry called for political leadership and EC research support in this area.
Areas for research
The conference identified the following areas where scientific research and development are necessary to give a
better understanding of the feasibility and potential for P recovery :
- economics of P recovery : costs, payback for industry, paybacks for the water industry and waste operators, and
the way these economics may change over coming years ;
- economic study of existing P recovery plants and estimation of cost improvements possible through wider
application and experience ;
- establishment of an economic model of costs and paybacks for P recovery in different situations
- study the chemistry of the two currently developed P recovery pathways (calcium phosphate and struvite
formation) : complexities of crystallisation / precipitation of the different complex molecules of these products, their
formation conditions and reaction kinetics ;
- lab scale experimentation of calcium phosphate and struvite formation to obtain a better practical understanding
of their application in a waste water context : investigation of chemical and physical conditions for phosphate
product formation in different processes and waste water media ;
- effects on phosphate product formation of potential inhibitors likely to be present in waste waters : organic
molecules, metals;
- potential of phosphate formation for P recovery as a route for removing heavy metals from waste water streams
;
- research into other P recovery routes, in particular ion exchange ;
- technical and economic feasibility of the use of different recovered phosphate products by the phosphate and
fertiliser industries, in existing or modified process routes;
- use of struvite and potassium struvite as a fertiliser and by the phosphate industry
- construction of demonstration scale, mobile P recovery installations, for both calcium phosphate and struvite
recovery, designed for testing P recovery performance in different conditions (varying operating criteria, different
waste water streams …) ;
The conference provided the first contact between a significant number of organisations and individuals who
confirmed their intention to put together programmes and initiate research. The diffusion of this document should
extend these links to the hundred plus other organisations that expressed interest but were unable to attend.

Summary of Discussions

(1) Boundary conditions for P recovery
Phosphate recovery for recycling will only be technically and economically viable in certain situations. For
municipal waste water treatment plants, the conference identified the following criteria which will define this:
- P removal installation :
P recovery will only be viable where P removal is installed. Application of the EC Directive 91/271 will significantly
increase the number of sewage works concerned in the coming few years ;
- sewage sludge disposal options and costs, including investment and running costs for thickeners and digesters :
where agricultural spreading is possible, this is usually the cheapest method of nutrient recycling ;
- size of sewage works :
scale of installations and collection costs for recovered phosphates mean that P-recovery is most likely to be
attractive in medium to large sewage works ;
- sewage works typology and current state of modernisation :
P removal is more easily integrated into biological P-removal systems or in sewage works where P removal has
not yet been installed ;
- N removal :
P recovery can facilitate N removal, via struvite, and is more easily integrated into plants fitted with N removal ;
- quality of recovered P : handling properties, P content, concentrations of impurities:

the phosphate industry may be prepared to pay a premium for a high P product ; levels of most contaminants will
be considerably lower than those found in currently exploited mined phosphate rock ;
- presence and options for management of heavy metals :
P recovery can offer the water industry a removal and disposal route for such
contaminants ;
- capital costs : critical size/capacity ratio ;
- running costs for P recovery, chemical costs for P recovery compared with P removal by precipitation ;
- impact on sewage works operating problems :
P recovery may facilitate operation by avoiding phenomena such as accidental struvite precipitation in pipes and
on pumps ;
- operator know how and "culture" :
P recovery is a relatively complex process to pilot compared with chemical P precipitation but is comparable with
the operator control know-how developed in modern sewage works
using biological P removal or nitrogen removal ;
- P content of waste water stream :
higher P contents render P recovery more economic ;
- logistics of recycling of recovered P : transport costs, structure of the phosphate
industry, possibilities for the development of local processing units : the phosphate industry will have to evolve
and modify its structure in order to establish a
stable market for recovered phosphate products ;
- public opinion :
the public needs to understand the contribution of P recovery and recycling to sustainable development. The risk
of public concern over the "health aspects" of recycling constituents of sewage needs to be addressed.
Participants estimated that in the UK, for example, P removal is currently installed in
23 sewage works, and will rise to 80 by the end of 1999, and 200 by the year 2000.
These are mainly the country's largest sewage works, so that by this latter date,
around 50% of the UK's municipal waste water flow will undergo P removal.
Increasing costs for sludge disposal, in particular the obligation to incinerate sludge, renders P recovery more
attractive. This is due to a reduction in sludge volumes resulting from P removal (elimination of phosphatesand
avoidance of the addition of larger than stoichiometric quantities of iron or other salts for P precipitation).
It was affirmed that there is no health risk from industrial recycling of phosphates from sewage. No pathogen
canconceivably survive the pH and temperature conditions of the chemical processes used by the phosphate
industry. This does not
eliminate the possibility of adverse public opinion associated with the concept of recovering ingredients from
sewage and animal wastes for uses such as detergents, food additives, animal food supplements.

(2) P recovery and the Water Industry
Future sewage sludge disposal options
A number of questions remain concerning the future for sludge disposal options :
- agricultural spreading of sewage sludge is increasingly under pressure, for reasons of nutrient saturation of
soils, distance from urban waste water treatment works to sufficient farmland, contamination of soils with heavy
metals, pathogens or other
pollutants, local opposition because of nuisance problems and image problems ;
- landfill and sea dumping options are disappearing through environmental legislation ;
- alternatives to spreading include biogas generation, composting and hydrolysis : however, the "markets" for
nutrients in the resulting products (and in particular for phosphates) are limited ;
- finally, incineration is a very costly route for sewage sludge disposal. Taken together, these different factors
mean that the reduction in sludge quantities
resulting from P recovery can be a very significant economic factor.
Agricultural sludge spreading
There was a general view that the disposal of sewage sludges to farmlands will
increasingly be limited and expensive in the future.
On the one hand, the areas of land available for spreading are decreasing (for the
reasons given above). On the other hand, the effective application of the EC Urban
Waste Water Treatment Directive will increase sludge volumes. Further tightening of
urban waste water treatment obligations are likely in the future and will accentuate this.
Sewage

The option of agricultural spreading of sewage will depend on the local context.
In France, for example, sewage from urban areas is increasingly incinerated :
geographical concentration and suburban development means that there is insufficient farmland locally available
for spreading and leads to opposition from inhabitants.
However, in rural areas sewage is generally spread on the land. France is a large
country and small towns away from the large cities have large areas of farmland
accessible. However, even in rural areas, agricultural spreading is being questioned and limited for reasons of
contamination from various pollutants.
Animal wastes
For animal wastes regulations regarding spreading on land are also becoming much
tighter, and therefore increasingly costly. Also, the tendency towards intensification of animal husbandry leads to
localised surpluses of farm wastes in excess of the capacity of nearby farmland to accept manure.
Knowledge gap
Farmers and waste producers will have to solve nutrient management problems if they are to stay in business. P
recovery may provide a solution in some circumstances but there currently seems to be a significant knowledge
gap between industry and waste providers relating to scale, economics and logistics, etc..
New legislation needs monitoring and influencing so that it is directed towards real
environmental goals. Soils should not be used as sinks for unwanted materials.
Quotas
Quotas for sludge spreading are often limited by the nitrogen content, not the P content. This can lead to excess
levels of phosphates in soils where sludges have high P contents (P removal fitted in sewage works). P recovery
could improve this situation. Bob Foy, of the Northern Ireland Department of Agriculture, indicated various
problems with the agricultural use of sewage sludge. Increasingly, supermarket chains require that land used to
supply quality assurance produce should not be treated with sludge.
He suggests that sludge from sewage works equipped with chemical P precipitation does not provide available
phosphorus for crops. On the contrary, sludge rich in iron or aluminium may deliberately be used as a means of
fixing phosphorus and reducing
leaching and runoff.

Sludge disposal and nutrient management
Although P recovery from sludges was seen as making a valuable contribution to
environmental management, the need to solve all sludge disposal problems was also
raised. Bengt Hultman, of the Swedish Royal Institute of Technology, underlined the need to recycle all the
materials in waste waters -- nutrients, energy/carbon content, metals …
Recovering phosphorus would reduce the value of sewage sludge for farmers if carried
out in isolation.
Residual sludge
With the development of P recovery, the problem of residual sludge disposal still
remains. This has, to some extent, been addressed in Scandinavia : in experimental
processes, sludge is treated with acid, or steam, to hydrolyse it, thus releasing more of the nutrient value. The
economic and technical feasibility of such processes remains to be proved, however, as they involve significant
energy and chemical input, as well as high investment costs.
Bengt Hultman suggested that hydrolysis of sludge would enable 90%, rather than
40-50%, of P to be recovered for recycling.
Composting is not a viable solution for sludge treatment and nutrient recycling as it is
too energy intensive and has a very limited market due to competition from other
compost products.
P removal by chemical precipitation
Many European sewage works performing P removal to comply with environmental
outflow regulations currently use chemical precipitation using iron (Fe) or aluminium (Al)
salts. This produces phosphate products which cannot be recycled by industry (see
below) and have little or no value as fertilisers as the phosphorus is poorly, or
non-available, to crops.

Precipitation for P recovery
The need for P recovery technology was widely recognised as an alternative to
precipitation with Fe and Al salts.
Nic Booker, CSIRO Australia, suggested that more than double stoichiometric
concentrations of iron salts must be added to waste waters to achieve P precipitation down to outflow
concentrations of 0,5 mg P/l. Significant quantities of available iron would be present in this sludge. Where this is
spread on fields, not only is the phosphorus in the sludge poorly available to crops, but the available iron would
further reduce availability of existing soil phosphorus.
P recovery technologies and P recycling in the phosphate industry
Chemical P removal by traditional methods will generally preclude P recovery for
recycling by the phosphate industry because the phosphorus is precipitated out using
iron or aluminium salts. The resulting iron or aluminium phosphate compounds are
incompatible with technologies currently used in the phosphate industry. They either
requiring excessive energy input, to separate the phosphates from the added
precipitation chemicals, or interfere with the industrial process. John Driver, Albright and Wilson, UK, indicated
that approximately 2% iron is the maximum which can be dealt with in the "wet acid" phosphate industry
processing route.
Dees Lijmbach, Thermphos, Holland, indicated that 1-2% iron, and approximately 2%
aluminium, are the maximum levels admissible with existing technology in the thermal
process route.
Workable technologies
Various technologies enable P recovery in a chemical form that can be recycled by the phosphate and/or fertiliser
industries.
The routes for the formation of calcium phosphate, or struvite, are already well
developed, and both demonstration and full scale plants are running. These routes were discussed in workshops
at the conference, summarised below. Experimental installations have also been studied using ion exchange,
magnetic precipitation and other techniques. These merit further investigation, but their application in a waste
water context may prove problematic.
Nic Booker particularly underlined the interest of the "RimNut" ion exchange system
because of its applicability to large volume streams of waste water with high organic
concentrations. In contrast most existing P recovery technologies are best adapted to a relatively "clean" side
stream.
Sludge incinerator ash can contain a high level of phosphates, similar to incinerated
chicken litter. The latter may be more appropriate for P recovery. Sewage sludge
incinerator ash is very variable rendering difficulties in the design of industrial recovery processes. Also, if the
sludge is produced via chemical precipitation of P by iron or aluminium, these chemicals will prevent P recovery.
P recovery and biological P removal
Biological P removal may offer interesting opportunities for P recovery. Marc van
Loosdrecht, Delft Technical University, Holland, explained that bio P removal know-how has significantly
improved over recent years. Plants have become reliable and offer very efficient P removal. Well managed
modern plants generally enable outflow
concentration to remain within regulatory limits without further chemical P precipitation.
Bio P removal plants include a side stream, or return stream, with a relatively high P
concentration in lower volumes than the main stream -- and usually with relatively stable conditions. This is
particularly appropriate for P recovery. However, only around 50% of the input P will be available for recovery in
such a side stream, the remainder being fixed in the organic sludges.
One of the difficulties is that the P is fixed into aerobic sludge. This is susceptible to
releasing the P if it becomes anaerobic at any stage before effective disposal (such as through spreading or
incineration), and in particular, during thickening processes. P
recovery can alleviate this problem by transferring much of the P into recovered
products, rather than into sludge.
Removal performance
Nic Booker, CSIRO Australia, underlined the problems of process control for bio P
removal. Outflow concentrations of < 0.5 mgP/l are obtained when bio P plants are run by engineers, but often not

by waste water operators. The main factor influencing bio P removal performance is usually the control of organic
substrate quality and concentration.
It is noted that the kind of engineering know how and control necessary to effectively run bio P removal plants is
comparable to that necessary for P recovery technologies, which are also relatively sensitive.
(3) Phosphorus Recovery from Animal Waste
Dees Lijmbach, Thermphos, Holland, reviewed the presentations at this workshop by
Dr. Haygarth (UK Institute of Grassland and Environmental Research) and Leo van
Ruiten (van Ruiten Adviesbureau, Holland).
Manures contain differing amounts of P. Manure production in Holland is quite
different from the UK in that it is concentrated in three provinces. There are
regulations limiting the level of P application to farmland. For these reasons, the
manure needs to be moved within Holland, exported or processed.
Participants requested better information regarding the quantities and forms of
manure. Some forms may be advantageous for land application while others are
better processed.
Optimising manure as fertiliser
There was some discussion of reducing the phosphorus content in non ruminants'
manure by added phytase. It was pointed out by a feed supplier that this has to be done carefully to avoid
associated health risks.
It is preferable to optimise the use of manure as fertiliser before looking at other
options. It seems illogical to take the nutrient resource off the farmland and import
chemical fertilisers. This will require improved farming practice : farmers will have to
track the P cycle on their farm, noting incoming feed and fertiliser and outgoing manure and crop products.
Farmers need to know how much of the P in the manure is available to crops.
When applying manure to land nitrogen content and odour should also be considered.
There are concerns of storage problems and potential leaching and transfer to water
after spreading. Strategies need to be established to minimise nutrient transfer to
watercourses.
Land spreading may be the best solution in the UK since livestock is not as
concentrated as in Holland but alternatives still need to be developed. Transfer of
manure to neighbouring regions should be considered but poses transport problems and costs.
Incineration is viewed as the next best option to land spreading.
There were concerns that legislation might change these suggested use options. There are economics to
consider and these will vary by region and animal type.
Stabilisation of the manure -- to make it available when the farmer needs it and improve handling and transported
-- is an important area for research. Production of biogas from manure prior to spreading can reduce odour,
eliminate weed seeds and ensure stabilisation and drying -- therefore reducing transport costs. It was pointed out
that incineration also addresses these issues.
Phosphorus may be too inexpensive a commodity to make recovery and sale attractive today. But as a valuable
and limited resource, the price can be expected to increase over the long term as reserves are depleted -although there are no trend in this direction can yet be identified.
The role of regulators
Legislation may be the only way forward. Common Agricultural Policy rules will
change the way we farm. Except in certain cases, such as very large industrial
production units and chicken litter, P recovery from manure is only likely to be
adopted if and when better nutrient management requirements are imposed by
regulators.
The phosphate industry believes, however, that it is important to initiate
research and development into recovery from animal wastes because they
represent a concentrated and relatively homogenous source of phosphorus
and because a tightening of regulations is highly likely, even if the time scale
is not currently known.
Farmer involvement
The average farmer does not want to be involved with the P cycle and would sooner let the experts handle his
manure problem. However, farmers are unwilling to pay the costs of processing manures. This has led centralised

processing factories to fail for economic reasons.
There is no clear competent body to take a role as a player for P recovery alongside the phosphate industry.
Waste operators are rarely structured -- no equivalent of the water industry exists -- and farmers' organisations
are not generally motivated on this subject.
The phosphate industry will have to address regulators to make progress on P recovery from animal wastes.
Viability
Leo van Ruiten's report, produced for CEEP (a draft of which was presented at the
conference), concludes that for Holland, despite the large quantities of calf and pig
manures, it is improbable that P recovery from these sources will be economically viable in the near or medium
term future.
Recovery of P from incinerated chicken litter is the most likely route for P recovery.
Chicken litter is produced in large, concentrated farms, is readily incinerated (high dry
matter and energy content), producing ash high in phosphate but difficult to use for
agricultural spreading.
Potential of chicken litter for P recovery
Fibrowatt in the UK is currently incinerating chicken litter to produce energy and a
fertiliser product.
The company pays farmers for their litter if it meets set moisture specifications -- ie
does not have too high a water content.
The resulting fertiliser, produced by combining the recovered fly ash and solids, is
sold to farmers at the same price as mineral fertilisers. Transported up to 60 – 70
km, this incineration product is currently only listed as fertiliser in the UK, not in the
E.U.
A slow release product, the fertiliser has gained significant repeat business. As
additional plants come on stream, tow more are under construction, there may be a
need to find other uses.
A chicken litter incinerator costs around £70 million to build, including gas cleansing
and scrubbing equipment. Regulations require them to use at least 85% chicken litter
as fuel.
The volumes are currently too small for industrial phosphate producers. Fibrowatt
asked whether the phosphate industry would be prepared to pay higher prices for this
material, than for phosphate rock, as it contains lower levels of heavy metals.
(4) Calcium phosphate recovery
Operating experience
The calcium phosphate P recovery pathway has been developed to full-scale plant level. Operating, and
laboratory, experience are available from a number of plants :

•

•

fluid bed "crystallisation" installations :
- DHV "Crystalactors"® at the waste water plants of Westerbork
(demonstration plant, 1998, 12,000 pe), Heemstede (35,000 pe) and
Geesmerambacht (230,000 pe, running since 1994) in Holland ;
- pilot plant developed by DHV and Essex and Suffolk Water
(Compagnie Générale des Eaux) at Chelmsford sewage works, UK,
1997-1998 ;
- experimental pilot reactor tested developed and tested for CEEP by
Karlsruhe University at Darmstadt Süd sewage works, Germany,
1997 – 1998 ;
- demonstration plant developed at Warriewood, Australia, by Sydney
Water (50,000 pe., 1995-1996) ;
- three plants constructed by Kurita, Japan.
fixed bed precipitation installations :
- Mercedes motor car factory at Gagenau (160m3/h, running since
1996).

These plants produce calcium phosphate "pellets" with a P content of 5 to 15%.
The calcium phosphates would appear to be deposited by amorphous precipitation
around the seed material, rather than true crystallisation. This is a complex chemical

proces and neither the chemical nor the physical parameters are fully understood.
The chemistry is made more complex because calcium phosphate is not one molecule
but potentially a number of different compounds - calcium hydroxyapatite, dicalcium
phosphate dihydrate, octacalcium phosphate, tricalcium phosphate … with different
hydration complexes. The solubility and crystallisation properties of these different
molecules vary and the balance between them will modify the overall behaviour of a
recovery reactor.
Speciation of phosphates
Dr Alan House, UK Institute of Freshwater Ecology, presented a paper outlining the
different factors controlling speciation of phosphates and their solubility.
The chemical processes occurring in calcium phosphate reactors are separated in space and time. The dynamics
of precipitation proceed through nucleation, growth and termination steps throughout the system. Understanding
the dynamics of this could lead to improved ways of handling the reaction system.
Current processes involve a pH of 9, or higher, in order to drive the precipitation. This
implies high chemical costs for lime or other bases. Carbon dioxide stripping may also
be necessary, and is installed in most of the pilot and full scale plants, in order to avoid calcium carbonate
precipitation at these high pHs.
Improving understanding
Calcium and phosphate ions are often above saturation levels in the sewage effluent at operating pH, or at least
in the streams entering P recovery reactors : so why does precipitation not occur without the driving force of high
pH ? Answers to this question could offer possibilities for reducing the amount of calcium, or base, added to
induce precipitation.
One factor may be the presence of precipitation inhibitors such as organic molecules,
fatty acids, polyelectrolytes, magnesium ions, trace metals. Eva Valsami Jones,
Natural History Museum, UK, underlined the variety of organic molecules present in
waste waters, from small organic acids to large humic and fulvic molecules. Some may enhance mineral
solubility, increasing the super-saturation necessary for precipitation ; others may passivate mineral surfaces,
assisting the preservation of formed phosphates. Identification of these different organic molecules could be
achieved by concentration onto an absorbent, followed by stripping with an organic solvent. If organic molecules
were identified as inhibitors, then an organic removal step could be envisaged, either by non-selective -- such as
carbon treatment or peroxide treatment, or selective -- for those types of organic species that could be shown to
inhibit precipitation.
Seeding materials
There was also considerable discussion of the effects of different seeding materials for calcium phosphate
precipitation.
The DHV Crystallactor® plant at Geesmerambacht, Netherlands, uses sand as a seed
material. This reduces the P content of the produced pellets, but is acceptable in their current use in chicken feed.
The produced pellets contain around 11% phosphorus. Sand is also used at the Essex and Suffolk Water pilot at
Chelmsford, UK. Other experiments have used phosphate molecules (hydroxyapatite, DCP) as seed
material to obtain a higher P content in the produced pellets, important where
transportation of the recovered material cannot be avoided. The Warriewood demonstration plant, Australia, used
magnesium oxide powder to raise
pH and facilitate phosphate formation, but this proved expensive.
Dr Dietrfied Donnert, Karlsruhe Research Centre, Germany, suggested that calcite
(CaCO3) may have advantages as a seed crystal through allowing calcium phosphate
formation to take place at lower pHs -- reducing the amounts of chemicals, lime or
magnesium oxide used for raising pH -- and reducing carbonate precipitation. This
avoids the need to strip CO2 from input water. It is not clear how these effects are
achieved, particularly once the calcite seed material has been coated with deposited
calcium phosphates.
Full-scale phosphate precipitation units have been developed for industrial waste
waters, using calcite seed material in stirred reactors, at a starch factory and at the
Mercedes car factory at Gaggenau, Germany. The resulting amorphous precipitants
contained 6 to 10 % phosphorus.
Application of ultrasound was also suggested as a means of improving calcium
phosphate formation and lowering operating pH.

Further research areas regarding calcium phosphate recovery

The workshop suggested that research is needed into :
- chemical reactor conditions, in particular how to minimise the high pH apparently necessary to drive precipitation
and how to manage varying phosphate concentrations;
- physical reactor conditions, in particular kinetics (flow rates, turbulence), which affect precipitation and
agglomeration and inter-particle friction (formation of pellets rather than fines);
- these conditions need to be researched in different waste water operating environments. Determine and report
on what parts of the periodic table are present in the water under precipitation conditions at various points in the
reactor. What solids are also present? Determine and report on the organic impurities in the water and their
concentration;
- role of different "seed" materials (sand, calcite …). Increased purity levels of the calcium phosphate product may
be achieved: for example the product as it is now could be better utilised by industry if the silicate and carbonate
levels were lowered;
- interference of other ions and of sewage-derived organic molecules likely to be present in sewage;
- possibilities for improving calcium phosphate formation using ultrasound;
- solubility phases of different calcium phosphate compounds.
This research could best be achieved using laboratory equipment -- to obtain better
knowledge of the physical chemistry of the products and reactions involved – followed by the use of existing fullscale reactors, or pilot plants, to field test the different hypotheses in waste water operating conditions.
The overall objective is to optimise the economics of the P recovery process in a sewage works context. This
could be achieved by reducing the quantities of chemicals -- used for CO2 stripping and to raise the pH -- and by
improving the efficiency of P recovery. Reduced capital costs for new calcium phosphate removal plants could
result from a simplification of the process.
Comparison of the results between the different existing and pilot plants should highlight areas for improvement. It
would also be useful to research the effectiveness of calcium phosphate recovery in removing heavy metals from
the sewage stream as this would provide a value added service to the water industry. The phosphate industry is
equipped to deal with such contaminants.
(5) Struvite formation as a route for P recovery
This workshop discussed the potential of struvite (magnesium ammonium phosphate) and potassium struvite
(potassium ammonium phosphate) formation as a route for phosphate recovery for recycling.
The workshop discussions were summarised by Professor Schuiling, Utrecht Institute
for Earth Sciences, wgo identified two main points :
Struvite as a removal mechanism for phosphate and (some) ammonia :
It is preferable to remove phosphate from wastes in a beneficial way (e.g. bio-available) regardless of the need for
recovery. Thus struvite production is preferable to Fe or Al phosphate precipitation.
The need to find or develop market applications for the recovered struvite :
There seems little possibility that struvite would be a useful raw material for the phosphate (non-fertiliser) industry,
because it is incompatible with current industrial processes, but nevertheless struvite recovery and recycling
offers significant environmental advantages. It is a recovery route which is definitely chemically and technically
feasible and has already been demonstrated in full scale plants (Holland, Japan).
Operating experience
Full-scale struvite recovery processes are already operational or being built in Japan
and the Netherlands :
- the DHV Crystallactor® fluid bed process is used in a full scale struvite recovery installation at the AVEBE potato
processing plant, the Netherlands (150m3/h) ;
- the Unitika Ltd (Osaka) struvite precipitation process is already in application at the Ube Industries Sakai plant
(industrial waste waters) and is due to be commissioned in September 1998 at the Shimane Prefecture sewage
works, Japan (45,000 m3/day) ;
- the Geochem Research/Delft University Earth Sciences stirred precipitation process produces potassium
struvite from 700,000
tonnes/year of calf manure at Putten, the Netherlands (early 1998).
The Unitika Ltd. (Osaka, Japan) process, presented by Mr Hideo Katsuura, produces
easily handled granules with a phosphorus content of around 13.5%. The Putten calf
manure plant produces crystals with a phosphorus content of around 12,5%. Neither
product needs drying other than by gravity filtration.
Struvite and the phosphate industry
Doubts were expressed about the suitability of struvite as a pathway for recovery of P for recycling to the (non
fertiliser) phosphate industry. There was doubt that the quantities produced in a sewage treatment plant, even a
large operation like Slough, would justify putting in a process to recover P for industry. Local availability of Mg in
waste water would also be a factor significantly affecting feasibility.
There was also a view that it did not make sense to recover struvite as a source of P

for phosphate industry, thus discarding the Mg and NH4 content, when the whole
molecule could be used to advantage as a fertiliser.
Struvite was considered to be a much less desirable material for recycling to the non
fertiliser phosphate industry than, for example, calcium phosphate. Dirk Van der Ploeg, Thermphos, Holland,
indicated that the use of struvite for P recycling by the phosphate industry may necessitate significant changes in
processes. For the thermal process route, magnesium would significantly modify slag properties and furnace
technology would have to be adapted. Ammonia released during a traditional (oxidative) sintering process would
result in increased production of NOx or N20, necessitating scrubbing and posing air pollution or greenhouse gas
problems.
For the wet acid process route (sulphuric acid attack), magnesium would exclude the
use of struvite as it does not crystalise out in the way that calcium gypsum does.
Potassium struvite would pose similar problems due to behaviour of potassium
compounds.
Struvite and the waste water industry
Struvite deposit formation is a natural phenomenon that is a widespread problem in
waste water treatment operations.
Nic Booker, CSIRO, Australia, termed it "an accident waiting to happen". Deposits
form in pipes where waste waters stand between intermittent flows, but also in areas
of turbulent flow or pressure change. They thus impede pipes, valves and pumps.
There was support for the view that the emphasis should be put on the further
development of struvite technology as a means of solving problems at waste water
processing plants rather than expecting payback through phosphates in recovered
struvite.
Slough sewage works
Steve Williams, Thames Water, UK, presented the case of Slough sewage works where struvite deposits have
been causing considerable operating problems by blocking pumps and pipes.
One pipe several hundred yards long requires periodic overnight soaking with sulphuric
acid to clear struvite and prevent blocking. Magnetic devices, similar to those used to reduce carbonate
precipitation in hard water, have given variable results.
Recovery of struvite from the waste water upstream of deposition problem areas would avoid these problems and
thus give significant operating savings.
Contribution to N removal
Struvite recovery also contributes to nitrogen removal from the waste water stream,
reducing or avoiding investments necessary to respect soluble nitrogen outflow
regulations. In some regions, animal waste provides a higher source of concentrated P-containing waste streams
than sewage.
In the UK, chicken waste is a significant potential resource. In the Netherlands the
largest resources are in pig waste which is generally thought unsuitable for struvite
recovery. Highly viscous, the P is tightly bound and the struvite generated does not
separate well. A full scale struvite recovery plant is now functioning in Holland using
calf manure.
Agricultural value of struvite
It was recognised that struvite is an excellent material for removing P from waste water or sludge, but that its uses
are less well known.
Struvite was generally regarded favourably as a fertiliser, although there was
considerable lack of knowledge about how it performs and its value.
Although struvite is relatively insoluble in water, making it valuable as a slow release
fertiliser with limited risks of leaching, it is citrate soluble and hence a good nutrient
source for plants. Struvite as a farm fertiliser, has the advantage over sewage sludge
that it contains no heavy metals and avoids possible overdosing of nutrients.
Little was known about the market for struvite. Farmers in the USA are interested in
using it but they don't want to pay. Struvite recovered from sewage is sold for ¥20 per bag in Japan, which is
sufficient to recover the costs of production. Compared with this, the stated price in Australia of A$1700 per tonne
seems unrealistic. Recovered struvite could find niche markets. There could be opportunities to make it available
to farmers at the local level through direct local processing and distribution by co-operatives or farm suppliers.

Areas of struvite recovery research
The workshop identified the following research areas :
- the need to demonstrate the agricultural value of struvite and study its dissolution behaviour (nutrient release) in
soils and accessibility for crops. Existing work in this area needs collating and assessing ;
- the conditions for nucleation and growth under "real" conditions are still incompletely understood. ;
- the ideal conditions for struvite recovery were stated to be high P and NH4 concentrations and low suspended
solids. Kinetics was thought to be the most limiting factor. Research work so far has been mainly carried out using
fairly "clean" solutions containing low levels of organic contaminants. Further work is needed on struvite formation
in waste waters and in biological nutrient removal side streams and sludges. There is a lack of information on
nucleation characteristics and how struvite forms ;
- process control and management will also be important to optimise struvite formation and maximise phosphate
removal ; interest in further research into the formation conditions for different forms of struvite : magnesium
ammonium phosphate, potassium ammonium phosphate, and possible other substitutions
(Mn2+ for Mg2+ etc) ; experimentation and development of pilot struvite recovery installations in order to test
different operating conditions ;
- precipitation may not be the best way to proceed :struvite is more easily crystallised on a fluid bed than calcium
phosphate.

(6) Economic feasibility of P recovery
The workshop tried to identify the different factors that will influence the economic
feasibility of P recovery from municipal waste water.
Cost estimate exercise
A "typical" case of a medium sized sewage works (500,000 pe) with an average
input of 3gP/pe/day and subject to obligatory P removal was examined in order to
compare the overall economics of P recovery with removal by chemical precipitation.
Sludge disposal :
- the sludge generated by iron precipitation would be 7.25 tonnes/day of iron phosphate (2.7 tonnes/day of iron as
FeCl), on the basis of a 1:1 molar relationship, increasing sludge mass by 22%. However, water industry
participants suggested that iron has to be used in up to double stoichiometric concentrations for effective P
removal. John Upton, Severn Trent Water, UK, estimated that P removal using iron precipitation increases sludge
volumes in practice by 40% ;
- sludge disposal costs were estimated at $85/t for agricultural spreading, $360 for landfill and $600 for
incineration ;
- Glen Daigger, CH2M Hill, USA, estimated that the extra sludge generated would require capital investment in
expanded sludge handling facilities of up to $200/t ;
- overall, increased sludge disposal costs were estimated at $1500 to $3000 / day.
Chemical costs :
- the cost of FeCl used for P precipitation was estimated at $1600/day on the basis of stoichiometric 1:1 quantities
of iron. This cost may well be doubled in practice as higher concentrations of iron are used.
P –recovery using lime-induced fluid-bed crystallisation :
- such a process would involve chemical costs for lime used (estimated at $640/day) and for energy consumption
in the fluid bed reactor (estimated at $130/day) ;
- capital investment is estimated at around $30 million ;
- staff time for operating the fluid bed reactor is not taken into account as difficult to estimate but may not be
significantly higher than for P removal by precipitation.
When additional sludge handling investment is added in, the overall payback
period is <10 years which, in the US, is generally an acceptable criteria.
The main point to remember here is that this type of cash saving is only applicable
when P stripping is already obligatory to meet legislative requirements. The
incremental saving of about $2200/day compared to P stripping by precipitation
(chemical and sludge cost savings), is what generates the 10 year payback.
Calculation of recovered phosphate value
The quantities of phosphate pellets generated (about 6T/day or 2000T/yr as pellets)
would not be enough to independently support even the simplest industrial phosphate
recycling operation.
Feasibility therefore depends on grouping recovered phosphates from a number of sources (several waste water
treatment plants, industrial processes, animal wastes) in order to bring together significant quantities without
excessive transport and logistics costs.
The current price of phosphate rock at a UK port is approximately US$ 40 – 50 /
tonne (P content around 20%). This would be a reasonable minimum selling price for

Most experiments were conducted at 50 L/hr which corresponds to a reactor superficial velocity of 2 m/hr. At this modest flow rate
little solid material sloughed off the bed and was carried out with the effluent, but at higher flow rates the proportion of material
carried out with the effluent increased. However, this material could be readily flocculated through addition of anionic
polyacrylamide flocculant (added at between 0.5 and 2 mgL-1) which was effected in a combination flocculation/sedimentation
vessel of around 6 L capacity.
The magnesium oxide used in these experiments was a commercial product sold as EMAG 75, which has a particle size
distribution such that 95% (weight) has particle diameter less than 75 micron, and a mean particle diameter of around 25 micron.
During the laboratory experiments the MgO was not added continuously, but was added in batches of freshly made slurry in water
(approximately 30% w/w) - each batch usually containing 50 gm of MgO. Typically the pH of the reactor effluent was 10.8 - 10.9 at
the start of an experiment, but this rapidly fell to an "equilibrated" value of 10.2 - 10.5 where it remained for several hours, before
rapidly dropping to values below 10. The MgO was replenished if necessary after the effluent pH had fallen below this value.
All trials were conducted at ambient laboratory temperature of 23± 2 oC.

2. RESULTS
Although development of the process was initially directed towards implementation in the treatment of sewage, it was realised that
there was significant potential for treatment of other waste streams . Accordingly a variety of different influent compositions were
tested, with over forty different laboratory trials completed. The summary of the range of influents and experimental conditions is
given in Table 1.
These tests were designed to investigate the effects of flow rate, influent composition and other factors on overall process
performance, or to replicate some of the latter pilot plant trials on the laboratory scale.
TABLE 1

FLOW RATE

Influent P

Influent

[as ortho-phosphate] Ca2+

Influent HCO3-

Influent NH4+

25 - 75

6 - 160 mgL-1

80 - 400 mgL-1

30 - 240 mgL-1

0 - 50 mgL-1

Litre/hour

It is not appropriate to discuss the results of each individual test here, but the major conclusions are summarised and discussed
below.
A] EFFICIENCY OF MgO UTILISATION
Given an initial influent composition, the theoretical stoichiometric rate of MgO consumption can be calculated for a particular flow
rate through use of the equations above. An analysis of thirty four of the available data sets is displayed graphically in Fig 3 where
the experimental rate of MgO usage is plotted against the calculated rate assuming the MgO is entirely consumed in the various
acid neutralisation reactions. Although there is some scatter in the data, regression analysis furnished the linear relation MgO used = 2.1 MgO calculated.
The slope of the plot of observed MgO use rate against the calculated rate is 2.1 (with correlation coefficient 0.46), which translates
to a mean MgO utilisation of 48%. However, there was appreciable scatter, and the usage rates for individual trials ranged between
a minimum of 18% and a maximum of 70%.
Despite the large quantity of available data it was not possible to make definite correlation's between high utilisation rates and
influent composition,
FIG.3
CORRELATION BETWEEN CALCULATED AND
OBSERVED USAGE RATE OF MgO.

but there was some evidence that high intrinsic MgO demand (ie high phosphate and/or high carbonate concentrations) in the
influent favoured higher percentage utilisation of the MgO.
B] PRECIPITATION OF CALCITE FROM HIGH BICARBONATE INFLUENT
Under the high pH conditions in the reactor (pH>10) any bicarbonate present in the influent will be converted to carbonate. The
solubility constant for calcite is around 10-8.3 mole2.litre-2, and given that ambient calcium levels in the reactor effluent were
typically around 0.002M (ie 80 mgL-1) precipitation of calcite could have been anticipated with influents containing even low
carbonate concentrations. In fact the bicarbonate concentration of the influent streams varied between 30 and 240 mgL-1 (ie

0.0005 and 0.004 M), and consequently significant deposition of calcite into the reaction bed and onto the equipment surfaces
could have been expected. Surprisingly, very little calcite was deposited even during those tests conducted with high influent
bicarbonate levels. Some scale did form in the flocculator/settler (Fig 2), but this was significant only after prolonged standing (eg
12-24 h). Analysis of the solid products removed from the reactor also indicated some calcite precipitation in the reaction bed, but
always at levels far below those that could have been expected considering the degree to which calcite was supersaturated in the
process liquors. Some illustrations and examples of this are discussed further below.
It is clear that although the solutions were almost always highly supersaturated with respect to calcite, there appeared to be some
factor operating to maintain the system in a metastable (or at least kinetically
sluggish) condition. An early paper by Ferguson and McCarty (ref. 3) indicated that the presence of Mg2+ in solution acts to inhibit
CaCO3 crystallisation. Since our reactor solutions contained between 20 and 120 mgL-1 dissolved magnesium - as consequence
of the reactions of hydrogen phosphate, bicarbonate etc with the MgO - this seemed a very satisfactory explanation of the slow
calcite deposition encountered during the laboratory work.
However, in subsequent larger scale test work with the pilot plant equipment - see below -, very severe scaling problems plagued
the early trials, and it appears that other factors may also be operative in influencing the rate of calcite precipitation.
C] COMPOSITION OF SOLID REACTOR "PRODUCTS"
At the end of each laboratory trial the solid reaction products retained in the reactor were removed as a slurry, filtered and dried at
105 oC, a procedure that removed all but the most firmly bound water. In more than half the cases (specifically from 23 tests) the
dry solids were analysed for phosphate, calcium and magnesium content.
The solids are mixtures of amorphous calcium phosphate, calcium carbonate and magnesium hydroxide together with some
strongly bound water. The relative proportions of these constituents in the solid products reflects to some degree the composition of
the influent streams, and for the solids analysed resulting from the various tests the composition range was P, Elemental phosphorus : 6.5 - 18.3%
Ca3(PO4)2, Calcium phosphate : 31 - 90%
CaCO3, Calcium carbonate : 0 - 41%
Mg(OH)2, Magnesium hydroxide : 5 - 53%
Water : 6 - 28%
As would be expected, the highest phosphate containing products resulted from treatment of influent containing low carbonate.
However, the high calcium phosphate content attainable in some cases strongly supports the possible that this general type of
process may be utilised for the economic recovery and reuse of phosphate from waste streams
It is also of interest that for those solids resulting from treatment of secondary sewage, the heavy metal content is very low, and this
points to the possibility for introducing such recovered products into "metal sensitive" markets - eg organic fertilisers. The range of
heavy metal content for three products
prepared from treatment of secondary sewage effluent (Sydney) is given in Table 2 below.
TABLE 2
%Cu

%Pb

0.01 -0.03 0.02

%Zn

%Fe

0.02 - 0.06 0.1 - 0.2

%Mn

%Al

%Cd

%Si

0.03 - 0.1

0.05 - 0.2

<0.0005

0.5

D] RESULTS FROM TWO "REPRESENTATIVE" TESTS
As an example of the considerations discussed above, the results for two particular laboratory tests will be summarised here.
These two trials were selected since they were conducted as analogies to test regimes adopted during the large scale pilot plant
campaign at Warriewood sewage treatment plant near Sydney.
The influent used in these two tests was made up to simulate the sewerage effluent from this plant which has a high ammonia
content. The two influent

TABLE 3
INFLUENT PARAMETERS and OPERATING CONDITIONS
Both tests conducted at flow of 50 L/hr, which is equivalent to a reactor superficial velocity of 2 metre/hour.
Each test conducted using a reactor charge of 50 gm. of MgO
For Trial 1 MgO consumption was 200 mg.L-1.
For Trial 2 MgO consumption was 133 mg.L-1.

P influent

HCO3- influent

NH4+ influent

Ca2+ influent

influent HCO3-

(as CaCl2)

influent P

TEST 1

9 mg.L-1

150 mg.L-1

50 mg.L-1

100 mg.L-1

16.6

TEST 2

9 mg.L-1

30 mg.L-1

50 mg.L-1

100 mg.L-1

16.6

EFFLUENT PARAMETERS
pH of effluent always between 10.0 and 10.5

P effluent

HCO3- effluent

NH4+
effluent

Ca2+ effluent

Mg2+ effluent

% MgO USED IN
REACTION

TEST 1

0.1-0.4 mg.L-1

130 mg.L-1

ND

56-85 mg.L-1

56-64 mg.L-1

54.3

TEST 2

0.2-0.3 mg.L-1

LOW

ND

66-87 mg.L-1

40-54 mg.L-1

64.9

PARAMETERS FOR REACTOR SOLIDS
% Ca3(PO4)2

% CaCO3

% Mg(OH)2

% H2O

wt. CO3 in solid
wt. P in solid

TEST 1

33.6 (6.9% P)

21.9

33.6

10.9

1.9

TEST 2

51.2 (10.5% P)

ND

ND

ND

ND

compositions differ only in the content of carbonate, and all the pertinent data is tabulated in Table 3.
The percentage use of the MgO in reaction with HPO42-, HCO3- and NH4+ was high in both cases, and it can be assumed that the
un-reacted MgO was converted to residual Mg(OH)2.
The high concentration of Mg2+in the reactor effluent reflects the high NH4+ in the influent (according to equation 6 above, 50
mg.L-1 of NH4+ in the influent is equivalent to 35 mg.L-1 of Mg2+in the effluent).
Phosphorus in the reactor effluent was successfully removed to levels around 0.3 mg.L-1, which amounts to a removal/recovery
efficiency of better than 96%.
While the ratio of HCO3-/P in the influent of Test 1 was around 19, the ratio of carbonate to phosphorus in the resultant solids was
only 1.9, a factor of ten
less. This observation illustrates the inhibition of calcite deposition in these systems, a general observation which was discussed
above.

The calcium phosphate content of both solid products was respectable, and was higher for Test 2 which contained no carbonate in
the influent, and presumably no calcite in the residual solids (calcite content was not determined in this case).
The successful outcome of the laboratory tests which showed the process to be highly effective in removing phosphorus from
waste streams, and of recovering the phosphate into a potentially useful product suggested larger scale pilot plant trials should be
undertaken. The object of such pilot scale trials would be to investigate the technical and economic viability of large scale
implementation.
PILOT PLANT CAMPAIGN
In 1994 Sydney Water Board (now Sydney Water) together with the Australian Dept. of Industry, Science and Technology (DIST)
jointly funded a project for the design, construction and operation of a pilot plant which would test the process on secondary treated
sewage from treatment facilities owned by Sydney Water. The contribution from DIST was made under the auspices of a mutual
agreement between Australia and Germany designed to foster developments in environmental technology of interest to both
nations.
1. PILOT PLANT DESIGN AND OPERATION
A brief description of this plant has been published previously (ref.4), but a more detailed account is given here.
The plant was conceptually designed as a greatly enlarged version of the laboratory equipment with capacity to handle flows up to
10 m3 per hour, and the flow sheet is reproduced in Fig.3.
The plant was built around two cylindrical fibreglass reinforced plastic reactor vessels of 2.5 m3 capacity and 0.785 m2 cross
sectional area. These vessels were fitted with a conical base section with half angle 60o, which was significantly more obtuse than
for the corresponding conical section of the laboratory equipment. The two reactors could be operated in parallel, in series or
independently.
As in the laboratory equipment, the influent was introduced from the bottom of the cone section, but there was also provision for
other modes of influent introduction.
The flocculator/settler of the laboratory scale gear was replaced with a moving sand filter (Dynasand) and, although found
unnecessary, polymer could be introduced upstream of this filter by direct injection into an in-line mixer. This continuous filter
operates on an air lift principal and was found to be very effective in reducing suspended solids, with typical removal of 95% of the
fine particulate matter carried out of the reactors. The filter backwash containing the particulate material comprised 10 - 15% of the
total plant flow and was returned to the solids holding tank - see Fig.3.
All peripheral tanks used for interim storage, solids settling and reagent make up etc. were constructed of fibreglass reinforced
plastic, while the plumbing connections between the tanks, pumps etc were made of 50 mm high density polyethylene pipe.
Flow rate through the plant was controlled by variable speed screw type (Mono) pumps, while other major liquid transfer operations
were handled by centrifugal pumps.
The plant was fitted with a variety of monitoring and control equipment with the aim of allowing for unattended operation. In practice
operational problems which became apparent during the trials, together with the unreliable nature of some pieces of control
equipment made unattended operation risky, and it was usual to have personnel present at all times.
The MgO slurry for charging the reactor was made up in a separate tank and pumped directly to the bottom of the reactor vessels,
again using screw type pumps.
As in the laboratory work, when it was required to remove carbonate from the influent acid (35% H2SO4) was added to the influent
tank till the pH was around 5, while a continuous stream of air was passed through the liquor.
A filter press was provided for de-watering the residual solids, which were fed to the press from the solids holding tank (see Fig.3)
using an air driven diaphragm pump.
FIG.3

The pilot plant was constructed on two heavy steel frames, with all plumbing and electrical wiring well secured to professional
construction standards. While the resulting plant was very photogenic and "Public Relations friendly", the robust nature of the
construction detracted from ease of configurational changes and repairs, and consequently detracted from its utility as a true
experimental test facility. Nevertheless the plant was used to conduct a series of trials at two of Sydney's sewage treatment plants
(STP's) - Warriewood and St Mary's, the results and data from which were used in an economic evaluation of the process. The
results from the Warriewood trials are discussed below.
2. TRIAL RESULTS
A number of extended trials of the pilot plant were conducted at Warriewood STP which is a secondary treatment plant located in
the Northern Sydney suburbs. It discharges directly to the ocean, and is optimised for BOD removal and consequently is not
required meet licence conditions for phosphorus or nitrogen. The effluent from this plant typically contains 5 - 9 mg.L-1 phosphorus
and 40 mg.L-1 ammonia nitrogen, and also contains high bicarbonate alkalinity as well as some low molecular weight carboxylic
acids resulting from fermentation of biological material in the sewage system. This STP effluent was used as influent to the pilot
facility.
The results from two representative trials will be discussed here, and compared with those obtained from analogous laboratory
tests described above. The major difference between the two trials was that the first was performed with high carbonate influent
obtained directly from the STP, while in the second this was de-carbonated prior to introduction to the phosphorus removal
reactors.
The operating conditions and major results are summarised in Table 4 below.
Since the present conference is primarily concerned with the recovery of phosphorus in the form of reusable products or feed
stocks, details of the process performance in respect of the efficiency of phosphate removal from the sewage will not be discussed
in detail here. Instead this discussion will concentrate on those aspects of the pilot plant Trials relating to the technical and
economic viability of the process, and to the composition of the residual solids.
However, a brief description of the phosphorus removal profiles and other aspects of the process performance are discussed briefly
in the Appendix.
As anticipated from the laboratory work the phosphorus removal from the sewage effluent was excellent (see Appendix) and
demonstrated the capacity of the process in reducing the effluent phosphate to very low levels. However, other aspects of the trials
were significantly different from those encountered during the laboratory work, and at this stage the reasons for the differences are
not completely understood, and indicate that further development and investigative work - possibly on a less ambitious scale - is

required. In particular, it is felt that better knowledge and appreciation of the fluid and particle dynamics within the reactor vessels
would be desirable.
Comparison of the data in Table 4 with that of Table 3 shows that while the consumption of MgO was similar for Trial 1 and Test 1
which were conducted with influent containing high bicarbonate, the consumption rate for Trial 2 was very much higher than for the
corresponding laboratory Test 2. This is partly due to differences in the chemical composition of the
respective influents, and specifically the very high bicarbonate concentration in the STP effluent (ie 255 mg.L-1), as well as to the
unforeseen presence of propionic acid which was determined to be between 100 and 200 mg.L-1.
The high usage of MgO is reflected in the high concentrations of dissolved Mg2+in the pilot plant effluent compared with the
concentrations in the corresponding laboratory tests.
Although these acidic species (ie ammonium, bicarbonate and propionic acid) are responsible for significant MgO consumption,
there are other factors operating which are not understood at this stage. For example, it could have been anticipated that since the
carbonate had been removed from the influent
TABLE 4
INFLUENT PARAMETERS and OPERATING CONDITIONS
Both tests conducted at flow of 2 m3/hr which corresponds to a reactor superficial velocity of 2.55 metre/hour.
Trial 1 ran continuously over a period of 88 hours, with 4 kg of fresh MgO (as slurry) added approximately every four hours.
Trial 2 ran continuously over a period of 77 hours, with 4 kg of fresh MgO (as slurry) added approximately every four hours.
For Trial 1 MgO consumption was 195 mg.L-1.
For Trial 2 MgO consumption was 253 mg.L-1.

mean P in
influent

mean HCO3- in
influent

mean NH4+ in
influent

mean Ca2+ in
influent

influent HCO3influent P

(as CaCl2)
TRIAL 1

5.1 mg.L-1

255 mg.L-1

39.5 mg.L-1

116 mg.L-1

~ 50

TRIAL 2

6.7 mg.L-1

approx.

39.3 mg.L-1

117 mg.L-1

~ 50

0 mg.L-1

EFFLUENT PARAMETERS
pH of reactor effluent always between 10.0 and 10.5

TEST 1

mean P in
effluent

HCO3effluent

mean NH4+ in
effluent

mean Ca2+ in
effluent

mean Mg2+ in
effluent

% MgO USED IN
REACTION

0.14 mg.L-1

ND

35.0 mg.L-1

18 mg.L-1

113 mg.L-1

60.2

34.0 mg.L-1

71 mg.L-1

137 mg.L-1

28.2

(see text)
TEST 2

0.4 mg.L-1

ND
(see text)

PARAMETERS FOR REACTOR SOLIDS

% Ca3(PO4)2

% CaCO3

% Mg(OH)2

% H2O

wt. CO3 in solid
wt. P in solid

TRIAL 1

6.4 (1.3% P)

48.8

27.5

8.3

22

TRIAL 2

7.2 (1.5% P)

8.3

72.3

22.9

3.5

in Trial 2, that a the MgO consumption would have been reduced (by around 80 mg MgO per litre), but the opposite was in fact
observed. It is considered significant that in trials such as Trial 2 a good deal of the MgO was not utilised in any "useful" reaction,
but became converted to Mg(OH)2, and this is evident from the analysis of the reactor solids - see further below.
The reasons for the differences are not entirely clear, but the explanation may, at least in part be connected with the manner in
which the influent is distributed into the reactor. Due to simple geometrical factors it was not possible to provide the large pilot plant
reactors with an influent distribution system identical with that in the laboratory equipment, and consequently the liquid flow patterns
and other hydrodynamic factors (eg shear forces around the MgO particles) were different between the two sets of equipment. It is
felt that this may have lead to an increase in the rate of conversion of MgO to Mg(OH)2 which is relatively inert under the operating
conditions of this process. At the present, there are only indications that such factors are important, and in order to substantiate
them and/or determine other factors which impact on the rate of MgO utilisation will require further study. Unfortunately it was
possible or practicable to undertake these investigations during the course of the present pilot plant work.
Since the MgO is the most expensive consumable used in the process (approximately A$600/tonne ), it is important to optimise
plant design so as to minimise usage of this reagent. Since good engineering practice should always follow the principle of "form
following function", a good appreciation these issues is mandatory in the design of process equipment.
It was remarked above that excessive calcite deposition was not apparent during the laboratory tests, and was consequently not
anticipated prior to the pilot plant trials. However, calcite formation occurred throughout the pilot system - even during those trials
such as Trial 2 where carbonate had been removed from the influent. In the latter case absorption of CO2 by the alkaline effluent
from the air used to drive the sand lift in the Dynasand filter was the source of the required carbonate.
The calcite formation caused operational problems at first, since under quiescent conditions after the system had been closed down
it caused scaling in pumps and pipe work. Significant damage to pumps and other equipment resulted when the system was
restarted. Once the problem was recognised and appreciated it was successfully controlled by flushing the system with water prior
to shut down.
More significantly, large quantities of solid calcite particles were removed from the effluent stream by the sand filter (up to 200
mg.L-1) and returned, via the filter backwash stream to the residual solids holding tank. This resulted in high calcite content and a
reduced phosphorus grade in the final solid product. In respect of this point, the carbonate/phosphorus ratio in the product from
Trial 1 was 22, which was significantly higher than the value of 1.9 found in the analogous laboratory test. - see Table 3.
The reasons for the high calcite deposition in the pilot plant as opposed to the laboratory work are thought to be primarily
attributable to the agitated environment within the Dynasand filter. As remarked above, transfer of CO2 from the air bubbles rising
through the sand bed, and its absorption into the alkaline process liquor appears to drive the precipitation of calcite. However, while
this is an important source of calcite in the residual solids, analysis if dissolved Ca2+ profiles through the process indicates a
significant quantity of calcite (perhaps 30-50%) is deposited directly in the reactor. This is illustrated by the calcium profile for Trial 1
which is discussed in the Appendix.
The solids recovered from the reactors from both trial regimes are lower in phosphorus when compared with the products from the
analogous laboratory tests by a factor of 4 - 5. In the case of the products resulting from de-carbonated influent such as Trial 2 the
low P grade is due to the high Mg(OH)2 component which implies that a high proportion of the original MgO was not effectively
utilised during the course of the run. For the materials resulting from influent containing carbonate the low P grade is due to high
calcite component, although inefficient use of the MgO as for Trial 2 also contributes.
Critical consideration of all the derived data indicates that removal of HCO3 from the influent is not desirable, since the overall
utilisation of the MgO was higher when bicarbonate was left in the influent. Although this lead to high calcite in the residual solids, a
high proportion of this resulted from return of the filter backwash to the solids, and this could easily be avoided through separate
sedimentation of the backwash. In cases where it is necessary to supplement the influent with Ca2+ such a step would enable
maintenance of a "calcium loop" in the system. The calcite could be easily converted to CaSO4 or CaCl2 for re introduction to the
influent.
Unfortunately this strategy was not trialed during this campaign due to time constraints and the work required for the necessary
changes in plant configuration.
To conclude this discussion, there was one other interesting difference between the data derived from laboratory studies and that
from the pilot campaign, which has a bearing on the mechanism of calcium phosphate deposition.
It was mentioned above that in the laboratory studies that the solubility product for the amorphous calcium phosphate was
invariably determined as around 10-23.5± 0.5 mole5litre-5-

ie Ksp = [Ca2+]3.[PO43-]2 = 10-23.5± 0.5 mole5litre-5
This quantity was routinely calculated throughout the experimental runs from analysis of the dissolved phosphate, calcium and pH
of the filtered (through 0.45 micron membrane) reactor effluent, and appeared to be a very reliable operational parameter
regardless of the chemical composition of the reactor influent. However, when similar calculations were performed using analysis of
the filtered reactor effluent from the pilot plant trials, some different results were obtained. Specifically, when the influent had been
de-carbonated, as for Trial 2 and similar trials, the calculated Ksp values (around 20 separate determinations from three different
trials) were the same as those above - ie 10-23.5± 0.5 mole5litre-5. However, for trials such as Trial 1 where the influent contained
significant concentrations of bicarbonate, and where relatively large quantities of calcite were consequently deposited in the
reaction bed, much smaller values for Ksp were obtained (around 16 determinations from three trials) which were typically around
10-25.2± 0.35 mole5litre-5. This is a significant difference and indicates that under conditions of high carbonate that calcium
phosphate is around two orders of magnitude less soluble than in carbonate free systems.
Such behaviour has been studied previously in relation to phosphate removal from natural lake and stream waters (eg. see
references 5 and 6), and has been explained in terms of co-precipitation of calcium phosphate with calcite - the latter always in
considerable excess. The mechanism whereby the solubility of the calcium phosphate is lowered in the presence of calcite appears
to depend on the theory of solid solutions and will not be discussed further here, but McBride (ref. 7) gives a good introduction to
this phenomenon.
It is important to note that, even when the influent to the laboratory equipment contained considerable carbonate, very little calcite
deposited in the reaction beds - see discussion above -, and in these experiments the operational Ksp was always found to have
the "standard" value of 10-23.5± 0.5 mole5litre-5. It is only when calcite is present in the reaction bed in considerable quantity that
the suppression of calcium phosphate becomes apparent.
While co-precipitation provides a good explanation for the lower Ksp of the calcium phosphate, it is difficult to see how such a
mechanism would allow for increased utilisation of the MgO. However, as pointed out previously, there is little doubt that the
utilisation of the magnesium oxide was significantly higher when carbonate was left in the influent stream and calcite was deposited
into the reactor along with the calcium phosphate. There is other evidence that this is a real effect, and independent work by
German workers has arrived at similar conclusions (D. Donnaert, private communication).
It is apparent that there is yet much to be learnt about the fundamental physical and chemical processes taking place during the
important reactions, but this will require a good deal of further study. However, since an understanding of these factors is likely to
impact significantly on optimisation of the process, the resulting economic benefits of such work may well justify the efforts.

CONCLUSIONS
1. TRIAL OUTCOMES
The pilot process demonstrated that phosphate could be effectively removed from sewage and that this was recoverable into a low
grade (ca. 2%) phosphorus containing product. However, in treating sewage it was found that although removal of the bicarbonate
(ubiquitous in such streams) should have enhanced utilisation of the magnesium oxide, (the primary reagent used in the process),
the opposite was observed.
This is contrary to experience from laboratory tests, and the reasons for the differences are not entirely clear, although the manner
in which influent is introduced into the reactor containing the MgO reagent may be important, but further work is required to clarify
this.
However, the presence of calcite with the reactive magnesium oxide lowers the intrinsic solubility of the calcium phosphate through
mechanisms involving coprecipitation, and may also have positive effects on the utilisation rate of the MgO.
In treating sewage at Warriewood under the two regimes discussed, the indicative operating costs for process implementation
derived from the data above are As Trial 1 (no carbonate removal) - cost approximately A$ 200 per megalitre,
As Trial 2 (with carbonate removal) - cost approximately A$ 300 per megalitre.
Factors included in deriving these cost estimates include reagent, labour, plant maintenance and electric power costs, but the major
cost component is that for the MgO (A$600 per tonne).
These figures are both well in excess of the costs attracted by the current practice for phosphate removal from sewage effluent
(which usually involves addition of ferric salts to the sewage, and assimilation of the insoluble ferric phosphate into the waste
sludge), and which are closer to A$ 100 per megalitre.
However, since no appropriate market analysis data was available, no allowance for potential sales revenue of the solid products
was factored into these cost calculations, but if it is found possible to produce a higher grade phosphate product which could be

sold at a reasonable price, then the economics would be more favourable. Optimisation of MgO usage would also have a major
impact on the overall process economics.
2. FUTURE DEVELOPMENTS
A process such as that developed during this work may not be entirely appropriate for the removal of phosphorus directly from
sewage streams in an economically realistic manner because the relatively low P content (typically 7 - 10 mg.L-1) and large
volumes of these streams dictate large plant and capital outlay. Further, the operating costs are likely to be significant, although the
revenue generated from sale of the recovered phosphate products could offset these costs. However, the process may be more
economically attractive when applied to small or medium volume waste streams containing high phosphorus concentrations such
as dairy processing plant effluent, supernatant from sewage sludge digestion (eg the Phostrip process), or effluent derived from
animal wastes generated during high intensity livestock husbandry.
Nevertheless, before any full implementation is undertaken it would be desirable to have better understanding of the chemical and
physical processes operative during the precipitation of the amorphous Ca3(PO4)2.
These include - 1. a better understanding of the hydrodynamics within the reaction bed, with particular reference to flow patterns,
and shear forces etc around the MgO particles and the associated "calyx" of deposited calcium phosphate, and
2. An appreciation of the role of co-deposited calcite with reference to the role of this material in depressing the solubility of calcium
phosphate through formation of solid solutions. The possible enhancement of MgO utilisation resulting from the presence of calcite
should also be explored further.
It is also necessary to undertake a comprehensive analysis of potential
markets and remunerative values for the phosphate products.
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APPENDIX
1. GENERAL PERFORMANCE
This appendix is a brief discussion on the removal of phosphorus from the sewage effluent, together with some remarks on other
aspects of process performance .
The results for Trial 1 only are discussed, since these are fairly representative of the results obtained generally.
FIG. A1

FIG A1 shows the time profile for total phosphorus removal. It is to be noted that while over 90% of the phosphorus in the
STP effluent is in the form of dissolved ortho-phosphate, the remainder is primarily organic in nature. Nevertheless most
of this organic component is also removed - probably through conversion by hydrolysis of the organic phosphate to
soluble ortho-phosphate hydrolysis under the ambient high pH conditions. Alternatively, the organic material may be
adsorbed onto the MgO since this material and magnesium hydroxide are well known to be effective adsorbent for
colloidal organic material - see reference 8, and references therein.
The profile for total phosphorus and ortho-phosphate in the plant effluent (ie from the Dynasand filter) are reproduced in
FIG A2.
It was noted that residual BOD and silica in the STP effluent were also substantially reduced after having passed through
the MgO reactor, and the data is given in FIG A3. The reduction in BOD is almost certainly attributable to the adsorption of
colloidal organic material (eg fats) to the MgO.
FIG A2

FIG A3

As was remarked in the main text, for those trials (such as Trial 1) where carbonate was not removed from the influent, a
good deal of calcite was deposited directly onto the reaction bed. This was obvious from consideration of the Ca2+
profiles through the process. For Trial 1 these are reproduced in FIG A4, where it is clear that there is a dramatic
difference in the concentration of dissolved Ca2+ between the influent to the reactor and the reactor effluent (ie that held
in the holding tank prior to being pumped to the filter - see FIG. 3). This can only be accounted for by significant CaCO3
deposition within the reactor.
FIG A4

2. DEPOSITION OF STRUVITE ?
Since the STP effluent contained a high concentration of ammonium ion (around 40 mg.L-1) in addition to the phosphate, and since
this was passed through a high pH environment also rich in Mg2+, the possibility of simultaneous removal of NH4+ and PO43- as
insoluble magnesium ammonium phosphate (ie MgNH4PO4, the mineral struvite) could not be ignored. However, calculations
based on the methods outlined by Stumm and Morgan (ref.2) indicated that under the prevailing conditions while it was possible
that the solubility product of this compound (which is 10-12.6 mole3litre-3) could be slightly exceeded (by a maximum factor of 4),
this was far outweighed by the tendency for deposition of the amorphous Ca3(PO4)2. This would remove the phosphate, reducing
any tendency for struvite formation. Further, analysis of the effluent indicated that while some ammonia had been removed as a
consequence of passing through the process, this amounted to only around 3 mg.L-1, and this was most likely lost to the
atmosphere as ammonia gas - probably in the air stream discharged from the moving sand filter.
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Abstract

By the application of the precipitation process using Fe and Al salts or lime, which is the main process used in Germany for
phosphorus removal, some problems occur, such as an increase of the anion concentration of the water and problems to recover
the phosphorus from the precipitation sludge. Therefore a process for phosphorus removal from waste waters was developed by a
direct precipitation of Calcium phosphate induced by Calcite as seeding material. The adjusting of the pH was done with lime, but
some experiments were done with MgO as well.
Basic investigations led to possible applications on both, municipal waste waters with low phosphorus concentrations and industrial
waste waters with considerably higher phosphorus contents up to 400 mg/L P. Continuous bench scale experiments using a stirred
reactor to remove phosphorus from the waste water of a motorcar factory have been completed. Based on the good results, a full
3
scale device for the treatment of 160 m per hour was put into operation in July 1996 and has successfully run since this time.
Furthermore, aspects for the recycling of the phosphorus are given.
1.

Introduction
Phosphorus removal in Germany is usually effected by simultaneous and post-precipitation using Fe and Al salts or lime,
respectively [1, 2]. But, these precipitation processes have some disadvantages, especially because the anion concentration
of the water, i.e. chloride or sulphate, is increased and a recovery of the phosphorus is nearly impossible. In some places
enhanced phosphorus removal, which avoids the main disadvantages mentioned above, is applied. Whenever this process is
successfully running as in Berlin [3] it is a very suitable process. But, it is not running properly on all places. Therefore,
research work on phosphorus removal has been carried out with the aim of avoiding the disadvantages of the precipitation
process by developing a process for direct precipitation (crystallisation) of Calcium phosphate from waste waters induced by
seeding crystals [4].

2.

Physical-Chemical Fundamentals of the Calcite Crystallisation Process
The general idea of the Calcite crystallisation process [4] is as follows:
Domestic and industrial waste waters are usually supersaturated with respect to the very low solubility of most of the Calcium
phosphate compounds. If the water is in equilibrium with hydroxyl apatite, the phosphorus concentration in the water should
be » 0.002 mg/L P. However, despite much higher concentrations and this low solubility no precipitation occurs in real waste
waters. Therefore, it was the basic idea of several developments in different countries, especially in Japan and in the
Netherlands, to initiate this precipitation by means of seeding crystals [5, 6].

3.

Previous Investigations
The first idea was the addition of Calcium-phosphate compounds and an adjustment of the pH ³ 9.0 to obtain the optimum
3chemical conditions for the precipitation, because in this pH-range the PO4 ion becomes the predominant phosphorus
species which favours the precipitation. Unfortunately, it turns out in all cases [5, 6], that the process is strongly retarded by
the hydrogen carbonate which is present in every natural water system. As a consequence, the hydrogen carbonate ions
have to be removed prior to the phosphate precipitation by acidifying to about pH = 4, blowing out the carbonate and
afterwards by raising pH for the phosphate removal. Of course this is a considerable drawback for the crystallisation process.
The acidification causes an increase of the sulphate concentration of the water, whereas the application of NaOH is
expensive. And, furthermore it was shown (table 1) that a multiple use of the hydroxyl apatite resulted in a considerable
deterioration of the phosphorus removal efficiency.

4.

The Calcite Process ( adjusting the pH with lime)
It was, therefore, the aim of the research work in the Karlsruhe Research Centre to avoid both, the pre-acidification and the
use of NaOH. This was achieved by selecting Calcite (CaCO3) as seeding material and using lime to adjust the pH [7].
1.

Basic Experiments

Figure 1 shows the efficiency of phosphate elimination as a function of the pH. No technique for carbonate removal was necessary.
The experiments show, too, that the phosphorus inflow concentration has no marked influence on the effluent concentration. This
was also valid in the case of the starch water with an inflow concentration of about 120 mg/L P, which is cut off in figure 1.

Therefore the investigations, which were carried out in the beginning mainly on the treatment of secondary effluents, were focused
towards industrial waste waters with higher phosphorus concentrations.

Figure 1:
Influence of pH on the efficiency of phosphorus removal by Ã‘crystallisation"
Further experiments were carried out reusing the seeding material several times because within a certain time of reaction, the
surface of the material becomes covered with the precipitated Calcium phosphate, therefore, completely different conditions
regarding phosphorus precipitation may appear. For this reason, experiments with secondary sewage effluent were carried out at
pH ~ 9.0 [ 7,8] , which showed as listed in table 1 that the phosphorus elimination is improved by a multiple (three time) reuse of the
Calcite, and that simultaneously the amount of the Calcium carbonate precipitated is lower. From these results it was assumed that
during the multiple use of the Calcite caused by the deposition of Calcium phosphate on its surface the precipitation of Calcium
carbonate is inhibited.
On the other hand, a multiple use of hydroxyl apatite crystals caused a considerable deterioration of the phosphorus removal
efficiency as already mentioned in section 3. Probably the carbonate layer formed on this surface has another mechanism, but no
further attempt was made to investigate
Table 1
Results with Multiple Use of Calcite and HAP Seeding Crystals
HAP = Hydroxyl Apatite
Experimental conditions:
secondary effluent, c(P) in = 8,0 mg/L, c(Ca) in = 42 mg/L
10 g/L Calcite or 1 g/L HAP as seed, residence time 30 minutes,
pH = 9,0 adjusted with lime water (0,15 %),

Calcite reused

0

1

2

3

c(P) out [mg / L
P]

2,7

2,0

1,6

1,6

P-Elimination [%]

66,0

74,2

79,7

79,7

D Ca/D P

12,4

6,8

3,8

2,4

c(Ca) [mg / L]

102

89

78

75

1,76

0,92

0,37

0,09

HAP reused

0

3

c(P) out [mg / L

1,2

6,2

D Ca Calcite

1)

P]

1.

calculated by assuming a stoichiometric ratio Ca/P of 2.0 for the "crystallised"
Calcium phosphate

The results described above were further verified with throughput experiments [8], because the Calcite was only reused three
times, which probably does not represent the stationary state. These first experiments for the treatment of secondary effluent gave
promising results, with a concentration of 100 g/L Calcite (added in the beginning and never renewed) and a residence time of 30
minutes it was demonstrated in an experiment which lasted 40 days that the phosphorus concentration could be decreased from
8.2 mg/L P to 0.45 mg/L P depending on the pH-value (9.2 to 9.6) in the reactor. But at such high pH, a final neutralisation step
would usually be necessary before the water may be released. This requires additional facilities and cost which, if the objective is
simply to remove, rather than recover phosphate, can be avoided by the enhanced biological phosphorus removal in the case of
domestic waste water [3].
1.

Long Term Experiments for Technical Applications
Therefore, it seemed more interesting to test the process for the treatment of industrial waste waters with high
phosphate concentrations. First, secondary effluent was adjusted to about 110 mg/L P by addition of sodium hydrogen
phosphate solution. Already a pH of 7.3 yielded a phosphorus reduction of about 55 % to about 60 mg/L P. Therefore,
continuous experiments were carried out with two industrial waste waters with a phosphorus content of ³ 100 mg/L P in
order to extend the possible applications of this method. The results are shown in figure 1 [9].
1.

Experiments with the Waste Water of a Starch Factory
Afterwards, further tests were carried out with waste water from a starch factory, which had been anaerobically
pre-treated (³ 100 mg/L P, COD » 5.500 mg/L O2). The experiments were performed in a scale of about 300 L/h
and lasted three months. The aim was a partial phosphorus reduction to about 30 mg/L P, the average inflow
concentration of the domestic sewage into the corresponding treatment plant which services the factory effluent.
This aim could be easily fulfilled by adjusting the pH of the water to about 7.8 with lime, also, the sludge content of
the water was very high (~ 650 g dry solids /mâ€ž). Furthermore, a reduction of about 15 % of the COD-content of
the water was achieved. The results were are summarised in table 2 [10].
Table 2
Results of Continuous Experiments in a Starch Factory.

2.

Inflow

158.9 ± 14.7 mg/L P

outflow

27.7 ± 2.7 mg/L P

effluent pH

7.8 ± 0.2

Experiments with the Mixed Waste Water from the Mercedes Motorcar Factory in Gaggenau, Germany

Other long term experiments were performed with a mixed waste water from the Mercedes motorcar factory in
Gaggenau, Germany. Here, the goal was an effluent P-concentration of £ 2 mg/L P, the German effluent standard for
direct release. To achieve this, the pH value of the water had to be increased to » 9.2. As a consequence, a
neutralisation step was added which consisted of a precipitation by means of aluminium sulphate to pH = 7.5 followed
by an Electroflotation unit, which was already applied in the old waste water treatment plant of the factory.

Figure 2:
Results of continuously running experiments for phosphorus removal from mixed waste water of the Mercedes
motorcar factory Gaggenau, Germany. 100 g/L Calcite, detention time in the crystallisation unit: 20 minutes,
3
throughput: 1m /h.
The first experiments in the laboratory scale with very promising: the results are described in [ 9] . Additionally,
continuous running experiments lasting for about 12 months were carried out in a stirred reactor with a throughput from
3
3
0.1 m /h up to 1.1 m /h corresponding to a retention time of 100 or 30 minutes, respectively [11]. 100 g Calcite per litre
reactor volume were introduced at the beginning and lime was used to adjust pH. Again, the Calcite was never replaced
or supplemented.
The mean values over a 12 month period are shown in table 3 . The phosphorus was removed very efficiently under the
conditions described above. Usually the goal of £ 2 mg/l P was readily achieved in the outflow of the crystallisation unit,
although the inflow concentrations rose to about 120 mg/l P in several cases and the water contained up to 300 g/mâ€ž
dry solids. On working days the pH of the inflow was adjusted to about 9.1, whereas at weekends it turned out to be
necessary to raise the pH-value of the water to about 9.8. The reason for this was probably that machines in the factory
were cleaned during the weekends with detergents containing organic crystallisation inhibitors. The neutralisation step
effected a further reduction of the phosphorus content of the water to £ 1 mg/l P. Additionally, a further considerable
COD-reduction of about 40 % was achieved.
The excellent results are further demonstrated in figure 2. It is obvious that the phosphorus outflow concentration of the
crystallisation unit was almost invariably £ 2 mg/l P, although the feed concentration varied throughout the whole
experimental period and the pH-adjustment was not very stable. In one case the pH of the water was as low as pH »
8.0, but the phosphorus concentration in the outflow was raised only slightly to about 3 mg/l P.
2.

Development of a Full Scale Device in the Mercedes Motor-Car Factory in Gaggenau, Germany

The promising results described in the previous chapter lead to the development of a full scale plant for the treatment of 160
mâ€ž/h water [12]. The reasons were mainly, that most of the old equipment could be further used, only some amendments had to
be installed and that it seemed possible to meet the effluent standard of £ 2 mg/L P just by pH-control regardless of the sludge
content and the phosphorus concentration of the inflow.
The crystallisation step is carried out in the old precipitation device which an improved stirring unit. The pH of the water is first
adjusted with lime to 9.2 to 11 and fed into a stirred reactor with a volume of 18 mâ€ž and with a residence time of 14 minutes. This
reactor was filled at the beginning of the operation with a single charge of 1.6 tons of Calcite (grain size 0.35 - 0.7 mm) which has
not been replaced to date (23 months). The water - solid - separation is performed in a parallel platter with a volume of 41 mâ€ž
followed by the neutralisation step with aluminium sulphate and an Electroflotation for the final removal of the solids in the water.
The operation of the full scale device started in June 1996. The results after one year of operation are listed in the following table 3
. In the meantime the composition of the waste water had changed: the difference between weekdays and weekend being no
longer significant. In addition, the phosphorus concentration of the waste water was much lower which can also be followed by the

same table 3 . For this reason the phosphorus concentration in the sludge was also lower than in the earlier experiments. At the
outflow of the crystalliser the phosphorus effluent standard of £ 2 mg/L P was met throughout the whole period and was further
reduced in the final discharge after passing through the Electroflotation unit.
o

The X-Ray investigations in the sludge again gave no hint on the formation of crystalline compounds. Only after heating to 600 C
was it possible to identify hydroxyl apatite - Ca5(PO4)3(OH) and Magnesium Ammonium Phosphate - NH4MgHP2O7 together with
small amounts of Whitlockite Ca18Mg2H2(PO4)14. This confirms the findings of earlier investigations [9-12], the phosphorus is mainly
eliminated by amorphous precipitation.
Table 3
Waste Water Treatment Plant Mercedes Gaggenau, Germany
Results of the Preliminary Experiments and of the Full Scale Operation
from June 20, 1996 to June 17, 1997 (340 days)

Sludge Analysis

Concentrations in the Water

o

After Drying at 100 C
mg/L Dry Solids

pH

[mg/L o-P]

[% P ]

[%C]

[% C]

organic

inorganic

3

Studies in the Laboratory Scale with 0,1 m /h
Inflow

---

7,2 ± 0,1

40 ± 18

5,2

16,0± 4,0

-----

Outflow Crystallisation

---

9,6 ± 0,6

1,4 ± 0,9

10,0± 4,0

20,0± 5,0

----

3

Pilot Scale Studies with 1 m /h
Inflow

320± 400

7,3 ± 0,4

25 ± 17

5,0± 1,8

15,0± 4,0

0,8

Outflow Crystallisation

500± 450

9,4 ± 0,5

1,3 ± 1,0

8,5± 1,0

15,0± 3,0

2,0

Outflow Electroflotation

£ 0,5

7,6 ± 0,4

0,8 ± 0,8

£ 0,5 mg/L dry solids, no measurements
3

Full Scale Operation July 1996 Ã± July 1997 (80 m /h)

1.

Inflow

640± 610

7,8 ± 0,6

11,6 ± 5,0

5,0± 1,3

24,1

0,3

Outflow Crystallisation

1,0± 3,0

9,3 ± 0,5

1,1 ± 0,8

6,0± 0,9

21,8± 3,8

3,0± 0,7

Outflow Electroflotation

£ 0,5

7,4 ± 0,4

0,3 ± 0,5

£ 0,5 mg/L dry solids, no measurements

Experiments with Adjusting of the pH with MgO
In the experiments described above Calcite was used as the seeding material and Ca(OH)2 for the adjustment of the pH of the
water. In Australia MgO, sometimes in a mixture with gypsum, serves as seeding material and pH-adjusting reagent in a
fluidised bed system [13]. For this, pilot plant studies were carried out with municipal waste water [14] in the sewage
treatment plant of Warriewood, NSW, Australia.
Based on this knowledge a joint research project was started in 1993 with the general goal of a further development of the
existing German and Australian processes for phosphorus removal. Both systems employ seeding materials (i.e. Calcite and
MgO), and the object of the project was to develop a "hybrid" process containing the best elements of both technologies [11,
13].
1.

MgO-System (Australian System)
At the start of each experiment, the seeding crystal feed was set to 1 g MgO / L reactor volume in a fluidised bed
system. Then the throughput of the water was started. The pH of the water rose to about 10.8 and the phosphorus
concentration dropped to < 1 mg/L P (figure 3). After some time the phosphorus concentration rose to 2 mg/L P and the
pH of the water dropped to about 9.8 corresponding to the exhaustion of the MgO. The efficiency of the process was
determined by calculating this consumption of MgO as a function of the throughput.

2.

Hybrid System (Karlsruhe Research Centre Development)

First powdered Calcite (50 g CaCO3/L reactor volume) was added. Then the MgO was applied as described above.
3.

Composition of the Waste Waters
In order to evaluate the Ã‘new" Australian System the experiments were carried out with Ã‘Australian" and Ã‘German"
domestic waste water (table 4 ).
Table 4
Composition of the German and the
(Artificial) Australian Domestic Waste Water
German Water

Effluent STP Warriewood

Mercedes Water

(NSW, Australia)
[mg/L]

[mg/L]

[mg/L]

9-15

5

5-100

Ca

100-120

26

100-110

Mg

11-17

16

8-15

Na

22-29

177

n.d.

K

9-11

18

Zn

0,2

0,1

CO3

120

132

Cl

110

260

SO4

100

46

NH4

1-3

30

Phosphorus

10-15

The Ã‘German waste water" was the secondary effluent of the sewage treatment plant of the Research Centre. The
artificial Warriewood water (STP near Sydney, Australia) composed as listed in table 2 was used as an example of an
Australian waste water. There is one significant difference between these two waters: the Australian water contains
much less Calcium than the German one. This has to be taken into consideration, because the Ca-content is very
important in the overall efficiency of the crystallisation process. There are also differences regarding the ammonia and
sulphate content.

§

Results of the Experiments

In order to make an easy comparison possible two "efficiency factors F and FÃ were calculated from the results. F gives
the ratio of the water throughput up to an effluent standard vs. the MgO used, which is the plot given in figure 3. This
means, the higher the value the more favourable is the result.
3

FÃ gives the MgO consumption per m of treated water calculated from F.
2.

Results with Artificial Australian Waste Water Ã‘Warriewood"

First of all the Australian method (MgO only) was applied to confirm the results reported in [13, 14], later hybrid
experiments (CaCO3 + MgO) were carried out.
The results of two series with four experiments each where MgO and the hybrid system was applied, are plotted in the
following figure 3. Assuming an effluent limit of 2 mg/L P the efficiency F and FÃ based on the MgO consumption as
described above amounted to
MgO-System F = 7.2 Â± 0.5 L / g MgO or FÃ = 0.14 kg MgO / m

3

Hybrid system F = 12.0 Â± 0.2 L / g MgO or FÃ = 0.075kg MgO / m

3

Thus a remarkable improvement in the utilisation of the MgO occurred in the hybrid system in comparison with the MgO
system. Probably the phosphorus crystallisation was improved by the Calcite, which served as additional nuclei. There

was no significant change in either the Ca-concentration or the Mg-concentration in the water: the slope was quite the
same with and without Calcite, first a slight decrease, afterwards almost constant.

Figure 3:
Australian domestic waste water - Results with MgO-suspension and with the hybrid system (MgO + CaCO3)
4.

Experiments with German Domestic Waste Water
Additionally experiments with the German domestic waste water of the Research Centre Karlsruhe (table 5 ) were
2+
carried out. The Australian system (with and without addition of Ca -ions) was applied and finally again the hybrid
system was investigated using Calcite and MgO.
Assuming an effluent limit of 2 mg/L P the efficiency F and FÃ based on the MgO consumption like described at the
beginning of the section amounted to
MgO-System F = 7.5 Â± 0.5 L / g MgO or FÃ = 0.16 kg MgO / m

3

Hybrid system F = 12.0 Â± 0.2 L / g MgO or FÃ = 0.08 kg MgO / m

3

There results are remarkably similar to those obtained with Australian waste water. Once again, a significant
improvement in efficiency occurred with the German water with the addition of Calcite when compared to the
application of MgO alone. The improvement attained was similar to that obtained by a continuous addition of a
CaCl2-solution up to 200 mg/L Ca [8] in earlier experiments.
5.

Discussion of the Results

The results show the great advantage using Calcite as a seeding material. This means, that the influence is the same
whether lime or MgO is used. Regarding the practical application it has to be mentioned that the MgO process is carried
out at a very high pH of ³ 11,0 which means that the neutralisation cost are much higher compared with the Calcite
process which is carried out at pH » 9,2.
• Application of the Calcite Process for the Recycling of the Phosphorus
The crystallisation process has proved himself as a very effective tool for the removal of phosphorus particularly at
higher concentration ranges of about 100 mg/L P. It is very easy to handle, because the effluent phosphorus
concentration can be set by adjusting the pH with lime. Thus, on-line measurements can be simplified or even omitted.
In the special case of the Mercedes factory no special attention was given to the recycling aspect. The main reason was,
that the sludge contained a great amount of organic carbon which derived from the oil components mainly.
1.

Results of Recycling Experiments in the Laboratory Scale

Currently laboratory experiments are being carried out with special regard to the "crystallisation" product for the
recycling of the phosphorus. The details of the device and the preliminary results up to now are listed in the
following table 5 .
Table 5
Results of Recovery Experiments with the Calcite Process
Device : Stirred reactor (2 litres), sludge return 1,2 L/H
Calcite : 50 g /L reactor volume; 0,25 Ã± 0,4 mm particle size
pH adjusting : Lime suspension (2 %) or lime water (0,15 %)
Throughput : 2 L/h
Residence time : 60 minutes
Influent : Secondary effluent FZK STP, supplemented to 80 mg/L P

With Calcite (0,2 Ã± 0,4 mm)

without Calcite

Ca(OH)2- Consumption for adjusting a pH - value
pH = 9,54 ± 0,26

pH = 9,0 ± 0,3

pH = 9,86 ± 0,50

Using
Lime suspension (2 %)

Lime water (0,15 %)

Lime suspension (2 %)

0,21 ± 0,04 g Ca(OH)2/ L

0,07 ± 0,03 g Ca(OH)2 / L

0,29 g ± 0,08 Ca(OH)2/ L

Carry Over
57,9 ± 8,8 mg/L

41,7 ± 5,1 mg/L

63,4 ± 18,2mg/L

14,3 % P

17,2 % P

13,9 % P

Calcite
1,6 % P

2,1 %*)

-----------

Settled Sludge
0,43 g/L

*)12,4% P

13,5 % P

0,31 g/L
13,1 % P

*) The corresponding experiments are still running, the value given is intermediate or in progress
According to the results listed above the Calcite causes a much more stable treatment, which can be recognised on
the lower lime consumption as well as on the lower standard deviation. Additionally, the lime water seems much
more favourable regarding the chemical consumption.
2.

X-Ray Analysis of the Products
o

In the diagrams only after heating to 900 C crystalline Ca-P-compounds (different forms of apatite) were detected,
which means, that the original products are amorphous as already stated earlier in the Mercedes experiments
(section 4.3).
3.

Discussion of the Results for Phosphorus Recycling

The Calcite process proved itself a more stable one, required less lime suspension for the pH adjusting than the "normal"
lime precipitation and, at a pH of 9.5, yielded a sludge with 14 % P. Regarding recycling the application of lime water
rather than lime suspension seems to be more favourable, because a sludge with about 18 % P was obtained (pH about
9,2) in the first experiments compared to 15 % P with lime. However, in this case the phosphorus was collected in the
carry over instead on the Calcite material.

• Outlook, Planning of Further Experiments for Phosphorus Recycling
The Calcite process seems a promising method to enable a good recycling of the phosphorus. Further experiments are
necessary especially with a Calcite with a larger grain size with shorter retention times. Successful laboratory tests need
to be followed-up by larger scale field trials where the German - Australian hybrid process described in section 5.2 with
MgO should also be employed.
For the following 1 - 1,5 years the following experiments seem promising and valid:
1.

Comparison column (fluidised bed) - stirring reactor in the laboratory scale for about 3 months

with a feed of an artificial waste water of the Phostrip process containing about 70 mg/L P
whilst varying:
the pH-value
the grain size of the Calcite seed
the residence time
2. Long term experiments in the laboratory scale for about 3 months with the same water as feed
with the goals:
optimisation of the automatic control
verification of the previous results
3. Design and construction of a pilot plant and running of pilot plant experiments in field situations.

1.
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Struvite formation in wastewater treatment plants: an accident waiting to happen? Nic Booker CSIRO, Molecular Science,
Clayton, Victoria, Australia
BACKGROUND:
Nutrient removal from wastewater discharges is an increasing challenge for water authorities, as regulatory authorities tighten
discharge standards to avoid eutrophication problems in receiving waters. Significant costs are associated with the extra treatment
processes required to meet these new discharge standards. The most widely used technologies for nutrient removal include
biological nitrification/denitrification for nitrogen removal and metal salt precipitation for phosphorus removal. Both approaches
result in the nutrient being made unrecoverable as a fertiliser. An alternative to these conventional technologies which can provide
for recovery of the nutrient as a commercial fertiliser could be the production of struvite.
Nitrogen and phosphorus are normally present in domestic sewage at concentrations of around 40 and 10 mg/l respectively. While
very dilute, the enormous flows of sewage mean that significant quantities of N and P enter the natural environment each year via
3
sewage flows. For example, the Melbourne Western treatment plant at Werribee processes about 600,000 m /day of effluent, with
a total phosphate flow of around 18 tonnes per day or nearly 6,600 tonnes per annum. At Australian market prices for super
phosphate fertiliser, this phosphate discharge is theoretically worth ~ A$4.9 million per annum! The fundamental problem with
realising any value for this phosphorus is the difficulty of concentrating it out of a dilute solution into a sufficiently concentrated form
where it can be marketed as a useful product. Assuming that some process can be devised for recovering and concentrating the
nutrients in sewage into a useable form, what is the potential value of these nutrients and to what extent can they offset the cost of
wastewater treatment? Assuming a value for anhydrous ammonia of A$300 per tonne (82% N) and A$500 per tonne for wet
process phosphoric acid (75% PO4) and concentrations of NH3 and P in sewage of 40 and 10 mg/l respectively, then the value of
the nutrients in a kilolitre of sewage is 3.5 cents. With wastewater treatment operating costs being around 10 c/kl, recovery of the
nutrients as a fertiliser is obviously not a direct economic proposition. However, it could be a good way to offset some of the
unavoidable costs associated with treating the wastewater before discharge and final disposal of the sludge.
CURRENT NUTRIENT REMOVAL TECHNOLOGIES
Current approaches to nutrient removal from sewage and other wastewaters are summarised in the following table.

Nitrogen
Biological
Approaches

•

Biological nitrification
and subsequent
denitrification.

Phosphorus

•

Biological
phosphorus
removal (BPR)

Advantages/Disadvantages

•
•

Physicochemical
Approaches

•
•
•

Adsorption on
zeolites or ion
exchange resins
regeneration with
caustic brine;
Air stripping

•

Precipitation with
metal salts

•
•
•

Nitrification/denitrification
removes NH3 from nutrient
cycle;
3BPR stores PO4 in cell
structure - still available as a
nutrient

Absorption of ammonia
allows recovery as a
concentrate;
3Precipitation of PO4 as the
metal salt renders it
unavailable as a fertiliser;
Air stripping needs high
air:water ratios and caustic
demand

Biological phosphorus removal
Biological processes for the removal of phosphorus have been developed during the last twenty years and are now beginning to
compete with the more conventional physico-chemical approach of precipitation with metal salts. Biological phosphorus removal
(BPR) plants commonly involve a number of different stages of treatment, including anaerobic, aerobic and anoxic zones and
require liquid residence times of around 24 hours. They are thus large plants with a significant capital and operating cost. On
average and with good operational control, BPR plants can reduce phosphorus concentrations to less than 1 mg/l, although some
plants with insufficient readily assimilable carbon in the feedwater have difficulty in consistently achieving this level.
The phosphorus in the raw sewage accumulates in the sludge as polyphosphate crystals, with P concentrations in the sludge being
around 5g/l. If this sludge goes anaerobic at any stage, the phosphorus is released back into solution as orthophosphate and
consequently most BPR plants avoid anaerobic digestion of the sludge before disposal. The undigested sludge is unstable and
odorous but can be stabilised by aerobic digestion without incurring phosphorus release, although it is always possible for the

sludge to go anaerobic at a later stage during storage eg in a land-fill. Sludges from extended aeration plants should be at least
partially stabilised. Another approach is to treat the sludge with lime to bind up the phosphorus as the insoluble calcium phosphate.
At those plants where the sludge is digested anaerobically, both ammonia and soluble orthophosphate appear in solution at
concentrations between 500 and 1,000 mg/l. This solution is usually separated from the sludge during further processing, such as
belt pressing, and must then be dealt with separately. In most cases, this involves lime addition to tie up the phosphorus and
recycle of the ammonia rich liquors back to the inlet of the plant where the ammonia must be nitrified. However, the ammonia and
phosphate in the sludge liquors could be used in the production of a solid fertiliser such as struvite.

Physico-chemical phosphorus removal
Phosphorus can also be removed by precipitation with metal salts such as aluminium, iron and calcium, with final P concentrations
below 1 mg/l being achievable with this approach. To achieve lower phosphate concentrations, increasingly high doses of metal
salts are required, often in excess of two times stoichiometry. Because of its relative simplicity and reliability, metal salt precipitation
has been used more widely than BPR to remove phosphorus. However, the high chemical cost and significantly increased sludge
volumes associated with metal salt precipitation are definite disadvantages and have led to the increasing use of BPR. Another
disadvantage is that metal salt precipitation ties up the available phosphorus and thus makes it unavailable as a nutrient.
PHOSPHATE RECOVERY AS STRUVITE
In domestic sewage the molar ratio of nitrogen to phosphorus is around 8 to 1 with the phosphorus normally being present as the
soluble orthophosphate. This molar imbalance and the relatively low concentration of phosphorus in sewage make the recovery of
phosphorus in a useable form a significant challenge. A better source of phosphate for recovery as a fertiliser is the phosphate
released into solution when the sludge from a BPR plant undergoes anaerobic digestion. In this case, phosphorus concentrations
of around 500 mg/l can be reached in the supernatant solution.
As the orthophosphate ion is not volatile (unlike ammonia) and is of similar molecular size to other ions in sewage, the only viable
approach to its recovery in a concentrated form is precipitation as an insoluble salt. This approach is, of course, the basis of the
most widely used method for phosphate removal from wastewaters, namely precipitation as the metal salt eg FePO4. However,
such salts completely tie up the phosphate thus making it unavailable as a nutrient. The range of salts called metal ammonium
phosphates have the propitious properties of being not only insoluble enough to achieve significant phosphorus removal but also of
being able to make the phosphorus and ammonia available to plants by a biologically based slow release mechanism (Bridger et.
al., 1962). The most well known example of this type of salt is "struvite" or MgNH4PO4, which is commonly formed in anaerobic
digesters when significant levels of Mg occur in the raw sewage. The excellent fertilising properties of struvite have been well
studied and reported in a number of publications (Lunt et. al., 1964). Salutsky et. al. (1972) have clearly demonstrated the efficient
precipitation of phosphorus from anaerobic digester effluents as MgNH4PO4, with P levels being reduced from around 100 mg/l to
2-3 mg/l. Simultaneous ammonia removal was also achieved and elemental analysis found the precipitate to be largely struvite.
The recovery of both ammonia and phosphate from sewage and the subsequent production of struvite has been well studied by
Liberti et al (1981). In this study, both ammonia and phosphate anions were recovered from secondary sewage effluent via ion
exchange and the eluants from resin regeneration used to produce both magnesium ammonium phosphate (MgNH4PO4) and
ammonium nitrate (NH4NO3). While an economic analysis of this nutrient recovery process appeared favourable, it was not adopted
commercially, the main reasons appearing to be the high cost of chemical inputs (MgCL2, NaOH and brine solutions) and the failure
to establish a firm market for the fertiliser produced.

Uses for struvite
Studies by Bridger et. al. (1962) have confirmed the excellent agronomic properties of MgNH4PO4. While only slightly soluble in
water and soil solutions, struvite was found to be a highly effective source of phosphorus, nitrogen and magnesium for plants
through both foliar and soil application. The release of nutrients appeared to be enhanced by a biological nitrification mechanism,
with the nutrients being released at a controlled rate over an extended period of time. When properly granulated, it can be applied
to soil at rates greatly exceeding those of conventional fertilisers without danger of burning plant roots.

Economics
Despite such attractive agronomic properties struvite is not widely used in the fertiliser industry, the main reason appearing to be its
high cost of production from the raw chemicals. As described above, Liberti et. al. (1991) had to use both MgCl2 and NaOH in
addition to ammonia and a phosphate source. Other studies (Schulze-Rettmer, 1991) have also highlighted the significant chemical
cost associated with this approach.
In a wastewater treatment plant which is required to remove both nitrogen and phosphorus, the cost of supplying N and P is just the
incremental cost associated with changing the treatment plant design as discussed in previous sections. The supernatant from the
anaerobic digester of a BPR plant is an excellent source of both N and P for struvite production, but this still leaves the cost of both
MgCl2 and NaOH supply. However, a good understanding of the process chemistry, combined with clever design, has the potential
to produce a cost effective process for struvite production.
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Adapting Strategies for avoiding struvite build-up in plants and transforming them into
strategies for recovery

Steve Williams
Thames Water Utilities Ltd.
Spencer House, Manor Farm Road, Reading, RG2 0JN.

Abstract
Phosphorus removal as part of wastewater treatment is becoming more widespread in the United Kingdom as the Urban
Wastewater Treatment Directive is implemented. Phosphorus removal can be achieved by either chemical or biological means or
by a combination of both methods. When the phosphorus is removed biologically the phosphorus stored in the waste sludge may
be released during anaerobic digestion. As digested sludge contains a high concentration of ammoniacal nitrogen it is likely that
struvite may be formed if the magnesium concentration is sufficiently high.
At Slough wastewater treatment plant struvite precipitation has been a problem for a number of years. A recent extension to the
plant built as a 3-stage Bardenpho plant has reduced the phosphorus concentration in the effluent and lead to an increase in
struvite precipitation in the digested sludge pipelines. These problems have been overcome in the short term by dissolving the
struvite in 10% sulphuric acid. It is hoped to provide longer term protection against struvite precipitation by installing magnetic water
softening devices at key locations. This form of protection is already providing some benefit at one point on the site.
The phosphorus concentration and loads at a number of points on the site has been investigated. By combining two streams, the
centrate from the sludge dewatering plant and the liquor from thickening the waste activated sludge, a relatively clean stream
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containing 160 mgl of soluble phosphate, a load of 136 kgd . In order to make best use of this stream it is important to prevent
struvite formation at other points in the plant where the precipitation can cause operational problems. If magnetic water softeners
prove to be successful they will provide an important part of the phosphorus recovery from wastewaters.

Introduction
The need for nutrient removal as part of the wastewater treatment process in the United Kingdom has arisen from the Urban Waste
(1)
Water Treatment Directive which was adopted by the EC on March 18, 1991 . The Directive sets discharge limits for some of the
established sanitary determinands e.g. BOD and suspended solids, and the nutrients nitrogen and phosphorus. The limits for
nutrients are shown in Table 1 and are annual average values based on 24 hour composite samples.
Table 1. Limits for nitrogen and phosphorus as required by the Urban Waste Water Treatment Directive.

Parameter
Total Nitrogen

Population 10,000 to
100,000
*

Total Phosphorus

15 mgl
2 mgl

-1

-1

Population >
100,000
10 mgl
1 mgl

-1

-1

Minimum Reduction
70 % - 80 %
80 %
-1

*Alternatively the daily average total nitrogen concentration must not exceed 20 mgl , and the standard only applies when the
o
wastewater temperature is greater than 12 C.
These standards become effective on or before December 31, 1998 for wastewater treatment works which discharge to
watercourses that are designated as "sensitive." The DoE has designated much of the non-tidal Thames and some tributaries as
sensitive. This designation may require, in the future, phosphorus removal at as many as 65 wastewater treatment works.
Phosphorus removal can be achieved chemically by precipitating the phosphorus with a metal salt e.g. Iron II, Iron III, Aluminium
and calcium. Biological removal requires the bacteria to be exposed to firstly anaerobic and then, secondly anaerobic conditions.
This sequence helps to select groups of bacteria that are able to concentrate the phosphorus in their cells as poly- phosphate
(2)
chains . However when these bacteria are exposed to anaerobic conditions, as in an anaerobic digester, some of the
phosphorus is released as soluble phosphate. In order to retain the phosphorus in the sludge it may be necessary to precipitate the
phosphorus as a metal phosphate or as struvite.

Slough Wastewater Treatment Plant
Slough wastewater treatment plant is situtated to the south of Slough town and is bordered on one side by the M4 motorway. The
plant treats the wastewater from a domestic population of approximately 150,000 and an industrial population equivalent of
150,000. Until 1996 the wastewater was treated primarily by a two stage biological process following preliminary and primary

treatment. The settled wastewater was treated firstly in a non-nitrifying activated sludge plant which removed most of the
biodegradable organic load and then in nitrifying trickling filters. The surplus activated sludge and the humus sludge were co-settled
in the primary tanks with the incoming wastewater and the sludge produced was digested and dewatered in a centrifuge before
being recycled to agricultural land as a soil conditioner. The centrate was returned to the inlet works for treatment.
Slough wastewater treatment plant has had a struvite problem for many years. The centrifugal pumps which return the centrate had
to be removed and the struvite chipped from the pump casing every two weeks. This task was accomplished using a hammer and
chisel and was extremely labour intensive. In an attempt to alleviate the problem a magnetic water softening device supplied by
Scale Watcher was fitted to the pipework before the centrifuge. It was hoped that this would prevent the struvite from precipitating
in the pump and reduce the manpower cost of operating the plant. At the time this solution did not appear to have any beneficial
effect despite a number of attempts to overcome the problem.
In 1994 Thames Water agreed with the Environment Agency to treat a larger volume of wastewater before discharging to the storm
overflow. This lead to a doubling of the flow to full treatment and it was clear that the existing combination of activated sludge and
trickling filter would not be able to meet the consent. During the design of the plant it was foreseen that the high concentration of
soluble Chemical Oxygen Demand (COD) in the settled wastewater would give rise to a very high oxygen demand at the beginning
(3).
of the activated sludge plant which would be difficult to meet
Experience from other Thames Water treatment plants suggested it
was likely that the resulting low levels of dissolved oxygen would lead to "bulking", i.e. poor settling sludge, and the plant would
therefore be difficult to operate.
Although the consent for Slough does not require phosphorus removal it was decided to build the extension to the works as a
biological nutrient removal plant. In this way the soluble COD would be utilised in the un-aerated parts of the plant before it reached
the first aerobic section, so reducing the risk of bulking.
Biological Nutrient Removal Plant at Slough
The new extension at Slough is a three stage Bardenpho plant designed to treat the wastewater from a population equivalent of
165,000. The remaining flow is treated in part of the existing two-stage activated sludge, trickling filter plant. The overall plant is
shown schematically in figure 1 and one aeration lane is shown in figure 2.

Figure 1. Schematic representation of Slough Wastewater Treatment Plant.

Figure 2. Schematic representation of the 3-stage Bardenpho plant at Slough.

The 3-stage configuration consists of an anaerobic/aerobic sequence to facilitate phosphorus uptake and an anoxic/aerobic recycle
sequence to nitrify the ammoniacal nitrogen to nitrate and then for the nitrate to be reduced to nitrogen gas. The effectiveness of
the plant to remove nitrogen and phosphorus can be seen is table 1.
Table 1. Performance of the 3-stage Bardenpho plant at Slough,

Parameter
Suspended Solids mgl
BOD mgl

-1

-1

COD mgl

-1

Ammoniacal N mgl

-1

Total Oxidised Nitrogen mgl
-1

Total Phosphorus mgl

-1

Settled Wastewater

Final effluent

150

8

225

4

500

40

34

0.1

-

5.6

10.3

0.7

From table one it is clear that the plant is producing a very good quality effluent in terms of organic pollutants and that nutrient
removal is effective. The effluent contains only 17/% of the incoming nitrogen and 7% of the incoming phosphorus. The nitrogen
that is removed in the aeration lane is mostly lost to the atmosphere as nitrogen gas as a result of denitrification in the anoxic zone.
The phosphorus, in contrast, is not lost from the system but accumulated in the waste activated sludge to the extent that the mixed
(4)
liquor may contain up to 5% phosphorus . When the sludge is exposed to an anaerobic environment, for example in anaerobic
digestion, much of the phosphorus is released.
The fate of the released phosphorus is important. If the digested sludge is dewatered the released phosphorus will be returned to
the incoming wastewater making good phosphorus removal more difficult. Also important is the fate of the phosphorus once it has
been recycled to agricultural land. If the phosphorus is not absorbed it may be lost from the soil and could be leached into the
groundwater and become a diffuse source of phosphorus. It would be advantageous if the phosphorus could be "fixed" in some
way and removed from the wastewater treatment system or maintained in the sludge as a beneficial fertilizer.

Struvite Formation
Since the commissioning of the new activated sludge plant at Slough the problem of struvite formation has been exacerbated. Eight
months after the new activated sludge plant was commissioned the pipework between the digesters and the digested sludge
holding tank became blocked with an accumulation of small struvite crystals in a matrix of digested sludge solids. The pipework
formed an inverted syphon which contained flowing sludge only when the digesters were being fed with raw sludge. The blockage
occurred in the lowest horizontal and final vertical sections of the pipe which was filled with stationary sludge when the digesters
were not being fed with raw sludge. The pipeline has been re-routed so that it can drain freely in the hope that this would reduce
the opportunity for the struvite crystals to form. This modification appears to have been successful and the pipeline has been free
from struvite since the changes were made.
Approximately one year after commissioning the new plant it became apparent that the piepline from the digested sludge holding
tank to the centrifuge had become restricted and it was not possible to transfer sludge for dewatering. In the short term the problem
was overcome by laying 800 m of temporary pipework to the centrifuges whilst the extent of the problem was investigated.
Dismantling the pipework around the transfer pumps revealed a significant deposit of struvite. The 100 mm diameter pipework was
reduced in bore to approximately 50 mm, which accounted for the sludge pumping problem. It was not easy to determine how much
of the pipeline had a struvite deposit as much of the 800 m length was underground.

During laboratory scale tests it was discovered that the struvite could be dissolved in 10% sulphuric acid. The pipeline was then
"cleaned" by filling it with acid and leaving it overnight. The following day the pipeline was flushed with effluent and the spent acid
was allowed to flow into the large sludge lagoons. The pipeline around the pumps was found to be clean and the pipeline was
recommissioned successfully. In order to prevent further stuvite deposition in the pipeline a number of options were considered
before two magnetic "softening" devices, supplied by Lifescience Products Ltd. were fitted to the pipes before and after the pumps.
The effectiveness of this measure is now being evaluated.
Confidence in this type of solution has been increased due to recent changes to the magnetic softener installed near to the centrate
pumps. The latest modifications to this installation have reduced the incidence of pump removal and cleaning from once every two
weeks to five weeks. If this kind of increaed time between cleaning could be obtained for the digested sludge pipeline the acid
cleaning would be needed only every two or three years which may be acceptable to operational staff.

Struvite Recovery
It is clear that generating the conditions for the precipitation of struvite is not very difficult. The greater difficulty is ensuring that the
struvite formation occurs in a location where it can be recovered economically. In order to establish the best location for struvite
recovery a number of streams at Slough have been monitored for a short period. These streams are:-

•
•
•
•
•

The settled wastewater
The waste activated sludge
The waste activated sludge liquor from the belt presses
The digested sludge
The centrate from the digested sludge centrifuge

Samples from each stream were analysed for suspended solids, soluble phosphorus, total phosphorus and the flow has been
measured, or estimated if accurate flow data was not available. These results are shown in table 2.
Table 2. Results of the analysis of potential phosphorus recovery sites at Slough.

Stream

Suspended
-1
solids mgl

Soluble
Total phosphorus Ammonia
-1
-1
phosphorus mgl mgl
mgl

Flow
3 -1
md

Phosphorus
-1
load kgd

Settled
Wastewater

125

8.7

11.7

34

59,000

690

Waste
activated
sludge

9,000

190

350

50

700

245

Waste
activated
sludge liquor

250

190

200

50

600

120

Digested
sludge

28,500

70

800

750

300

240

Centrate

270

80

110

750

250

28

1

The ideal location for the recovery of struvite requires that the flow should have a high concentration of soluble phosphorus and
ammoniacal nitrogen, a low concentration of suspended solids and a relatively high phosphorus load.
The results in table 2 show that none of the locations sampled is ideal for the recovery of struvtite. The raw wastewater has low
concentrations of phosphorus and ammonia, the waste activated sludge and the digested sludge have high suspended solids
concentrations. The waste activated sludge liquor has a low ammoniacal nitrogen concentration and the centrate load is quite
small. The high soluble phosphorus concentration of the waste activated sludge arises because the waste sludge is stored in a tank
for about one day before being thickened.
It may be possible to combine two of the flows, the waste activated sludge liquor and the centrate to produce a more acceptable
stream. The combined stream at Slough would have the composition and flow as shown in table 3.
Table 3. Flow and composition of a potential combination of the centrate with the waste activated sludge liquor.

Parameter

Value

3 -1

Flow

850 m d

Suspended Solids

255 mgl

Soluble Phosphorus

160 mgl

Total Phosphorus

175 mgl

Ammoniacal nitrogen

255 mgl

Total Phosphorus Load

148 kgd

-1
-1
-1
-1
-1

As the sampling programme was relatively short and some of the flows have had to be estimated an extended monitoring
programme to verify these findings is required.

Conclusions
Phosphorus removal from the effluent stream at wastewater treatment plants is becoming more widespread. The options for
removal lead to the phosphorus becoming concentrated in the sludge stream. It is important that the phosphorus in the sludge is
held in such a way that it is not readily released and lost from the soil but is available to plants as a fertilizer. An alternative is to
remove the phosphorus from the wastewater treatment plant in a managed way and for farmers to add phosphorus fertilizers to
their land when it is required.
It is obvious from Thames WaterÃs experience at Slough that struvite is one phosphorus containing compound that is very easy to
precipitate. The challenge is to maintain the phosphorus in solution until it reaches a suitable point for recovery. One such suitable
point at Slough would be a combined stream formed from the centrate and the thickened waste activated sludge liquor. The second
challenge is to design a simple struvite precipitation process which enables the phosphorus to be successfully recovered.
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Secondary Sewage Effluent P Removal Pilot Project (P adsorbtion onto calcareous material), New South Wales, Australia
S Short and P Nichols
Forbes Rigby Engineers

1. BACKGROUND
This poster paper describes the basis of a phosphorus removal trial being conducted at Tathra in New South Wales (NSW),
Australia. The project is being managed by the NSW Department of Public Works and Services with support from the local authority
Bega Valley Shire Council and with Forbes Rigby Pty Ltd and Dr Steve Short acting as research consultants.
Forbes Rigby Pty Ltd (FR) is an engineering consultancy in Wollongong, an iron & steel manufacturing and coal mining industrial
city situated some 100 km south of Sydney, New South Wales, Australia. The company has performed much work over many years
for the major industrial company in Wollongong, Broken Hill Proprietary Ltd (BHP). Dr Steve Short, an environmental engineer &
until late 1997 an associate at FR has consulted widely to BHP and associated companies in the region on management, landfilling
and beneficial reuse of slags, coal washery wastes and other byproducts of the iron, steel and coal mining industries.
Under Shorts direction, FR operated a pilot plant gravel filter at BHP Stainless for 6 months, removing fluoride (a useful model
anion similar in adsorptive behaviour on calcareous surfaces to phosphates) and nitrate (by denitrification stimulated by methanol
dosing) from spent pickle liquors.
Short has also amassed a considerable body of both open literature and commercial research information over recent years
concerning the adsorption of phosphorus (P) to calcareous soils and sediments and to calcareous industrial waste products
respectively.
In late 1996, Short made a presentation to NSW Department of Public Works and Services (DPWS) on behalf of FR. This
presentation promoted the merit of pilot trials of simple gravel filter beds for possible passive P removal from secondary sewage
effluents in small country towns, using as filter media, reject grades of limestone or iron & steel making slags,. Discharges of P
contaminated sewager effluents to inland waterways are a known contributor to the chronic problem in Australia of toxic blue green
algae blooms in such waterways.
It was Shorts contention that low cost adsorptive materials such as reject grades of limestone or iron and steel making slags might
provide the basis for a passive, maintenance-free P removal technology at even lower cost that chemical dosing with alum, PAC,
ferric chloride, lime etc. As these materials also contain magnesium (slags more so than limestone) such materials should also
remove some ammonium nitrogen through surface struvite precipitation.
Subsequently, DPWS solicited from FR a fully costed design proposal from FR for a horizontal gravel bed filter pilot plant to be
retrofitted to the Tathra Sewage Treatment Plant on the far NSW South Coast (~450 km from Sydney). Tathra is a small coastal
town that experiences a large influx of tourists (up to 30,000) over a 6 week period in summer.
The secondary effluent sourced from the Tathra STP has a mean pH of 7.45, mean TSS of 24 mg/L and mean TP of 7.7 mg/L. At
present this effluent (from two Pasveer units) is run out into a large sludge drying bed which was simply excavated into permeable
coastal sands. Effluent infiltrates the local shallow aquifer and until more recently (when the drying bed was lined) this had led to
nutrient pollution of an adjacent protected wetland complex.
The design proposal was submitted to DPWS by FR in June 1997.
The pilot plant project was fully costed at ~A$110K and is designed to treat 5 - 10% of the effluent from the STP, including during
the summer tourist influx, for a period of 2 - 5 years, reducing TP from ~8 mg/L to <0.2 mg/L. Costing assumed the plant would be
operated for a period of 12 months although operation for a longer trial period would be possible at a running cost of only
~A$15K/year.
After consideration of the design proposal by DPWS between July 1997 and February 1998, they agreed to fund 50% of the pilot
plant from their discretionary research fund and suggested that Bega Valley Shire Council (BVSC) the relevant local authority that
operates the Tathra STP, should fund the remaining 50%. BVSC recently agreed (21 April 1998) to provide these funds. It is
expected that construction will commence in a month or two.

2. PROJECT GOALS
The prime purpose of this pilot plant is to test the effectiveness of the two lowest cost calcareous materials available in Australia
(i.e. reject grade quarry limestone and air cooled blast furnace slag) as suitable filter media for passive P removal from secondary
sewage effluents.

Most importantly, by operating the pilot plant for an adequate period of time, it is hoped to gain valuable information on P
adsorption rates, the influence on those rates of accumulated biofilms and ultimate sorption capacities of these media under real
world conditions (rather than those already well known from laboratory column trials etc.).
From the performance outcomes of this pilot trial it is also intended to perform cost-benefit comparisons of this approach with
chemical dosing/coagulation/precipitation methods.
This project offers distinct possibilities for researching P recovery from spent media, particularly from the slag. Unlike the UK and
EU countries P recovery from non-mineral sources has not yet received great attention in Australia. Prices for rock phosphate
sourced from various Pacific Islands are not yet high enough in Australia to drive a concerted program of developing processes for
cost effective P recovery from human and animal wastes.
Air cooled slag is a hard, stable and relatively insoluble material, being principally composed of calcium and magnesium silicate
phases. If the pilot trial with air cooled slag as filter media produces a favourable outcome there are distinct possibilities for rapid P
recovery and in situ bed regeneration using (say) dilute sulfuric acid.
It has been demonstrated in prior doctoral researches that sulfate effectively displaces phosphate from blast furnace slag surfaces.
This displacement should be accomplished with minimal calcium leaching due to the limited solubility of gypsum and the common
ion effect. This process is analogous to the use of sulfuric acid flooding to recover chromates from contaminated soils stabilized
with barium.
Samples of slag will be recovered from the pilot plant after 12 months and possibly at longer intervals if the project is continued
beyond this time. These will be saturated with solutions of dilute sulfuric acid and the liquor so produced analysed for calcium,
magnesium, phosphorus, ammonium nitrogen and selected trace elements to assess the feasibility of P recovery and bed
regeneration by this method.
There is also a possibility that slag beds might be able to be regenerated by simply spraying on dilute sulfuric acid i.e. using the
principle of unsaturated leaching, leading to reductions in regenerate liquor volumes.
Spent filter bed material might be reusable as roadbase, or for paths in parks and gardens etc. as the adsorbed P would only be
very slowly re-released to the environment. Either of these materials might also find a market as additives to horticultural potting
mixes or as low cost acid soil amendments.

3. BASIC THEORY AND DESIGN
In a gravel filter medium, P removal by the adsorptive mechanism is rate dependent, being largely dictated by the mean length of
the diffusion path from solution to the surface of the gravel. Hence the adsorption rate is expected to be inversely dependent on the
mean interstitial dimension of the gravel, i.e. as the percentage of fines in the gravel increases so too does this rate. However, this
also tends to increase the bulk density of the gravel (especially if larger sized material is absent), thereby reducing the interstitial
volume and hence reducing the hydraulic residence time (HRT).
If plug flow through a gravel filter is assured, a pseudo first order (plug flow reactor) rate constant (k) for this (adsorptive) removal
mechanism (i.e. where ln (Ce/Ci) = -k.HRT where Ce = effluent TP concentration and Ci = influent TP, should be roughly
proportional to the (weighted) mean size of the gravel (which roughly dictates the mean interstitial dimension).
Pseudo first order rate constants for total P removal in the literature on subsurface flow (gravel bed) wetlands achieving plug flow
range from about 0.1/day to 1.0/day. There is good evidence to show that maintaining a large proportion of the gravel below about
7 mm in size is necessary to maximise k, i.e. to keep it nearer 1.0/day and as the mean particle size of the gravel increases, k
progressively falls away.
It is useful to note this applies regardless of whether the gravel is comprised of an insoluble calcareous material or just a normal
gravel as it is essentially the length of the diffusion path to the surface which dictates rate of removal.
A small finite difference model was constructed to scope various filter bed configurations and water surface profiles for a horizontal
bed filter using the Dupuit-Forscheimer Equation and assuming minimum saturated hydraulic conductivity for the gravel media of
200m/day after biofilm buildup. Trench configurations (i.e. with battered slopes etc.) were also investigated in this way. Flow path
analysis was used to minimise the dead volume zone near the bottom at the outlet end of the bed by adjusting an outlet weir height
accordingly.
Briefly, the adopted design proposal calls for an aboveground rectangular concrete block construction of internal dimensions 8 m x
24m sited on flattened ground. The inlet end gravel height is 1.4 m and at the outlet end water would pass over a block weir of 0.4
m height.
The gravel media would have a sloping profile and be contained within a woven geomembrane liner. Effluent would be fed to the
bed via a spreader bar placed on the gravel at the inlet end.

It is planned to trial two types of filter media in the gravel bed, separated by a welded-in partition (in the longitudinal flow direction)
in the geomembrane liner. These media would be:

•

a -40 mm reject crushed limestone sourced from Buchan in the neighbouring southern state of Victoria; and

•

a -20 mm crushed air cooled blast furnace slag sourced from the BHP Port Kembla steel works, Wollongong.

The idea behind using a coarser grade of limestone than for slag is that biofilm buildup should be greater on the lower pH surface
of the limestone than on the higher pH surface of the slag. Total mass of gravel media would be of the order of 150 tonnes of
limestone and 133 tonnes of crushed slag. Effective startup bed porosity is about 30 vol% in each case.

4. OPERATING CONDITIONS
The brief from DPWS requires BVSC/FR/Short to operate and monitor the pilot trial for a total period of at least 12 months. This
period must include or at least simulate the 6 week summer period of increased hydraulic loading and reduced hydraulic residence
time in the filter.
It is intended to operate the (parallel) beds for an adequate trial period at 5% of the mean flow through the STP. Some 22.5 kL/day
total would be run through the beds for 20 weeks (split half and half for each parallel filter media set) and 53 kL /day for 6 weeks, to
simulate the full tourist season.
This total 6 month period would be used to monitor general hydraulic performance and in particular to determine design-specific
pseudo first order plug flow reactor rate constants for total phosphorus (TP), BOD5, suspended solids, ammonia nitrogen and faecal
coliform removal in accord with published literature knowledge.
If performance for this first 6 months is adequate, it is proposed to move to an increased loading to 7.5% or even 10% of the total
STP outflow for another 6 months to:

•
•
•

decrease the hydraulic residence time by a factor of 1.5 or 2 to verify pseudo first order plug flow kinetics;
accelerate the rate of mass wastage of the gravel media to possibly detectable rates; and
monitor wetted zone profiles within the media under conditions of increased biofilm buildup (and hence reduced hydraulic
conductivity and HRT).

CONTACTS FOR FURTHER INFORMATION/INTERACTION
Persons wishing to monitor the progress of this pilot plant project or comment upon its design etc. may contact:
Dr Stephen A. Short
Ecoengineers Pty Ltd
78 George Avenue
Bulli
New South Wales 2516
Australia
Tel/Fax: 61 2 42675500
Email: sashort@ozemail.com.au
or
Mr Paul Nichols
Forbes Rigby Pty Ltd
278 Keira Street
Wollongong
New South Wales 2500
Australia
Tel: 61 2 42284133
Fax: 61 2 42286811
Email: paul.nichols@forbesrigby.com.au
or
Mr Mike OHara
Department of Public Works and Services
McKell Building 2-24 Rawson Place

New South Wales 2000
Australia
Tel: 61 2 93727460
Fax: 61 2 93727477
Email: mike.ohara@dpws.nsw.gov.au

Animal wastes as a potential source of recoverable phosphorus
By Phil Hobbs, Phil Haygarth and Dave Chadwick.
Institute of Grassland and Environmental Research, North Wyke, Okehampton, Devon, EX20 2SB.
Over recent years, housing for livestock has increased substantially. In many cases, such intensification has lead to larger volumes
of stored waste, which are more anaerobic in nature. Pain et al (1998) estimated that approximately 90 million tonnes of farm
manure was produced in the UK in 1993. Farm manure was previously considered part of the natural means of fertilising the land.
These larger wastes volumes are chiefly from cattle, pig and poultry and are considered a problem. First in terms, of when and how
often to landspread and second, if wastes cannot be spread on the land, how they can be stored or disposed of effectively without
risk of transfer to watercourses. In particular phosphorus (P) contributes to watercourse pollution in various chemical forms and
oxidative states by causing eutrophication and associated algae blooms.
Using average P concentrations of the different manure types (MAFF, 1994) and the volume of manure generated we estimate that
about 100,000 tonnes of phosphorus is present in manure, chiefly from cattle, poultry and pigs. Manure is collected and stored in
different forms. Poultry manure (4.3 mt ) is collected as a paste like material with no added straw or absorbent bedding. Whereas
cow and pig manure has straw added to about 50% of the 75 and 11 mt respectively. The other 50% is as slurry which is a mixture
of urine and faeces combined with some rain water or washings. Cattle waste contains 45 kt of P but at lower concentrations than
that found in pig or poultry manure.
Each of these animals has different ways of digesting and excreting waste. The cow has a rumen to digest plant material and
phytase to breakdown inositol hexaphosphate. Phytase is lacking in some animals, such as the pig and chicken, which are
monogastric.
The absorption of phosphorus by animals is controlled by a range of co-dependent factors that include dietary levels, vitamin D and
others, as well as the health and age of the animal. Generally, about 70% of phosphorus ingested is excreted (Church 1979).
Faeces generally contain more phosphorus than urine and this can be further categorised into inorganic, acid soluble, lipid and
residual phosphorus (Barnett 1994).
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Wastes that are stored anaerobically change in composition. Studies by Gerritse and Zugec (1977) using PO4 ions on the dry
matter of pig slurry demonstrated that phosphorus was cycled homogeneously to all forms within 10 to 20 weeks. The ten slurries
-1
varied in dry matter composition from 5 to 10% and the total P content was 20g kg . The composition was approximately 15%
organic P and 85% inorganic P. The latter was mainly present in the form of crystals or precipitates of calcium phosphate and was
found in the solid fraction of the waste. Only 5% of the inorganic P was soluble.
32
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Gerritse (1982) also produced a model for phosphorus cycling in slurry using labelled phosphate ( PO4 ). It can be seen that
microorganisms play a central role in cycling P forms in farm waste and manipulating this P cycle could be a possible source of
recovering P effectively. Gerritse (unpublished) also found that this model was true for other farm wastes although not specifying
which ones.
The value of P as phosphate in wastes is estimated as £77 million in the UK (based on 25p per kg) (Chadwick, unpublished).
However, the economics of phosphorus recovery from farm wastes is difficult to evaluate. Certainly, there are higher concentrations
of P in farm wastes (and especially in poultry manure) than human sewage. However economic recovery is dependent upon not
only the amount present but also the means of extraction and the form of P species produced from the process. Barring
interdependence of each stage mentioned above, then if microbial action were effective in modifying and/or concentrating P into an
easily extractable and appropriate product this would be the preferred least-cost method.
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PROSPECTS FOR THE RECOVERY OF PHOSPHORUS FROM
ANIMAL MANURES: A REVIEW.
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ABSTRACT
This paper reviews the potential for P recovery from animal manures as a method of increasing the sustainability of the global P
cycle. The P content of animal manures produced annually in the UK is currently estimated at over 120,000 t. Similar quantities of P
are produced in manures in the Netherlands and an estimated 600,500 t are produced annually in the US. Up to 65% of manure P
31
may be associated with an organic moiety. However, current methods to identify these including HPLC and P NMR are under
developed while P fractionation procedures give only operational definitions. Combinations of current technologies developed for
the treatment of sewage are likely to prove effective in the recovery of P from manures. Enhanced Biological Phosphorus Removal
(EBPR) could be adapted to produce a concentrated P effluent. Recovery of P from which could be achieved by either of two
crystallisation pathways to produce magnesium ammonium phosphate (struvite) or calcium phosphate (apatite). Recycling of
manure P to land within the agricultural sector remains the best option in many cases. However, manure production in many areas
such as the Great Lakes, Chesapeake Bay and the Everglades in the US, the Po Delta in Italy and the sand regions of the
Netherlands is too intensive for locally available land to accommodate without the risk of transfer to surface waters. Legislation
restricting recycling of P to land already exists in the Netherlands and is likely to become widely adopted. Under these
circumstances recovery of P may alleviate manure management problems.
INTRODUCTION
Of the estimated 150 million tonnes (t) per year of phosphorus (P) currently extracted and processed globally, 85% is used in
agriculture as fertilisers and feed concentrates . Domestic farm animals typically excrete 70% of P intake . Haygarth et al calculated
that a typical UK intensive dairy farm of 57 ha with 129 lactating cows imported 2.48 t of P of which only 0.98 t were re-exported
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resulting in a net accumulation of some 1.5 t or 26 kg P ha y . This was also reflected in studies by Sharpley & Withers and de
Willigen & Ehlert which showed P budgets for farming systems throughout Europe and the US to be in surplus, causing an
accumulation of P in agricultural soils. It has traditionally been assumed that excess P remained largely fixed in the solid phase of
the soil system . However, it is now widely accepted that transfer of P from agricultural soils to surface waters occurs in sufficient
quantities to present a major cause of cultural eutrophication of both inland and coastal water bodies e.g.
In order to address the problems caused by excessive loading of P to agricultural systems an integrated strategy to reduce overall
P use needs to be developed and implemented. Recovery of P from farm manures presents an opportunity to directly contribute to
such a strategy. The reasons for this are several fold.
1. Without careful management animal wastes can represent an important point and diffuse source of water pollution . In the UK in
1994 13% of all pollution incidents were found to originate from agriculture . In the US agriculture is responsible for an estimated
65% of all pollution incidents including 81% of BOD (biochemical oxygen demand) and 74% of total P loading to surface waters .
2. Livestock are increasingly reared under housed conditions which concentrates the production of manures into confined areas
making them easily collectable. Manures produced under such conditions are currently stored, often for lengthy periods of time to
reduce the viable enteric microflora, decrease volume and until spreading is legally permitted (manure spreading is prohibited in the
Netherlands between Sept. 15 and Jan. 31 to reduce the risk of transfer to water) . In the UK the Ministry of Agriculture Food and
Fisheries (MAFF) set out guidelines of good practice, discouraging farmers from spreading manures under conditions likely to result
in excessive transfer to water.
3. Build-up of excessive soil P has occurred to a greater extent in livestock, compared to arable, systems due to economic
constraints necessitating operations on decreasing land areas . In the US the number of cattle and pigs have remained stable over
the last 30 years while the number of cattle farms has halved and pig farms have declined five fold. Over the same period poultry
farms have declined from 2.2 million to 91,000 while poultry production has increased from 2.6 million tonnes to 13 million tonnes .
4. In the Netherlands and Belgium disposal of intensively produced animal wastes is beginning to be seen as a national crisis ,
particularly because of the potential to cause nutrient enrichment of surface waters, a major contributory factor to the process of
eutrophication. Consequently, regulations have been set whereby application of manures to farmland is restricted to a maximum of
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48 kg P ha y with a levy to be imposed on surpluses . Similar restrictions are likely to be implemented in areas of P accumulation
throughout the EU and the US in the near future. In the UK, current manure application policy is based on nitrogen (N) loading
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rates of 250 kg ha according to MAFF . N:P ratios in manures are generally in the region of 2-6:1 whereas most cropping
situations require a ratio of 7-11:1 . Consequently, manure applications based on N requirements represent significant P surpluses.

5. As much as 65% of P in animal manures occurs in organic forms which are often soluble or colloidal in nature and do not
become readily fixed in the soil. Therefore manure P is more prone to leaching via hydrological pathways than inorganic P from
artificial fertilisers .
6. Manure application to agricultural land replenishes organic matter, improving the structure, water retention and cation exchange
capacities of the soil. Reduction in the nutrient load of manure would allow the continued benefit of these attributes while reducing
the threat of eutrophication.
7. Recovery of P in a form suitable for fertiliser use has the potential to enable farmers to better control the application of P and its
release rate to the soil, reduce the need to import further P fertilisers and reduce the cost of exporting nutrients to less susceptible
or P deficient areas.
MANURE PRODUCTION AND DEFINITIONS
Currently 80 to 90 million t of manures are collected in farm buildings in the UK annually. Using average P concentrations reported
by MAFF for different manure types this represents c.120,500 t of P (Table 1). Manure production by the Dutch national herd and
its P content is broadly similar to the UK . However, land area in Holland is only one sixth that of England with the highest
population density in Europe so production is concentrated in far smaller areas . In the US Sutton et al. estimates that 62.5 million t
(dry weight) of manures are collectable annually from housed animals. Assuming the same ratio of slurry:FYM and similar P
contents as reported by MAFF (Table 1), this equates to c.582 million t fresh weight containing some 600,500 t P. This represents a
considerable management problem. Several types of manure are produced on the farm each with its own particular properties
depending on the type of livestock and the procedure under which they are produced.
Dirty waters
Dirty waters are dilute effluents with dry matter contents (DMC) of <0.5% produced by washing down of dairy collecting yards,
milking parlours and equipment. Being of such a dilute nature, these effluents have a very low P content and as such offer little
prospect of economically viable recovery on their own. However, dirty waters may be effective as aqueous additions for the
treatment of manures with higher DMC.
Slurries
Slurries are homogenous mixtures of dung, urine and washing down waters produced from dairy, beef or pig housing on slatted or
scraped concrete floors in the absence of bedding material. Slurries typically have DMC of 3-5% for pigs and 7-10% for cattle. The
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mean P content is in the order of 0.5 kg t for cattle slurries and 1.3 kg t for pig slurries . Slurries should be contained in specialist
storage vessels or ponds for a minimum period of up to 4 months .
Farm Yard Manures (FYM)
FYMs are heterogeneous mixtures of excreta and bedding material, except for poultry manures which may be produced in the
absence of bedding. Dry matter contents of c.25% for cattle or pigs and up to 60% for poultry litters are typical. Average P contents
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of 1.5 kg t for cattle, 3 kg t for pigs and 5.7 - 10.9 kg t for poultry are reported by MAFF . FYM is a stackable product which can
be easily stored in a confined yard with adequate drainage capture .

Table 1. UK manure production during housing and average P content, from MAFF .

Enterprise

o.
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Animal N (10 )

Manure type

Manure (tonnes)

Average P
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content (kg t )

Total P in Manure
(tonnes)

Dairy

slurry

26,073,240

0.5

13,037

Dairy

FYM

5,977,395

1.5

8,966

dirty water

2,613,857

0.1

261

slurry

12,152,560

0.5

6,076

FYM

26,597,400

1.5

39,896

slurry

4,890,963

1.3

6,358

Animal
Cattle

Dairy

3195

Beef
Beef

8719

Pigs
Poultry

7497

FYM

4,364,582

3.1

13,530

Broiler

79504

FYM

1,669,584

10.9

18,198

Layer

32824

FYM

1,378,608

5.7

7,858

Pullet

10653

FYM

149,142

5.7

850

Other hens

5989

FYM

251,538

5.7

1,434

Duck

2341

FYM

102,536

5.7

584

Turkey

9548

FYM

311,456

10.9

3,395

86,532,861

120,443

TOTAL

Currently all pig and cattle manures produced in the UK are spread to land, 76% of cattle manures to grassland with the remainder
to arable, whereas 90% of pig manures are spread on arable land with only 10% on grassland . The majority of poultry manures are
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spread on arable land. However, the electricity generating company Fibrowatt currently incinerates 265,000 t y in Eastern England
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to produce electricity and will soon take a further 400,000 t y . The ash produced has a P content of 10.7% and is sold as an
agricultural fertiliser.

PHOSPHOROUS FORMS IN ANIMAL MANURES.
Few studies on the forms of P in manures are reported in the literature. Chemical identification of P forms is difficult due to the
3highly reactive nature of the trivalent PO4 group and its propensity towards hydrolysis from the organic moiety during extraction
procedures. Current understanding of P speciation therefore relies largely upon operational definitions according to fractionation
techniques (Figures 2 & 3). Monoester and diester forms of organic P, polyphosphate and orthophosphate have been characterised
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from soil extracts using P Nuclear Magnetic Resonance (NMR) e.g. . However, Preston reported that little attempt has been made
3to further develop the technique or to quantify the extent to which sample preparation causes hydrolysis of the PO4 linkage to
occur. High pressure liquid chromatography (HPLC) has also been used to measure the monoester inositol hexaphosphate (IHP)
and ATP in soil extracts .
The bulk of manures quickly become anaerobic during storage due to microbial oxidation of labile carbon sources. Difficulties in
chemical identification of phosphate molecules means that the pathways and kinetics of P cycling in manures under storage are
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poorly understood. However, Gerritse and Zugec used PO4 to study the rate of isotopic distribution of P in both aerated and nonaerated pig slurry and produced a simple model of the P cycle (Figure 1). Gerritse and Zugec found that labeled P added to pig
slurry was rapidly cycled to all measurable fractions, undergoing complete turnover in 10 - 20 weeks. They concluded that the
driving force for P cycling was microbial activity and that all organic and inorganic P in stored manures took part in the cycle.
Gerritse and Zugec also concluded that typical organic/inorganic partitioning reported in the literature could be regarded as an
equilibrium value.

P complexes with organic and inorganic particulates
Pi complexes with

*

DOM Pi calcium phosphate
**

DOP
*

**

dissolved organic matter
dissolved organic P Figure 1. Model of P cycling in stored manures.

Fractionation procedures
Two conceptually different approaches to P fractionation have been reported, those of McAuliffe & Peech and Hedley . Both are
complex and time-consuming procedures which do not lend themselves to frequent routine monitoring.

The Mc Auliffe & Peech fractionation technique was developed from earlier attempts by other workers reported therein. This
technique (Figure 2) involved the initial conceptual separation of total P (Pt) into inorganic and organic forms (Pi &Po respectively)
by directly measuring Pi in the liquid fraction and subtracting this from Pt to give Po. Po was then separated into three further
fractions by two extraction procedures. An ether extraction presumed from chemical principles to remove the lipid fraction (Pl) and
an acid extraction presumed to remove the phytate fraction (Paso for acid soluble). The remaining or residual P fraction (Pr) was
taken to represent the more recalcitrant nucleic acids.
TOTAL-P
molybdate reactive P P - Pi = Po

Pi Po

ether extract acid soluble residue
Pl Paso Pr
Figure 2. Simplified schematic of the fractionation procedure of McAuliffe & Peech .
The Hedley procedure was devised for the fractionation of P compounds in soil extracts and later modified by Tiessen et al. (Figure
33). This procedure differs from the McAuliffe and Peech approach in that it relies on the chemical fixation of hydrolysed PO4 ions
to eluents of increasing strength introduced in a stepwise fashion to remove increasingly recalcitrant P forms. The modified Hedley
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fractionation technique was recently used by Leinweber et al. for analysis of P compounds in animal manures followed by P-NMR
3spectroscopy to identify orthophosphate and monoester and diester-linked PO4 groups. Leinweber et al. concluded that the
alkaline extraction technique could promote the hydrolysis of diesters to the monoester form and advised the systematic
investigation of all methodological aspects of sample treatment.
TOTAL-P inorganic
resin extract

resin-P
Olsen bicarbonate

NaHCO3 -P
NaOH

NaOH-P H2SO4
H2SO4-P

Figure.3. Simplified schematic of Modified Hedley Fractionation.
Barnett used a modification of the McAuliffe & Peech method described above to quantify P forms in a range of fresh animal faeces
while simultaneously comparing these with literature values. Barnett reported wide variation in the P fractions measured which he
expressed as coefficients of variation (Cv) (Table 2). Such variation is widely reported in the literature and is likely to reflect both
experimental variation and a range of dietary and health factors described by Church .

Table 2. Phosphorus composition in fresh faeces*.(From )
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Pt (g kg ) Cv%

Pi%

Cv%

Pl%

Cv%

Paso%

Cv%

Pr%

Cv%

Beef

6.7

32.0

48.3

12.1

1.9

0.7

8.9

4.0

40.8

11.3

Dairy

9.3

32.4

63.2

5.1

1.4

0.3

7.8

3.6

27.7

18.4

Pig

29.1

18.3

54.7

20.3

0.4

15.8

29.7

41.6

15.2

36.0

Broiler

18.0

16.7

34.8

31.1

0.9

33.4

53.4

24.4

11.0

45.7

24.2
Layer
* Dry matter basis.

17.4

49.3

21.4

0.6

19.5

33.2

20.2

17.3

41.2

Pi = inorganic P
Pl = lipid P
Paso = acid soluble P
Pr = residual P

PHOSPHORUS RECOVERY TECHNOLOGIES.
Concerns over nutrient loading to the environment from municipal sewage have led to the development of a wide range of
technologies for the removal of P from effluents. These have been comprehensively reviewed by Brett et al. and can be broadly
grouped into three categories; physico-chemical, biological and crystallisation processes. In all but the P crystallisation processes
the principal aim of the treatment is to trap mobile P in the sludge solid fraction to prevent discharge in the aqueous effluent. The
task of recovering P from animal wastes has essentially the opposite aims to these technologies and stands more to gain from the
crystallisation processes. However, biological treatment is effectively used to produce a concentrated feed stream prior to
crystallisation . The prospects for adaptation of these technologies from sewage treatment to recovery of P in animal manures are
good because P and labile carbon sources are more concentrated in manures than sewage. In the Netherlands the DHV
Crystalactor process and a struvite crystallisation process have both been tested on manures with some success .

Phosphorus crystallisation processes
Brett et al. summarises seven crystallisation processes (table 4) some of which are in full operation while others remain at the lab
scale. These processes use two reaction pathways to produce either calcium phosphates (reaction 1) or magnesium ammonium
phosphate, otherwise known as struvite (reaction 2). Calcium phosphates can be recycled to the P industry while struvite can be
used as a slow release fertiliser.

2-

reaction 1 6HPO4 + 10Ca
reaction 2 Mg

2+

2+

+

-

+ 8OH Ca10 (PO4)6 (OH)2 + 6H2O
2-

+

+ NH4 + HPO4 MgNH4PO4 + H
3-

2+

Reaction of PO4 with Ca can form a number of related products depending on reaction conditions, the solubility
2+
3products of which increase with Ca :PO4 ratio (table 3).
Table 3. Calcium phosphate compounds .

*

Formula

Abbreviation

pKa

Dicalcium Phosphate

CaHPO4.2H2O

DCP

6.5

Tricalcium Phosphate

Ca3(PO4)2

TCP

26.0

Octacalcium Phosphate Ca4H(PO4)3

OCP

46.9

Hydroxy Apatite

Ca5(PO4)3OH

HAP

57.8

Flour-apatite

Ca5(PO4)3F

FAP

60.4

Compound

* pKa = negative logarithm of activity product.
Table 4. Phosphorus crystallisation processes. (from )

Operation status

Crystallisation process Seeding material

Recovered product

The DHV
TM
Crystalactor
Pelletiser

fully operational

fluidised bed

sand / anthracite

calcium phosphate
pellets

The CSIR Fluidised
Bed Crystallisation
Column

lab scale only (1992
report)

fluidised bed

quartz sand

HAP

The Kurita Fixed Bed
Crystallisation column

fully operational

fixed bed

phosphate rock

HAP

Process name

*

**

OFMSW & BNR

lab scale only

packed bed & fluidised quartz sand
bed

HAP or struvite

The RIM-NUT ion
exchange process

demonstration plant

precipitation

none

apatite

The Unitika Phosnix
process

fully operational

spontaneous
nucleation in air
agitated column

none

apatite

The Sydney Water
Board reactor

Pilot scale

agitated upward flow
reactor

magnesia particles

calcium phosphate

*

**

Organic Fraction Municipal Waste
Biological Nutrient Removal

Biological Phosphorus removal
The ability of activated sludge microflora to take up dissolved P beyond the requirements for growth has been appreciated since
the work of Greenburg et al. and Srinath et al. . A great deal of work has superseded these early investigations and the
phenomenon has been widely used to develop Enhanced Biological Phosphorus Removal (EBPR) . EBPR is a process designed to
enhance the natural ability of certain bacterial strains to accumulate large quantities of dissolved inorganic P and store it in
insoluble polyphosphate granules known as volutin . The basis of this technology is to introduce an anaerobic front end stage to the
standard activated sludge sewage treatment system followed by secondary and in some cases tertiary anoxic or anaerobic stages
arranged to create an alternating system of aerobic and anaerobic conditions .
Under anaerobic conditions the polyphosphate accumulating microflora hydrolyses stored internal polyphosphate, releasing
dissolved Pi into the aqueous phase in order to take up short chain fatty acids (SCFAÎ½s) produced by fermentative bacteria in the
absence of oxygen . The SCFAÎ½s are stored as polyb -hydroxy alkanoates (typically valerate and butyrate) until they can be
oxidised. Under subsequent aerobic conditions these bacteria use the stored carbon compounds for rapid growth and uptake of
available P in a mechanism termed luxury uptake . This process is widely used in sewage treatment to reduce P concentration in
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the effluent frequently by 80% - 90% often to below 1 mg P l . The operational performances of several biological P removal plants
are summarised by Brett et al..
The use of EBPR, as described, to remove P from the aqueous phase and trap it in the sludge solids is essentially the opposite
process to that required for the recovery of P from manures. Ideally, recovery of P will require the liberation of trapped P to the
aqueous phase in a pure enough form for a process such as crystallisation to occur. This is currently achieved by using the P
release mechanism during SCFA uptake under anaerobic conditions to produce a phosphate enriched stream. Work on the
stimulation and measurement of this process is presented by Gerber et al. and van Niel et al. . Theoretically, animal manures
should present excellent sludge bases for this process because they are generally far richer in both labile carbon sources and P
than municipal sewages.
DISCUSSION

Where possible, land spreading remains the preferred option for recycling of animal manures provided that adequate measures are
taken to prevent run off and leaching to surface and ground waters. This will require a better awareness on the part of farmers of
the nutrient content of both their manures and the soils to which they are to be applied. In order to prevent a build up of excess P in
agricultural soils a significant reduction in the use of inorganic fertilisers may also be required to enable continued land application
of manures. Under present guidelines in the UK land spreading is possible in most situations even if this is not at the point of
production. UK animal production is sufficiently geographically widespread for the majority of wastes to be accommodated locally
with minimum transport costs. This is not so in many parts of Europe and the US where animal production is often highly
concentrated in specific geographical regions. In these situations transport of manures to receiving areas may represent a
significant cost to the producer.
Economic studies in the US indicate that the fertiliser resource value of cattle manure provides a maximum economically viable
transportation distance of 14.5 km while for liquid slurries distances are considerably shorter . In the UK manure is applied
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according to a maximum N loading rate of 250 kg ha y which represents a significant excess of P. Legislation in the Netherlands
-1 -1
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restricts manure application according to a maximum P loading of 48 kg ha y to arable land and 59kg ha y to grassland.
Consequently, this enables disposal of far smaller volumes of manure. Van Voorneburg et al. report that if all available manure
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management options are fully used a national Dutch surplus of 8,000 t P y will still occur by 2002. If legislation of this nature is
adopted in the UK and the rest of Europe significant manure surpluses are likely to be produced. Under these circumstances
manure processing to recover nutrients may become an attractive proposition as it will enable land disposal of greater manure
quantities at source. Recovered P could be used in areas where manure spreading is not permitted , as a supplement to imported
inorganic fertiliser or exported from source at a fraction of the cost of manure transportation.
Several manure processing initiatives were set up in the Netherlands during the 1980Î½s and early 90Î½s. These included
biological treatment to reduce sludge volume and nitrogen content, de-watering and recycling into animal feeds, liquid/solid
separation, incineration, wet oxidation and precipitation and crystallisation of manure P . Many of these initiatives including a central
manure bank received government subsidies . However, in 1995 subsidies for large scale manure processing and long distance
transport were prohibited in the EU rendering such operations uneconomic . Therefore, processing at source is likely to become the
only economically viable option.
Phosphorus content is highest in pig and poultry manures (tables 1 & 2). These are also the most intensively managed sectors
producing large concentrations of manures and, being largely land independent, are most likely to experience a disposal problem.
In 1996 the Netherlands produced c.14.5 million pigs and c.91.5 million chickens producing 22,327 t and 12,664 t of P respectively.
Recovery of P from key producers in these sectors alone would negate the predicted surplus.
Treatment of poultry manure in Europe has, to date, focused largely on incineration and in some cases gasification to produce
energy. Several incineration schemes developed throughout Europe are outlined by van Voorneburg et al. all of which have been
closed down due to excessive pollution from the flue gasses.
In the UK there are currently two electricity generating facilities fuelled by poultry manure in Suffolk and Lincolnshire with a
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combined capacity of 265,000 t y and a third is under construction in Norfolk with a capacity of 400,000 t y . Van Voorneburg et
al. argue that these plants are only economical because of the high returns from non-fossil fuel electricity generation peculiar to the
UK. Ash from these plants is reported to have a P content of 10.5% and, sold within a 70 km radius of production for the same price
as mineral fertiliser, is well received generating much repeat business . Poultry manure is particularly suitable for incineration
because of its high DMC (60% DMC is required for efficient incineration). Providing emission standards are maintained this may in
some cases prove to be the best practical option for disposal.
Recovery of P from manure can be achieved by crystallisation techniques outlined in Table 4 developed for P recovery from
municipal sewage. These can be categorised into two groups depending on whether the recovered product is a calcium phosphate
or struvite. Both these techniques hold much promise for recovery of P from animal manures. Struvite recovery from veal calf
manure has been successfully achieved in the Gelderland province of Holland where this industry is most concentrated and where
the local soils are unsuitable for land disposal . Schuiling and Andrade also found the process worked well for diluted poultry
manure but poorly for pig manure. Struvite crystallisation in this report was carried out directly in the sludge by addition of MgO to
create the correct stoichiometric balance and an increase of pH to about 9 (method not stated), without prior P separation in a
3concentrated stream. For the formation of struvite to occur the dominant form of dissolved P must be in the form of PO4 which is
so under alkaline conditions. This process will only remove the inorganic fraction of P from manures, not the organic fraction which
may be over 50% of Pt (Table 2).
The use of EBPR technology to hydrolyse organic P and produce a concentrated effluent stream for struvite recovery may enhance
the process considerably by increasing the proportion of P recoverable, reducing the quantities of chemical additives needed to
create a suitable reaction environment and increasing the relative quantity of P in the recovered product. Biological processing has
the added advantage of reducing sludge solid volume by oxidation of labile carbon sources to CO2, CH4 and water. Biological
hydrolysis of organic P may also enable struvite recovery from pig manure which has otherwise been unsuccessful . Struvite has
potential as an agricultural fertiliser for, as well as containing P, it also contains both magnesium, which plants require in a ratio of
3:2 Mg:P, and nitrogen. Release of nutrients is slow, thus minimising the possibility of transfer to surface waters yet it is citrate
soluble and hence available to plants . However, little co-ordinated work has been reported regarding its performance as a fertiliser
in the field. Production of struvite is unlikely to be appropriate in the non-agricultural sector as existing technologies for the
extraction of P are geared towards removal from calcium phosphates which are incompatible with struvite P recovery .
Calcium phosphate recovery has also been attempted from veal calf manure using the DHV Crystalactor process (Table 4) with
some success. However, performance was hampered by various technical problems such as CO2 stripping and research was
instead focussed on the struvite recovery process . Several areas of research needed to advance both of these technologies have
been suggested . For calcium phosphate recovery these include;

1.
2.
3.

Chemical reactor conditions including pH control.
Physical reactor conditions including flow rates and turbulence required to optimise pellet formation.
The role of different seeding materials in increasing the product purity.

and; in the case of struvite
1.
2.
3.
4.
5.

Further evaluation of the agricultural value of struvite.
Determination of optimal nucleation and growth conditions.
Controlling the purity of the recovered product under "real" conditions.
Production of different forms of struvite.
Evaluation of the most effective crystallisation technique (precipitation or fluidised bed).

Despite over 40 years of research into the phenomenon of biological phosphorus removal and over 2 decades of its application as
EBPR in sewage treatment, several key aspects of the process remain poorly understood and much contradictory evidence still
abounds. This is particularly so regarding the bacterial species involved, their interactions and community structures, especially
how these are affected by the physical and chemical conditions under which they develop e.g. . The paucity of techniques reported
for specific chemical identification of P forms mean that the transformations, pathways and kinetics of P cycling during EBPR
remain unclear. If EBPR is to be truly optimised and adapted to P removal from animal manures these areas and how they are
effected by the specific physical and chemical conditions presented by the different manure types must be a research priority.
Further studies such as Gerritse & Zugek using labeled P coupled with microbiological studies and more detailed identification of P
species should be carried out during the EBPR process. This may help identify which members of the microflora are responsible for
liberation of which P fractions and what specific conditions are required to develop a microflora best suited to treatment of particular
manure types.
For the economic recovery of P from manures at the point of production any system employed must be low cost and simple,
requiring minimal maintenance and minimum input of chemicals. Consideration must also be given to the length of time the process
will take because this will impact on the quantity of manure being processed at any one time and so the capacity of the process
equipment required. Phosphorus recovery should not render the treated manure unusable by contamination during the treatment
process.
Conclusions
In many areas manure P is surplus to requirement and is a major cause of nutrient enrichment to both land and surface waters.
Legislation to reduce nutrient enrichment is likely to increase manure surpluses in the future. In the majority of UK based livestock
farming systems production is to some extent land dependent. Therefore, more careful overall phosphorus management may, in
most cases, alleviate the potential to cause environmental problems. Where this is not the case P recovery may prove to be an
attractive option in the overall management of P use. Recovery of P is in accordance with the notion of sustainability in agriculture
and may prove to be an effective tool in the reduction of surface water eutrophication especially in areas where intensive livestock
production is commonplace.
Technologies developed for phosphorous recovery in the treatment of sewage are likely to be adaptable to recovery from manures.
Of these technologies biological treatment coupled to a crystallisation process seems to hold the most promise. Recovery of P from
animal manures is unlikely to be economically viable in its own right. However, future legislative restrictions on P loading to the
environment are inevitable and are likely to make P recovery from manures a more attractive management option for the farmer.
Development of technologies for P recovery from manures will help to enable farmers to cope with such changes while
simultaneously helping to protect the environment from cultural eutrophication and conserve P resources for future generations.
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The industry
The industry is:
European manufacturers of detergent grade phosphates
Working together on research projects under CEFIC umbrella

The industry

•

Based on limited natural P-rock resources

•

Major processing routes (besides fertilizers)

1) Conversion into

•
•

phosphoric acid (wet route)
phosphorus (thermal route)

2) Production of detergent phosphate
(STPP)

Phosphate rock

•
•
•
•
•
•

Apatite : Ca10 (PO4)6 X2 X = F, OH, others
Sand-like material
Deposits all over the world
sedimentary
magmatic
Variations in composition
Variations in processability
A material with numerous contaminants

Phosphate rock
Contaminants ..............
What are we talking about ?

>Phosphate rock
A typical analysis
phosphate as P2O5 : 30 - 38 %
Calcium as CaO : 45 - 55 %
Fluoride : 1 - 4 %
Iron as Fe2O3 : 0 - 2 %
Aluminium as Al2 O3 : 0 - 1 %
others like (heavy) metals, ra-nucleids, organic carbon

Possible Alternatives
Wastewater treatment sludges

•
•
•

biological
chemical
Incineration ashes

Calciumphosphates
Struvite
Manure

•

Incineration ashes poultry manure

Possible alternatives
An assesment of hurdles
Low P2O5 content : economics (W/T)
high Fe / Al content : process restrictions (W/T)
economics (T)
organics / carbonates : process restrictions (W/T)
silicates : process restrictions (W)
(heavy)metals : process restrictions (W/T)
emissions (W/T)
physical appearance : process restrictions (W/T)

The way forward
Phosphate recycling through combined efforts of :

•
•
•
•

industry
waste water treatment works
government
agriculture

has the possibility to lead to a win-win situation for all participants.

