
PHOSPHORUS RECYCLING

BIOSOLIDS MANAGEMENT PAGE 2

Phosphate recovery improves sludge management

Phosphate recovery for recycling from municipal
wastewater treatment works can improve biosolids
management by lowering P:N ratios  (and thus facilitating
agricultural reuse), reducing sludge quantities or
incineration ash production, and enabling other disposal
routes.

SWEDEN PAGE 4

Life cycle assessment of sludge disposal routes

Energy recovery appears as the most important
environmental factor in choices between different sewage
sludge processing routes.

JAPAN PAGE 6

Phosphate recovery experience

Several pilot scale experiences of phosphate recovery from
swage, by calcium phosphate or struvite crystallisation,
produced reliable phosphate granules.

PIG MANURES PAGE 8

Struvite recovery for ammonia removal

Struvite precipitation was tested on effluent from an
anaerobic digester treating pig manure and showed to be
able to remove nearly 90% of ammonia, recovered as
struvite.

ITALY PAGE 10

Successful on-site testing of sewage P-recovery pilot

Results from a 13 litre (approximately half full-scale) pilot
phosphate precipitation reactor tested at Ancona sewage
works, Italy, show that up to 80% P-recovery can be
achieved using aeration only (no chemical addition).

NUTRIENTS AND ECOSYSTEMS
FRANCE PAGE 12

P run-off from sewage sludge on fields

6m2 plot simulation of rain events suggests that sewage
sludge spread on fields reduced losses of total phosphorus
but increased soluble phosphate.

USA PAGE 13

National assessment of US estuary eutrophication

The US National Ocean Service has published the
conclusions of a seven year study of 138 estuaries (90% of
estuarine waters), showing that 65% of these waters are
subject to high or moderate eutrophication, and that this
situation is likely to become worse.

EUROPE PAGE 14

Assessment of nutrients in Europe’s waters

Phosphorus emissions have been reduced in some parts of
Europe, over the last 10-20 years. In contrast, the nitrate
level in many European rivers has risen over the same
period.

UK PAGE 12

Phosphorous solubilisation in soil following drying and rapid
rewetting

The solubility of soil phosphorus, and thus the risk of run-
off to surface waters, increases significantly as weathering
dries and re-wets the soil.

This article is not included in the version of this Newsletter
available electronically, for copyright reasons.

NUTRIENT MANAGEMENT

USA PAGE 16

EPA publishes “ecoregional nutrient criteria”

The US “Clean Water Act” requires state and tribal areas
to set water quality criteria. Recognising the regional
variation in environmental effects of nutrient levels, the
EPA has published 17 ecoregional nutrient criteria for
guidance of local authorities.

THE NATURAL STEP PAGE 17

A systems-orientated approach to the phosphorus cycle

A systems-oriented approach to managing phosphorus
enrichment of surface waters concludes that phosphorus
recycling, both in agricultural sewage sludge reuse and by
P-recovery processes, must accompany improved
phosphate use in fertiliser and other applications.

SEPTIC TANKS PAGE 18

Natural soil iron can precipitate P from sewage

Available carbon compounds in sewage can cause iron
compounds in soils to dissolve, by “Reductive Iron
Dissolution”, and these in turn can then precipitate
phosphates.
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Phosphate recovery improves sludge management

The authors give an overview of the technico-economic
feasibility of P-recovery from municipal wastewaters
and of the impact an sewage sludge production and
management. Conclusions are that P-recovery is
feasible in biological nutrient removal plants but that
the economics will vary considerably as a function of
the local context and wastewater treatment plant
operation. P-recovery will reduce sewage sludge
production by a small amount, but may significantly
facilitate agricultural spreading (by improving P:N
ratios which can be a limiting factor), thus reducing
transport distances to fields. Ash production will be
considerably reduced where sludges are incinerated,
and co-combustion in cement works facilitated (by
lower sludge P levels).

This work is based on a literature survey to assess the
feasibility of phosphorus recovery in European municipal
wastewater treatment plants (WwTPs); interviews with 33
experts in the water industry, national water regulators, the
phosphate industry, agricultural biosolids utilisation,
fertiliser and other relevant sectors; and a water industry
WwTP process model of WwTP biosolids production and
management. It examines the hypothesis of phosphorus
recovery as struvite (MgNH4PO4) or as calcium
phosphates, via precipitation or crystallisation. The authors
conclude that for P to be recovered by precipitation or
crystallisation of calcium phosphates or struvite using
technologies likely to be developed into economically
reliable processes in the short-medium future, a liquor
stream in the WwTP must exist or be generated by mixing
or pre-treating (settling, anaerobic holding …) of existing
streams, which offers : relatively high soluble phosphate
levels ( [P soluble] ≥ 10 mg/l ) and relatively low
suspended solids ( SS 150-200 mg/l ).

This means that the WwTP must run with the activated
sludge process, must be equipped with a biological
phosphorus removal process, and must have an
anaerobic zone in the sludge treatment line (sludge
digestion, holding tank) where soluble P will be
released. After this, the sludge must usually go through
a separating unit (settling for instance) to lower
suspended solids levels

Implications for WwTP operation 
and sludge diposal

Possible positive impacts for WwTP operation include:
limitation of P-rich flows returning to the head of the
WwTP, thus facilitating effective biological P-removal;
reduction of nuisance struvite deposits which can cause
pipe blocking, clogging of belts in sludge presses.

The effect of P-recovery on sludge production was
estimated using a water industry process model, published
data on sludge compositions, and expert opinion
concerning the interactions between organic matter
removal and sludge phosphate metabolism. For P-
recovery in a biological P-removal WwTP, overall
average reductions in biosolids production (dry solids)
are estimated at 2 – 8%.

Biosolids use in agriculture 

Nitrogen and phosphorus are often the limiting parameters
for agricultural use of wastewater biosolids, and there are
already areas in Europe where the soils have enough P for
crop needs, so that P is a limiting factor. In this context,
decreasing the P-concentration in biosolids could mean
either improving agricultural spreading (reducing risk
of P run-off to surface waters, better adapting
application levels to crop needs), or reducing the area
used for spreading and thus reducing the costs of
transportation necessary to reach these application
sites. This transport effect was modelled for the UK using
soil P data, data on sewage sludge production and
processing, estimates of P levels in sludge and their
agricultural availability, and a model of average sludge
transport distances to fields as a function of land use. The
average availability of P in biosolids was taken to around
35% that of single superphosphate fertiliser (after Smith et
al., 2000).

PHOSPHORUS RECYLING

Potential for P-recovery in WwTPs
For a typical WwTP : [BOD5] = 300mg/l ; [SS = suspended solids] = 250 mg/l ; % suspended volatile solids = 70% ; F/M ratio = Food on
Miroorganisms ratio = 0.1 kg BOD5 / kg volatile suspended solids/ day

% P recovered in WwTP (as % of total P inflow in the WwTP) 60 % 75% 90%  

% sludge reduction (mean value - Dried Solids) 2,3% 3% 3,5%  

% sludge reduction with anaerobic digestion ( ditto ) 3,4% 3,8% 5,2%  

Model of haulage radius for sustainable use of biosolids
phosphate for different sizes of works and different intensities
of land use (% of land available for biosolids reuse).
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If 20% of all phosphates in municipal wastewater in
England and Wales were recovered, the related
transport cost saving for agricultural reuse is estimated
to be in the range £217,000 to £1.4 million, that is £50 to
£320 per tonne of P recovered. The most likely scenario
in this range (200 facilities spreading on 5% of the total
land within their distribution radii) would give an annual
saving of  £450,000. This is £101 per tonne P recovered,
which is around half the market price of imported, mined
phosphate rock (£207/tP), but the difference may be offset
by the greater purity compared with phosphate rock and
delivery from the recovery site to the point of use.  The
reductions in transport distances would also offer
environmental advantages.

Implications for biosolids incineration and co-
combustion in cement production

Sewage sludge incineration reduces dry solids by a factor
6. This means that the reductions in biosolids resulting
from P-recovery (see above) will then lead to a reduction
in incineration ash residues of between 12 and 48 %. If
an approximate cost of landfill is 228 €/t ash (average year
2000 price in France) the saving could be about 70 €/t of
initial ash production. Further work is necessary to confirm
these results given by mass calculations.

Although not very widespread, co-combustion of sewage
sludge in cement production is an interesting energy
recovery route because it does not produce waste (the ashes
are trapped and used in the making of cement). However,
high levels of phosphorus in cement lowers the short-term
resistance.  An OFEFP technical document recommends a
limit value of 0.5 % P2O5 in cement. Reducing the
phosphorus content of biosolids by P-recovery can address
this problem, which is also dependent on the proportion of
biosolids in the charge to the cement kiln.

Other costs, savings, revenues and regulatory
issues related to P-recovery

Other costs and revenues (operating savings, sale of
recovered phosphates) are likely to be very dependent on
the local context. The sale of the recovered phosphate
product, by comparison with imported phosphate rock
or wholesale fertiliser prices, is likely to cover only the
chemical reagent costs of P-recovery but not operating
and investment costs.

The authors conclude that driving forces for P-
recovery are thus very dependent on the particular
national context. P-recovery is already registered as a
national objective in Sweden, and this notion of recycling
is expected to become a regulatory requirement. In other
countries, P-recovery answers different needs:

- The quality of the recovered product is better than
some imported mined phosphate rock, in particular
as regards the heavy metal contents.   

- Sustainable development in the phosphorus industry
via the recycling of a recovered product – this is

regarded as particularly attractive in the Dutch
context.

- P-recovery can be a way to avoid internal problems
at some wastewater treatment plants (where scaling
is a problem) and to improve biological P-removal

There are two scenarios that are likely to lead to a
significant development in P-recovery:

- Local feasibility: locally, P-recovery can be a
significant solution to case-specific WwTP
operation problems or to sustainable biosolids
utilisation or disposal. In this case, the costs of P-
recovery will be covered by the water company
through resulting specific local WwTP operating
savings.

- National or European political decision: the
arguments of sustainable development (phosphorus
recycling) or of better quality of the recovered
product may lead to P-recovery being stipulated as a
national or European political objective. In this case,
the consumers and/or taxpayers will share any net
costs.

In any case, the development of phosphorus recovery
strongly depends on regulations not being an obstacle to
recycling.  The current classification of the recovered
product as a “waste” is a major obstacle to the development
of recovery and reuse in areas such as The Netherlands –
Belgium – Northern Germany – South-East UK because it
renders cross-boundary transport impractical. 

“Technico-economic feasibility of P-recovery from municipal
wastewaters”, Environ. Technol., 22 (11) 2001 in press – this
summary is reproduced with authorisation of “Environmental
Technology” and is copyright of this Journal. No reproduction or
use without prior authorisation from the Journal at
www.Environ.Technol.co.uk.
Also, papers by the authors at the 2nd International Conference on
Phosphate Recovery for Recycling, Noorwijkerhout, March 2001
- CD available on request from : cja@cefic.be

Nicolas JEANMAIRE, Office International de l’Eau, rue
E.Chamberland, 87065 Limoges Cédex, France
n.jeanmaire@oieau.fr

Tim EVANS, Tim Evans Environment, Stonecroft, Park Lane,
Ashtead, Surrey, KT21 1EU, England
tim.evans@messages.co.uk

Summary of costs and revenue/savings related to P-recovery
operation.

Expenses Financial benefits  

- Investment and depreciation - Sale of the recovered 
costs phosphates

- Consumption of reagents and - Savings due to the suppression
of energy of problems of struvite 

deposits

- Additional labour costs / time - Possible reduction of 
transportation distances for 
agricultural reuse.

- Specific training of the operating - Savings on the landfill of 
staff incineration ashes.  
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SWEDEN

Life cycle assessment of sludge disposal routes

A Chalmers University of Technology (Gothenburg,
Sweden) masters thesis compares the environmental life
cycle assessment (LCA) for four different processing
and disposal routes for municipal sewage sludge:
spreading sludge on agricultural land; co-incineration
of sludge and household waste;  incineration of sludge
combined with phosphorus recovery by the Bio-Con
process; fractionating sludge with the Cambi-
KREPRO-process.

Around one million tonnes of sewage sludge is generated
annually in Sweden’s sewage works. Until recently, most
of the sludge was spread on agricultural land or deposited
to landfill. Agricultural use of sludge means that the
phosphorus, plant-available nitrogen, other nutrients and
organic material contained in sludge are re-used as soil
improvers and recycled to crop production. Nevertheless,
agricultural spreading of sludge on land is increasingly
regarded as an insecure handling route, because sludge also
contains heavy metals, viruses, bacteria and persistent
organic pollutants which can be transmitted to human
beings and animals by the food. As a consequence of
reports of sewage containing such undesirable substances,
the Swedish farmers’ organisations have recently
recommended farmers to stop using sewage sludges for
agricultural purposes. 

Currently almost 50% of Swedish municipal sewage
sludge is deposited to landfill. In 2000 a tax was introduced
on depositing sewage sludge at landfills making this
disposal route increasingly expensive. Furthermore, in
accordance with EU Directive 99/31, from 2005 it will not
be permitted to deposit organic waste to landfill.

The aim of this study was therefore to compare the
environmental impacts (using LCA) of four different
alternatives to landfilling of sludge. The handling of
digested and de-watered sludge from the Rya municipal
sewage treatment work in Gothenburg is considered. 

Pilot processes

Apart from agricultural spreading, the other three process
routes examined are currently at the pilot phase in Sweden.
Co-incineration of sludge and household waste has only
recently been tested in Sweden. The Bio-Con and Cambi-
KREPRO sludge treatment processes, are still in the
development phase. However, a full-scale Bio-Con plant is
planned in the city of Falun and a Cambi-KREPRO in the
city of Malmö.

For co-incineration of sludge and household waste, a ratio
of 5-10% sludge/household waste is generally used.
Recovery of elements such as phosphorus from the
generated ash is theoretically possible, but unrealistic,
given the dilution with household wastes, and the study
assumes that the ash and slag will be landfilled.

The Bio-Con process (developed by Bio-Con A/S,
Denmark), is a sludge incineration system which
integrates recovery of phosphorus and other chemicals.
The energy recovered can be used for district heating. The
installation has three sections; drying, combustion and a 4-
section recovery process. In the drying process the de-
watered sludge is dried to some 90% dry matter. Some of
the energy generated in the combustion phase is used in the
drying process. The ash and slag that remains after
combustion is treated chemically by dissolving in sulphuric
acid. In this process up to 90% of phosphorus and
precipitation chemicals are recovered.  The acid solution
enters a set of ion exchangers. The first section is a cation
exchanger where the iron ions are recovered (regeneration
using sulphuric acid gives iron sulphate, a chemical used for
sewage P-removal and water purification). The next section
is an anion exchanger in which sulphate is recovered in the
form of potassium sulphate. In the third section phosphate
is recovered (in the form of phosphoric acid, after
regeneration with hydrochloric acid, suitable for use in the
phosphate or fertiliser industries). In the fourth section,
which is a cation exchanger the heavy metals are recovered. 

The Cambi-KREPRO sludge fractionation process is a
modification of the KREPRO process, developed by
Kemira Kemi Kemwater, in co-operation with the
municipality of Helsingborg and Alfa Laval Separation.
The technique is by high-temperature hydrolysis and
precipitation,  separating the sludge into four products: one
stable organic fraction (used as a bio-fuel); one iron
phosphate fraction, one heavy metal fraction and a carbon
source that can be re-circulated to the waste water
treatment plant where it can be utilised to “feed” biological
nutrient removal processes (reducing the need for an
external carbon source, usually ethanol). The iron
phosphate fraction generally contains more than 75% of
the phosphate contained in the sludge and can be spread on
fields (work is underway to assess its value as a fertiliser).
The heavy metal fraction is dealt with by a separate
company for treatment, recovery, or landfill as appropriate.

Different environmental values

The treatment of the sludge on-site at the Rya sewage
works is not included in the analysis, since it is assumed to
be similar for the four alternatives. For the agricultural
spreading route, however, hygienisation at the sewage
works is included since this is expected to be required in a
near future for all agricultural reuse. The environmental
impact from producing electricity and fuels, which are used
in the four alternatives, is included in the study. 

Sludge has an energy value of 12-13 MJ/kg dry matter,
but on the other hand has very high water content. In those
alternatives where heat can be produced, it is assumed this
energy will be used for district heating and will replace
heat from other energy sources in Gothenburg. It is
assumed that the sludge will be incinerated evenly during
the year, irrespectively of the variations in need for district
heating.
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Four characterisation categories are used in the study’s
environmental impact assessment: acidification,
eutrophication, global warming and resource depletion.
The author concludes that LCA methodology is shown to
be suitable for studying the environmental impacts of
sewage handling and management. Energy consumption,
transport, incineration and consumption of chemicals can
all be adequately assessed. It is, however, complicated to
compare spreading of sludge on agricultural land to the
other alternatives as the “products” and the emissions
from these are so dissimilar. For land spreading, the
phosphorus, nitrogen and organic matter are recycled; the
three other alternatives predominantly provide savings of
fossil fuel, but the Bio-Con system also allows recovery of
the phosphorus in a recyclable form.

P-recycling

Concerning phosphorus, it is open to question whether
the priority should be energy recovery (reducing fossil
fuel consumption) or phosphorus recycling (reducing
consumption of phosphate rock reserves). On this
question, the author points out that phosphorus is
essential nutrient to living organisms and cannot be
replaced by any other element.

Indeed, the Swedish government has mandated the
Swedish Environmental Protection Agency (2001) to
develop an action programme with the aim of achieving a
practical and achievable scale of recycling/recovery of
phosphorus contained in sewage sludge, whilst at the same
time ensuring protection of health and environment. A
recovery rate of 75% of phosphorus by 2010 has been
discussed in Sweden but is not indicated in the
Government’s mandate.

The study’s main conclusions are as follows :
- The energy that is recovered from the incineration is

of great importance, which makes co-incineration
with household waste to be the preferable
alternative, followed by Bio-Con and Cambi-
KREPRO.

- Spreading sludge on agricultural land is, in most
aspects, the one of these four alternatives which is
the least preferable from an environmental point of
view.

- The issues of depletion of phosphorus resources and
toxicity of metals are somewhat hidden in the
characterisation- and weighting methods used in this
study. A satisfactory way of including these matters
in the assessment is missing.

- Normalising the results against the total
environmental impact in Sweden gives the result
that phosphorus and nitrogen recycling to
agriculture and emissions of metals to land are
important issues.

- The recycling of precipitation chemicals and carbon
sources is of minor importance compared to the total
environmental impact.

- The Bio-Con results would be improved if one

made the assumption that Bio-Con’s flue gas
cleaning system will be of the same high standard as
those in household waste incineration plants.

”Life Cycle Assessment of four sludge disposal routes”, Master
Thesis at Chalmers University of Technology, Gothenburg,
Sweden, 2001. Available at 
http://www.esa.chalmers.se/Publications/PDF-files/Thesis/
ESA2001_4.pdf (In Swedish with English summary).

Chalmers University of Technology, Miljösystemanalys
(Environmental Systems Analysis), SE-412 96 Göteborg. Email:
gunilla.j.pettersson@astrazeneca.com
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JAPAN

Phosphate recovery experience

A 1996 paper [1] summarises work into the chemistry of
phosphate recovery from sewage, industrial waste
streams and landfill leachate, and presents results from
three pilot plant experiences in Japanese sewage works.

This paper starts by summarising beaker experiments using
pure phosphate solutions, carried out to determine the
saturation curves of calcium phosphates. Results are shown
in figure 1 and the author suggests that in the unstable zone
many fines of calcium phosphate will be produced by
spontaneous crystallisation, making recovery difficult,
whereas in the metastable zone crystallisation will only
occur in the presence of seeds. Experiments comparing
different seed materials were carried out and showed that
phosphorus rock was a better seed material than bone char,
activated carbon, marble or calcium carbonate.

Calcium phosphate precipitation

An earlier paper ([2], 1981) presents a 100 m3/day pilot
plant constructed and operated for 18 months in 1978-
1979 at Morigasaki sewage works (Tokyo Municipal
Council). This pilot used a fluidised bed reactor to
precipitate calcium phosphate onto calcium phosphate
seeds. This work showed that the process was feasible and
operated reliably after a stabilisation period of several
months, but that decarbonation (CO2 removal) of the
influent stream (filtered sewage works effluent) was
necessary for phosphate to precipitate effectively. With
a filtration stage between the decarbonation and the
fluidised bed reactor, the process reduced total phosphate
concentrations from around 1.5 to around 0.3 mgP/l
(around 0.5 mgP/l without this filtration step).

Another paper ([3], 1983) compares operation of a 100
m3/day pilot fixed bed calcium phosphate precipitation
process in a sewage works with a pilot plant fed with
biologically treated night soil liquor and consisting of a
10.8 m3/day fluidised bed reactor along with a 3.6 m3/day
fixed bed reactor. These plants both included prior
decarbonation by acid addition. The sewage plant fixed

bed reactor was able to recover 77% of influent
phosphorus, taking total phosphorus concentrations down
from 1.3-2 mgP/l to 0.2-0.37 mgP/l. This plant included,
however, a sand filter between the decarbonation tank and
the calcium hydroxide addition tank, upstream of the
fixed bed reactor, and it seems probably that there would
be a loss of phosphates by precipitation within this filter.
The plant treating night soil liquor reduced total
phosphorus concentrations from 8-19 mgP/l to 3-6 mgP/l
after the fluidised bed reactor, and then to 0.2-0.5 mgP/l
after then flowing through a sand filter and the fixed bed
reactor.

A 12,000 m3/day experimental plant was then
constructed at Morigasaki Sewage Works, in 1987. This
used a continuous-flow precipitation reactor in which
the seed material was fixed in the bed, with phosphate
recovery being achieved by periodic backwashing to
detatch the grown calcium phosphates. Ion sensitive
electrodes allowed stable automatic control of calcium
addition, decarbonation (by nitrification) and use of a sand
filter.

A plant was also constructed to recover phosphates from
night soil secondary effluent (with phosphate
concentrations of 10 – 30 mgP/l). This involved a 20
m3/day fluidised bed precipitation reactor with
recirculation enabling fluid velocity to be adjusted. This
plant demonstrated the need to inject the influent water and
chemical reagents into the very bottom of the fluidised bed
reactor, so that any “fines” precipitated should then
agglomerate onto larger particles in the reactor.

A 2 m3/day reactor was also tested for 40 days with a 15
m3/day pilot biological P-removal plant at a sewage works,
treating a sidestream from the anaerobic zone of the bio-P
process. This used a 2.5m high fluidised bed reactor and
phosphate rock seeds (size around 0.35mm). Calcium
chloride and sodium hydroxide were dosed at the base of
the reactor to maintain calcium levels around 80 mg/l and
the pH at 9.5. The use of this phosphate recovery reactor
proved to enable the biological phosphate removal
plant to respect a 1 mgP/l effluent limit which was
exceeded when the reactor was stopped. The reactor
removed 40-70% of influent phosphate, enabling granules
of 2-3mm diameter of calcium phosphate to be grown.

Struvite recovery

Following scaling problems in sludge digestion circuits in
Tokyo, investigation was carried out into struvite
(magnesium ammonium phosphate) crystallisation as a
means of recovering phosphate in a form useable as a
fertiliser. Experiments using a stirred batch reactor with
pH adjustment suggested that an excess of ammonium
ions, a pH in the range 9-10 and a magnesium-phosphate
molar ratio >1 were optimal conditions for phosphate
precipitation. The author presents a summary of how
reactor conditions lead to the precipitation or not of
different phosphate forms.

Solubility and supersolubility curvess for hydoxyapatite. From
Hirasawa [1] with permission
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X-ray diffraction showed that a 1-1 magnesium-phosphate
molar ratio produced typical struvite crystals, whereas with
a molar ratio of 2 crystals tended to form agglomerates and
at 4 they became needle like and fines appeared.

The author also presents similar work into the removal of
iron and calcium carbonates from different industrial waste
streams.

[1] : “Study on the recovery of ions in wastewater by
crystallization”. Memoirs of the School of Science and
Engineering, Waseda University, n° 60, 1996 (in English)

Isumi Hirasawa, Department of Applied Chemistry, Waseda
University, Japan. izumi@mn.waseda.ac.jp

[2] : “Study on phosphorus removal from sewage by contact
phosphorus removal process”. Gesuido Kyokaishi, vol. 18, n°
203, 1981/4. In Japanese.

K. Okada, Y. Hoshino, Tokyo Municipal Government Sewage
Bureau and K. Shimada, M. Osanai, I. Hirasawa, Ebara Infilco
Company, Japan.

[3] : “Studies on phosphorus removal from sewage by contact
phosphorus removal method”. Suishitsu Odaku Kenkyu vol. 6, n°
4, 1983. In Japanese.

I. Hirasawa, T. Tanak, N. Iwai, Ebara Infilco Company, Japan.
tanaka08@fuj.ebara.co.jp

Factors affecting struvite solubility. From Hirasawa [1] with
permission
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PIG MANURES

Struvite recovery for ammonia removal

Struvite precipitation, achieved by the addition of
magnesium and phosphate ions, was tested at the
laboratory scale as a process for removing ammonia
from effluent from an 84 litre anaerobic sequencing
batch reactor (ASBR) treating pig slurry. Results were
compared with precipitation predictions calculated
using the US EPA’s MINTEQA2 v3.11 geochemical
equilibrium speciation model.

The authors explain that anaerobic reactors are often
preferred for treating relatively concentrated waste streams,
such as sewage sludges or animal manures, because they
enable conversion of significant proportions of BOD and
odorous organics into energy in the form of methane.
Struvite precipitation is well documented problem in animal
manure treatment installations, including pig and poultry
wastes, as well as in various food industry waste streams
(seafood canning, wine distillery effluents).

98% ammonia removal in beaker tests

Initial beaker studies were carried out using chemical
solutions comparable to concentrations in the effluent from
the ASBR reactor (ammonia > 3,000 mg/l). This enabled
predictions from the MINTEQA2 model to be confirmed, and
mixing time, flocculation and settling characteristics to be
optimised.

250 ml beakers were used, with mixing at 150 rpm,
followed by settling, and then a centrifuge at 5,000 rpm to
separate precipitates. A mixing time of 5 minutes was
found to be sufficient (no detectable improvement of
ammonia removal with longer mixing times), whereas a
small increase (approx. 6%) was observed when settling
time was extended from 15 to 60 minutes. Ammonia
removal was consistently very high (98%+) for pH’s over
the range 8 – 10, but pH’s below around 9.5 should be
maintained to limit losses of ammonia to air (and
consequent odour problems).

Optimal ammonia removal efficiencies were obtained
when both magnesium and phosphorus were at least 1.25x
stoichiometric concentrations.

Struvite precipitation for phosphorus removal

In another series of beaker experiments waste sludge from the
Ames Water Pollution Control Plant, a trickling filter/solids
contact process, was used (initial ammonia mg/l and soluble
phosphate concentrations 700 and 39 mg/l respectively), and
no additional phosphate added (only magnesium, as MgO), in
order to assess the feasibility of reducing soluble phosphorus
concentration by struvite precipitation. In this case ammonia
removal varied from 50 – 59% and soluble phosphate
removal from 9 – 39% for Mg:NH4 molar ratios
(magnesium addition) of 1.08 – 3.4.

pH9 optimal pH for struvite recovery

The lab-scale ammonia removal (by struvite precipitation)
experiments used a 4 litre decanter, filled daily from the
ASBR decant cycle. Phosphate and magnesium ions were
added to this reactor in order to achieve stoichiometry with
ammonia levels in the treated waste. Phosphate and
magnesium concentrations in the wastewater itself were
both insignificant compared to levels needing to be added
to reach stoichiometry with ammonia.

At first, magnesium hydroxide and phosphate fertiliser
were used, but these caused clogging of inlet pumps, so
that they were then replaced by magnesium oxide and
potassium phosphate, which were more expensive but fully
soluble. The phosphate fertiliser was also causing the
reactor pH to drop, and this problem was also avoided by
the use of potassium phosphate.

After chemical addition, the reactor was mixed at 150 rpm
for 5 minutes, then allowed to settle for 20 minutes. The
precipitated solids were then pumped out of the bottom,
and the supernatant tested for residual ammonia
concentration and pH.

The MINTEQA2 model was used to calculate an optimal
pH for struvite precipitation, giving approximately pH9
when phosphate and magnesium were in excess compared
to ammonia. This model does not include struvite in its
thermodynamic database, so that these calculations had to
done manually.

At pH 9 – 9.5, the bench experiments showed that over
88% of ammonia could be removed from the
wastewater.

The pilot reactor was operated for one month, with the
operating problems (plugging of chemical inputs …) being
sorted out during the first couple of weeks. Inflow
ammonia concentration was around 1700 mg/l and
magnesium and phosphate were added respectively to
around 1.2x and 1.5x  molar ratios. By the end of this
period, ammonia removal of over 99% was being achieved,
taking ammonia concentrations down to below 10 mg/l.

Once the struvite precipitation reactor was achieving
reliable operation, its supernatant was returned with the
raw feed waste to the ASBR inflow (replacing dilution
usually carried out using tap water) at approximately one
part raw feed to one part supernatant. This showed to have
no negative influence on the ASBR operation or
performance.

The authors conclude that struvite precipitation could
be a good way to recover nutrients from anaerobic
treatment of animal manures, thus providing a source of
revenue to offset treatment costs.

“Struvite precipitation potential for nutrient recovery from
anaerobically treated wastes”, Water Science and Technology
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vol. 43 n°11 pages 259-266, 2001. Available at :
http://www.iwaponline.com/wst/04311/wst043110259.htm and
“Recovery of nitrogen and phosphorus from anaerobically
treated wastes using struvite precipitation”, Proceedings of the
ASCE National Conference on Environmental Engineering,
Chicago, 7-10 June 1998, pages 161-166.

A. Miles, HDR Engineering, 8404 Indian Hills Drive, Omaha, NE
68114, USA and T. Ellis, Department of Civil and Construction
Engineering, Iowa State University, Ames IA 50011-3232, USA..
Email : tge@iastate.edu or Amiles@hdrinc.com
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ITALY

Successful on-site testing of sewage P-recovery
pilot

Previous lab-scale work, see SCOPE Newsletter n°s 35
and 33, were carried out using liquors from the
dewatering of anaerobic digesters sludges at the Ancona
sewage works, Italy (100,000 pe, A2O biological nutrient
removal process). This work used aeration only (no
chemical addition) to increase the pH of the treated
liquors, followed by a simple fluidised bed reactor to
precipitate the phosphates onto sand seed material.

The experimental work presented used an installation
similar to that used in the previous lab work (NB. and
indeed to the full-scale pilot now operational at Treviso
sewage works, Italy), with a reactor consisting of three
column tanks : an aeration “stripper” column (which
causes pH to be increased by CO2 stripping, a de-airing
column (where excess air then comes out) and a simple
“fluidised bed reactor” (FBR). In this case, the FBR was a
0.09m diameter and 2m high (13 litre capacity) Perspex
column. NB. For information, the full-scale pilot at Treviso
has a 0.6m diameter, 3m high (approx 1 m3) capacity FBR.

The FBR used water through-flow up the reactor to
maintain sand particles in suspension, on which the
phosphates precipitate. Partial recycling of the liquid back
through the aeration and de-airing columns allows the up
flow rate to be adjusted to ensure that the sand is
maintained in suspension, but not carried out over the top
of the FBR column (see diagram). The set-up of the pilot
plant is characterised by four different hydraulic retention
times. Among these, the authors distinguish the hydraulic
retention time of the expanded FBR bed : this is a function
of the liquor recycle ratio and of the contact time of the
liquor with the seed material in the bed (which is mainly a
function of bed porosity and of liquor flow rate). A layer of
large gravel particles (approx 0.03m diameter) in the base
of the FBR column ensure that the inflow is well mixed and
prevent the sand particles falling back into the inflow pipe
during pump stoppages. 9.5 kg of 0.21-0.35 mm diameter
sand was initially loaded into the FBR reactor.

Digested sludge centrifugeate

The liquor treated by the pilot P-recovery reactor system
was untreated centrifuge water from the dewatering of
anaerobic digester sludge, stored in a holding tank. Soluble
phosphate concentrations were 40 – 90 mgP/l, around half
the concentrations which were in the same liquors during
the earlier lab experiments a consequence of a modification
having been made in the plant management in the
intervening time. Significant changes in soluble phosphate
concentrations were noted, depending on changes in the
digested sludge characteristics and in the centrifuge
operation, but also related to the time the liquor remained
in the holding tank upstream of the reactor system (during
holding, contact with air caused some of the soluble
phosphate to change to insoluble forms, probably by
spontaneous precipitation of calcium phosphates and
struvite, as reported previously).

Calcium, magnesium and ammonium concentrations each
exceeded the stoichiometric ratio necessary for
precipitation of all the phosphate present as calcium
phosphate or as struvite. Fifteen experimental runs of 16-
44 hours were carried out, enabling 16 reactor
operating parameters to be tested. The aeration column
enabled the pH to be increased from around 7.6 in the
influent liquor to up to 8.4 – 8.9.

pH and reaction efficiency

Reaction efficiency (% precipitation of soluble phosphates)
was strongly related to operating pH, as had previously
been noted in the laboratory experiments. A pH above 8.5
gave over 70% efficiency, and the highest pH achieved (pH
8.8) gave 80% efficiency.

pH variation explained 85% of variation in efficiency,
which was also related to the “contact time” (see above).
These two factors used together in a model formula gave an
explanation of variations in phosphates precipitation
efficiency, showing that 70% efficiency can be achieved
at the readily attainable pH 8.5 with a contact time of
half an hour.

Interference with calcite precipitation

Analysis of the sand from the FBR reactor at the end of the
experimental work showed that grain size had increased
significantly (near doubling of mass after a total of 400
hours operation), and that the phosphate precipitated on the
grains effectively accounted for all the phosphate
calculated as having been precipitated (difference between
inflow and outflow).

However, the phosphorus content of the grains were
disappointingly low in the deposited layer (EDX analysis
results on grain surface, thus not taking into account initial
sand), with on average 15% struvite, 2% calcium phosphate
and 83% calcium carbonate (calcite) as molar distribution.
This was confirmed by heating the grains, and showing the
typical weight loss at 800°C associated with carbonates.

These significant levels of calcite precipitation, leading to

Layout of Pilot FBR Reactor System:
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a recovered product with low phosphorus content, were not
observed in the previous laboratory studies. The authors
suggest that this is probably because of the higher soluble
phosphate concentrations in the liquors used in this
previous work.

The authors conclude that this work shows the accuracy
of the mathematical model of phosphate precipitation
conditions (in particular the relations with pH and
contact time) and that the possibility of achieving high
phosphate precipitation efficiencies is confirmed.

Further work is clearly necessary, however, to try to
achieve higher P contents in the precipitated product by
avoiding the precipitation of calcium carbonate. This is
achieved by, for example, certain Japanese struvite
precipitation plants by adding significant concentrations of
magnesium, which lead phosphates to be precipitated as
struvite (which does not seem to be inhibited by calcite
formation, rather than calcium phosphates). The challenge
lies in achieving phosphate precipitation without chemical
addition (as in this paper), whilst still avoiding significant
calcite precipitation (which reduces the P content of the
recovered product).

“Phosphorus removal from a real anaerobic supernatant by
struvite crystallization”. Wat. Res. vol. 35 n°9 pages 2167-2178,
2001.

P. Battistoni, A. de Angelis, Engineering Faculty, Institute of
Hydraulics, Unviersity of Ancona, via Brecce Bianche, 60131
Ancona, Italy. idrotre@popcsi.unian.it

P. Pavan, Dept. Env. Science, Venice Unviersity, Calle larga S.
Marta 2137, 30123 Venice, Italy.

M. Prisciandaro, Dept. Chemistry, L’Aquila University,
Monteluco di Roio, 67040 L’Aquila, Italy.

F. Cecchi, Sci. and Tech. Dept., Verona University, Strada Le
Grazie, 37134 Verona, Italy

NB. A full-scale pilot installation has since been
commissioned at Treviso sewage works, Italy, and is
currently operational, ensuring phosphate removal
from sewage thickening liquors (thus facilitating
biological P-removal operation and reducing sludge
production), whilst at the same time permitting
further testing of reactor operating parameters.
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FRANCE

P run-off from sewage sludge on fields

Three rain events were simulated on a 6m2 plot of bare
field in Brittany, France, one week after application of
sewage sludge (from a works operating biological P-
removal), in order to study effects on soil erosion, water
and sediment run-off and phosphorus run-off. Liquid
sludge (23 g dry solid/litre, 2.65% P/dry matter) was
applied to half the plot, at 12 litres/m2 (giving 2.8
tonnes dry matter/ha and 73 kg P/ha), consistent with
local agricultural practice and with plants needs for
nitrogen. Run off was distinct and collected separately
for the two (adjacent) half plots (each 4m long parallel
to run off and 0.75 m wide).

The field had been sown with maze for silage in May,
harvested in November. The experiments were carried out
in March of the following year, when the soil was still bare,
with remains of the maze stalks. The soil was loamy, on a
4.5% slope, with a total P content (before sludge
application) of 0.91 g P/kg dry solid. The sludge
application was followed by a 20cm manual tillage to
restore soil surface roughness.

Simulated storm events

Three rain events were simulated over the 6m2 plot, with 40
mm of water over 30 minutes each time. The first such
event was one week after application of the sewage sludge
to half the plot, with the second and third events following
at 5h30 and 17h30 intervals. 

The sludge spreading significantly reduced run off and
erosion from the soil. The total amount of water collected
as run off during the three events was 134 m3/ha for the
treated plot, compared to 290 m3/ha for the untreated one.
Similarly, the quantity of sediment (suspended particles)
carried off in the run off was 500 kg/ha compared to 1200
kg/ha. The average sediment/litre of run off is similar, 
and the lower quantities of soil particles being carried off 
is clearly mainly a result of the lower water run off
volumes.

The authors suggest that these differences in run-off are
related to changes in splash erosion and physical run off
patterns (puddle connection and rill = rivulet formation).
They observed that the sludge tends to form a film on the
soil surface, thus increasing resistance to splash erosion and
so slowing the physical changes in the soil surface which
allow run off rather than water retention and infiltration.

Total and soluble phosphorus run off

The sludge spreading resulted in a significant increase
in the concentration of soluble phosphate in the run off
water (from 0.15 to 0.57 mg P/l) but did not lead to a
change in concentrations of particulate phosphate, or in the

phosphate concentration in the sediments being carried off.
Consequently:

(i) total phosphorus run-off decreased on the treated
plot, roughly in proportion to the decrease in the
volumes of water running off, from 2.7 to 1.2 kgP/ha;

(ii) on the other hand,  the quantities of soluble
phosphorus being lost were greater for the sludge
treated plot, despite the much lower water run off volumes
(see table).

Higher soluble-P/total-P ratios in samples analysed after
transport to the laboratory than those analysed in the field
showed that particulate matter was releasing soluble
phosphorus, by a desorption or dissolution mechanism.

Soil phosphorus concentrations and organic matter levels
showed significant variability aver the plot areas after the
three rain events, probably as a result of erosion patterns
and run off having moved the soil. This variability was
greater in the sludge treated plot.

Implications for surface waters

The authors emphasise that it is soluble phosphorus
which is bio-available, and thus susceptible to
contribute to eutrophication if run off carries it to
surface waters. These results indicate that the spreading of
sewage sludge may increase this run off of bio-available
phosphorus during storm events – and it is generally
recognised that often 70-80% of soil phosphorus loss is
related to storm events. Furthermore, the authors indicate
that the particulate phosphorus carried off the sludge
treated plot tended to be more labile (liable to become
soluble) than that from the untreated plot.

“Phosphorus losses from sewage sludge disposed on a field:
evident from storm event simulations”. Water Science and
Technology, vol. 42, n°9, pages 179-186, 2000.

H. Vanden Bossche 1,2, J.M. Audic2, A. Huyard1, C. Gascuel-
Odoux3, F. Trolard3, G. Bourrié3.
1 - CIRSEE, 38 rue du Président Wilson, 78230 Le Pecq, France.
Email: hugues.vanden.bossche@ondeo.com
2 – Géosciences, Université de Rennes-1, avenue du Général
Leclerc, 35042 Rennes Cédex, France
3 – INRA, UR Sol et Agronomie, 65 rue de Saint Brieux, 35042
Rennes Cédex, France.

NUTRIENTS AND ECOSYSTEMS

Soluble P in run off (kg solubleP/ha)

Rain event First Second Third Total

Untreated plot 11.8 15.6 17.1 44.5

Sludge spread plot 13.5 34.9 29.6 75.4
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USA

National assessment of US estuary
eutrophication

The US “National Estuarine Eutrophication
Assessment”, published in September 1999, draws on a
national workshop held in 1998, on the results of a
national estuary survey carried out from 1992-1997 and
on other available data, input from 300 experts, and
modelling.  It covers 138 estuaries, representing over
90% of the USA’s estuarine surface area, plus the
Mississipi river plume.

The report concludes that “high” expressions of
eutrophication are present in 44 estuaries (40% of total
estuarine water area) and “moderate” expressions in an
additional 40 estuaries, making a total of 65% of total
estuarine water area affected. 67% of estuarine water
area is affected by one or more of the following symptoms:
depleted dissolved oxygen levels, loss of submerged
vegetation, nuisance algal blooms. All coasts are affected,
but particularly the Gulf of Mexico and the Middle Atlantic
coasts.

This results in impairment of human uses of 69
estuaries, in particular loss of or deterioration of
commercial and/or leisure fishing and of shellfish
production.

Of the 44 highly eutrophication affected estuaries, most
(36) were considered to be strongly influenced by human
activities. All were considered by the experts to be
naturally very or moderately susceptible to eutrophication
(nutrient inputs likely to result in biological changes),
whereas only 6 in fact had high levels of nutrient inputs.
Conversely, most of the 38 non-eutrophication affected
estuaries showed low susceptibility (28) but also had low
nutrient inputs (31). 

Consequently, management policies must vary
considerably as a function of the different combinations of
potential susceptibility to nutrient inputs and actual levels
of these. Priority of management efforts should be given to
the 10 estuaries (3% of water area) with high susceptibility
but presently low nutrient inputs (in order to avoid
potentially rapid deterioration), and to the 23 estuaries with
high susceptibility and high nutrient inputs (10% of water
area) where sustained and considerable nutrient reductions
will be necessary to achieve water quality improvements.

The report concluded that eutrophication symptoms
could be expected to worsen over the next two decades
in 86 estuaries (including 43 which are currently
unaffected), unless significant preventative nutrient
management is undertaken. It also noted that data was
considered inadequate (low confidence levels) for 48
estuaries, so that accentuated monitoring of both nutrient
sources and eutrophication symptoms is necessary in many
places, as well as further research into the relationships

between nutrient input and effects such as algal
development, and into the nutrient assimilation capacities
of different estuary systems.

“National Estuarine Eutrophication Assessment – Effects of
Nutrient Enrichment in the Nation’s Estuaries”. US Dept. of
Commerce – National Oceanic and Atmospheric Administration –
National Ocean Service,  September 1999.

Copies available from : Pam Rubin, NOS Special Projects
Office, National Ocean Service, 1305 East-West Highmay,
Silver Spring, MD 20910-3281, USA
pam.rubin@noaa.gov and http://spo.nos.noaa.gov
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EUROPE

Assessment of nutrients in Europe’s waters

The European Environment Agency has published, in
its “Environmental Assessment Series”, an overview of
nutrient sources to European waters, environmental
impacts and curative measures.

The European Environment Agency’s report is based on
data collected from national contact points in 30 European
countries, as well as existing national and international
reports and data bases. The report follows on from the first
Dobris assessment report which identified anthropogenic
nutrients in European ecosystems as a major environmental
issue (1995).

The report emphasises that nutrient loadings to surface
water have increased considerably with man’s activity, in
particular from agricultural sources (fertilisers, manures),
from domestic and industrial sources, and as a result in
changes of land use and physical river conditions. In many
areas of Europe, farming practices have significantly
increased rates of soil erosion, thus causing nutrients to be
carried into surface waters, while much of the agricultural
land is drained and large areas of marshland, wetlands,
ponds and lakes have disappeared, reducing the capacity of
freshwater systems to retain nutrients.

Most of the phosphorus loading to inland surface waters
comes from point discharges (sewage and industry),
whereas most nitrogen loading comes from agricultural
activities, in particular fertiliser and manure spreading.
Phosphorus emissions have been reduced in some parts
of Europe, over the last 10-20 years. In contrast, the
nitrate level in many European rivers has risen over the
same period.

Phosphorus sources

The report suggests that most of the phosphorus
loading to surface waters in densely populated areas is
from human excretion, with phosphorus production
being 1 – 1.5 kg/person/year in industrialised countries.
50% (Southern Europe) – 80% (Northern Europe) of the
population is connected to sewage works, with both the
connection rate and the quality of treatment achieved in
sewage works improving significantly over the last 10-15
years. By 1995, over 80% of sewage treated in Nordic
countries, and over one third in Western Europe, received
tertiary treatment (phosphorus/ nutrient removal). 

Phosphorus fertiliser application rates are estimated at
around 20-50 kgP/ha/year in Northern and Western
Europe, and 10-30 kgP/ha/y in Southern Europe. A
consequence is that around 20% of agricultural soil is
saturated with phosphorus, leading to leaching. Levels of
phosphorus in the aquifers below the Po river valley, for
example have reached 1 mgP/l, probably due to fertiliser
use on overlying rice fields.

(the bars at the bottom of the figure have the highest proportion
of point source pollution)

Excess nutrients
Eutrophication, etymologically, means an elevated supply
of nutrients. However, the term is generally currently taken
to mean a situation where an increased supply of nutrients
results in “an accelerated growth of algae and higher forms
of plant life to produce an undesirable disturbance to the
balance of organisms present in the water and to the quality
of the water concerned” (definition from the EU Urban
Waste Water Treatment Directive 91/271).

The OECD has suggested indicative limit values for
phosphorus defining different nutrient classes of water :

Total annual average P concentration µg/l

ultra oligotrophic <4
oligotrophic 4-10

 

 

  

  

  

Fig. 2: Source appointment of phosphorus loads.

From EAA publication indicated at end of article, page 32, with
permission. Source of data : compiled by ETC/IW from state of
the environment reports, Windolf 1996, Swedish EPA 1994,
Umweltbundesamt 1994, BMLF 1996, Ibrekk et al 1991, Italian
Min. Env. 1992. Note: atmospheric contribution considered only
for some catchments.

Fig. 1: Expected reduction of N and P emissions from
municipal waste water treatment plants between 1985-1995.

From EAA publication indicated at end of article, page 123.
Source of data : Table 8 OSPAR 1995 Nutrients in the Convention
Area. With permission.
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mesotrophic 10-35

eutrophic 35-100

hypereutrophic >100

These are compared to the levels which one would expect
to find in “natural” pristine lakes, unaffected by human
activities, from 0.3 – 25.7 µgP/l in shallow lakes (average
depth 10m) to 3.1-11.4 µgP/l in deep lakes (200m).

The report concludes by suggesting values above which
phosphorus concentrations can be considered
“excessive”, but indicates that these are intended only
for guidance :

rivers 100 µgP/l

lakes 25 µgP/l

marine waters site specific

The nutrient levels in lakes across most of Europe (all
except sparsely populated Northern areas) are significantly
increased by man’s activities, and although phosphorus
levels have fallen somewhat (mainly as a result of
improved municipal waste water treatment), nutrient levels
continue to pose water quality problems in many lakes. In
rivers, phosphorus is “present in excess” at almost all of
the around 1,000 monitoring stations surveyed, but
elevated chlorophyll levels are often not detected,
probably because the rivers are not sensitive to
eutrophication for reasons other than nutrient
concentration (permanent turbidity, presence of toxic
substances …)

In large estuaries, the main events occurring with elevated
nutrients levels are the flocculation of organic matter and
clay, and the death of river phytoplankton. Algal
development in estuaries is often not limited by nutrient
concentrations, but rather by other factors such as
water movements (flushing), light penetration (related
to suspended solid levels), mixing depth, grazing, tidal
effects … Algal development in estuaries may however be
limited by nitrogen or phosphorus, depending on the ratio
between the available concentrations of these elements, but
also on algal populations and other factors, and may in
some cases also be limited by silicon or iron.

In coastal marine waters, nitrogen loadings may have a
positive effect (improving productivity, and thus fish
catches) but may also pose problems if algal blooms occur.
Atmospheric nitrogen fixation seems to be less significant
in marine waters than freshwaters, and the control of algal
development cannot be achieved solely through
phosphorus load reductions : nitrogen loadings, and
pollutants which are involved in mobilising phosphorus
from marine sediments must be addressed.

Water Framework Directive

The EU Water Framework Directive 2000/60 completes
existing water protection regulations (in particular the
Urban Waste Water Treatment Directive 91/271) with the
general obligation for Member States to reach “good”
ecological status for all surface waters within a given

time-scale (generally by 2010) using appropriate local
measures. Concerning nutrient levels, this Directive
defines “good” ecological status as such that « Nutrient
concentrations do not exceed the levels established so as to
ensure the functioning of the ecosystem and the
achievement of the … biological quality elements ». The
EAA concludes that implementation should result in
significant reductions of excessive nutrient loadings,
particularly from agriculture.

“Nutrients in European Ecosystems” (Environmental Assessment
report n°4), 156 pages, 1999. Available from the Office for
Official Publications of the European Communities http://eur-
op.eu.int (or national sales outlets). European Environmental
Agency : http://www.eea.eu.int Figures reproduced with kind
permission from EAA, and for Fig. 2 from OSPAR (the data
indicated are originally taken from table 8 of OSPAR 1995).
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USA

EPA publishes “ecoregional nutrient criteria”

The US “Clean Water Act” requires state and tribal
authorities to achieve, wherever possible, water quality
adequate for the healthy development of fish, shellfish and
wildlife, and for recreational water uses. This approach is
comparable to that taken by the new EU “Water
Framework Directive” (60/2000 which requires local
authorities to achieve “good water quality” in all surface
waters (except justified exceptions) by 2015, where this
“quality” is defined for nutrients as levels which are
compatible with natural species and biodiversity.

The US EPA’s new nutrient criteria are the result of a
process started when a report to congress, stating that 40%
of US waters did not meet the Clean Water Act’s overall
quality standards, led to the Clinton administration’s March
1998 “Clean Water Action Plan”. The 1996 National Water
Quality Inventory indicated that 40% of US rivers, 51% of
lakes and reservoirs, and 57% of estuaries were adversely
affected by eutrophication. Despite a national move to P-
free laundry detergents and some investments in municipal
waste water treatment, excess nutrients were reported to
have degraded almost 3.5 million acres of lakes and
reservoirs, and over 84,000 US miles of rivers and
streams to a point where they no longer supported basic
uses or aquatic life. At the time, the only national water
quality criteria for nutrients in existence in the US were 10
µg nitrate-N/l for drinking water supplies and 10 µg total-
P/l for marine and estuarine waters – but these were based
on conservative toxicology and not on possible
eutrophication effects.

The new nutrient criteria, published in December 2000, are
intended as recommendations to states and tribes, are set for
17 different “ecoregions” and are developed as Technical
Guidance Documents for streams and rivers, lakes and
reservoirs, estuaries and coastal waters, and for wetlands.
The 17 “ecoregions” cover 8 climate areas/ecosystem types
for lakes and reservoirs, 8 for rivers and streams, and 1 for
wetlands. They provide suggested baselines for
numerical values for both nutrient concentrations (total
phosphorus and nitrogen) and for symptom effects
(chlorophyll-a concentrations, turbidity – or for
wetlands, periphyton). These are intended to help states
and tribes identify problem waters, provide a basis for
establishing local quality criteria (on a catchment basis) and
evalute success in reducing eutrophication.

As a result of the regionalised approach, aggregate
reference conditions vary widely, for example for
“streams and rivers” : from 10 to 76 µgTP/l; 0.12 to 2.18
mgN/l; 1.3  to 9.89 NTU turbidity between ecoregions II
(Western Forested Mountains) and VI (Corn Belt and
Northern Great Plains), and from 0.4 µgChl-a/l in ecoregion

XII (Southern Coastal Plain) to 8.59 in ecoregion VI.

Similarly, ecoregion aggregate reference conditions range
from 8 to 37.5 µgTP/l and from 0.1 to 1.68 mgN/l for lakes
and reservoirs.

However, as well as these inter-ecoregion ranges for
aggregate reference conditions, a range of  reference
conditions is also given within each ecoregion : for
example, the aggregate references of 10 µgTP/l and 0.12
mgN/l for “rivers and streams” in ecoregion II in fact
corresponds to ranges of reference conditions for
subecoregions of 5.3-21.5 µgTP/l and 0.1 – 0.8 mgN/l.

These new ecoregional criteria are expected to be taken
into account with the development of local water quality
standards by 2004.

The Ecoregional Nutrient Criteria and the waterbody-specific
Technical Guidance Manuals are available at the EPA’s nutrient
website : www.epa.gov/ost/standards/nutrient.html or from : US
National Service Center for Environmental Publications
(NSCEP), 11029 Kenwood Road, Cincinnati, OH 45242, USA.

NUTRIENTS MANAGEMENT
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THE NATURAL STEP

A systems-orientated approach to the
phosphorus cycle

This article examines phosphorus enrichment of
surface waters  from a systems perspective, suggesting
that past approaches have been mainly based on end-
of-pipe (P-removal from sewage) or end-of-field
approaches (buffer vegetation zones). The author
argues that decision makers need to look beyond
current market contexts (for example, comparison of
mined phosphate rock prices with costs of recovered P)
to develop cyclic and sustainable solutions, including
phosphorus recycling, and equally improved phosphate
use in both fertiliser and detergent applications.

The author’s starting point is the definition of sustainable
development, as an objective of achieving end-of-state
sustainability of the system as a whole, and not just
incremental improvements in current non-sustainable
business-as-usual scenarios. This is summarised the “The
Natural Step” system conditions (adapted from Holmberg
et al. 1996).

In the sustainable society, nature is not subject to
systematically increasing…
1. …concentrations of substances extracted from the

Earth’s crust
2. …concentrations of substances produced by society
3. …degradation by physical means and, in that

society…
4. …human needs are met worldwide.

Current use of phosphate minerals is clearly in
contradiction with such a system, as resources of phosphate
rock are being depleted, whilst at the same time
phosphorus is accumulating in surface waters and their
sediments. This results in water quality problems in surface
water: in the UK for example, current phosphorus
concentrations in surface fresh waters are estimated to be
an order of magnitude higher than natural background
levels. Phosphate mineral consumption also results in other
collateral problems such as heavy metal release from the
mined phosphate rock, environmental impacts of rock
extraction and transport …

Unsustainable P use in farming

Of phosphates extracted from mined phosphate rock and
consumed in agricultural applications today, around 60%
goes to developed countries, although these hold only 35% of
the world’s agricultural land and 24% of its population. Crop
species and cultivars are no longer selected for their
adaptation to local soil and climate, but for short term
profitability, on the basis of large inputs of mineral fertilisers.

Fertilisers are not even used efficiently: in Sweden, for
example, an average of three times more phosphorus is
added to fields than leaves it in animal or vegetable products.
Of the phosphorus contained in this produce, only around

20% is ploughed back into the land, with 80% ending up in
sewage, and then on to sewage sludge and landfill.

The author identifies three main pathways for improving
the sustainability of agricultural phosphate use: better
phosphorus application, taking into account the
phosphorus already present in soil and the crop’s real
needs; soil conservation (avoidance of soil erosion, as a
large proportion of P loss from fields is carried with soil
particles being lost); use of “end-of-field” retention zones
such as buffer strips of vegetation or wetlands.

Phosphorus recycling cost-benefits revisited

Recovery of phosphorus from waste streams and its
recycling is seen by the authors as a centre stone for a
sustainable phosphorus cycle. One way to achieve this is
by reuse of sewage sludges in agriculture, but the author
recognises the current pressure against this from for
example the retail sector.

P-recovery from sewage, animal wastes and other waste
streams, to produce a product which can be recycled is
presented as a key to sustainability, and to avoiding the
accumulation of this element in natural systems.

The author suggests that it is “necessary to challenge
predominant thinking about the costs and benefits
associated with the delivery of more sustainable cyclic
uses of phosphorus and other resources.  Most analyses of
the economics of recovery and reuse of phosphorus from
effluent are based firmly on today’s probable market
prices.  Yet most people would accept that we live in a
fast-changing world in which sustainability pressures lead
to increasing resource costs and scarcities, a declining
capacity to dispose of waste, ever more stringent
regulatory requirements, and greater public and customer
pressure for more environmentally and socially
responsible practice.  The economic climate will therefore
inevitably change considerably in coming years, favouring
inherently more sustainable practice as the adverse effects
of today’s unsustainable norms become more evident.
This changing economic climate, together with the
economic multipliers of the coincidental closure of reuse
cycles for other resources (some noted in this article), may
more rapidly become favourable to phosphorus recovery
for reuse.”

“Taking a Systems-oriented View of Phosphorus Enrichment in
Fresh Waters”.  Freshwater Forum 2001, 15, pp.35-54.

Dr Mark Everard, Director of Science, The Natural Step, 9
Imperial Square, Cheltenham, Gloucestershire GL50 1QB,
UK. Email mark.everard@environment-agency.gov.uk
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SEPTIC TANKS

Natural soil iron can precipitate P from sewage

The organic matter in sewage (labile carbon) causes
iron in soils to become soluble, and this soluble iron can
precipitate the phosphorus out of sewage down to below
0.05 mgP/l, forming stable solid coatings on soil
particles. This may explain why up to 85% of
phosphorus from septic tanks is precipitated into soil
within a few metres of infiltration pipes. The author
proposes structured application of this “Reductive Iron
Dissolution” (RID) mechanism as a P-removal process
for smaller sewage works and septic tanks.

The author’s first experiment was a 2-week lab test, in
which natural soil sediment in a 25cm column was dosed
with filtered sewage. This successfully showed that soluble
iron increased from 0.05 to 0.3 mgFe/l as the sewage
descended the column.

This was followed by a two year laboratory experiment
where approx. 60 ml/day of filtered sewage first passed
through 360g of RID medium (fine particles of B-horizon
soil fine, collected in Ontario, Canada, with a total iron
content of 67gFe/kg dry soil) and then through a 70 cm
column of sand. The iron content increased from around
0.16 mgFe/l in the influent sewage to around 1 mgFe/l after
a residence time in the RID medium of 1.4 days.

Redox potential

There was a significant variation in iron dissolution, and
this was attributed to the storage time of the sewage
samples used. These were collected monthly from the
sewage works, and the redox potential increased in the
stored sample (from around 100 mV when fresh, to nearly
390 mV after one month’s storage). Lowest RID iron levels
were consistently noted at the end of each month’s “batch”
of sewage, when redox potential was highest.

This problem was resolved in a pilot scale field trial
conducted during the non-freezing periods from May 1997
to August 1999. This experiment used untreated, filtered
sewage from a domestic septic tank. The sewage was
pumped into an 1m high lysimeter with three compartments
at approx 1.3 litres/day. The first compartment (8 l volume)
was simply a holding tank, the second (again 8 l) contained
the same RID medium (Ontario soil), and the third one
medium-grain sand (19 l). Residence times were
respectively around 7, 2.2 and 3.6 days.

In this field experiment, the fresh sewage was thus not
stored for more than a few days (in the first holding
compartment), and this gave consistently low redox
potentials (140-180 mV) and high soluble iron from the
soil (2.5 – 9 mgFe/l).

P-removal

In the field trial, inflow soluble phosphate levels were
around 10 mgP/l, and the lysimeter system brought this

down to around 3 mgP/l after passage through the RID
medium, and down to levels below the detection limit
(0.05 mgP/l) after the sand column : a P-removal of over
99%.

SEM micrographs showed that the phosphates were being
precipitated on the sand particles as thick (10-30 µm) grain
coatings, containing 6 – 12%P, with a fairly uniform
molecular composition consistent with the mineral
mitridatite [CaFe2(PO4)2(OH)2.8H2O]. This is consistent
with work by Leckie and Stumm which suggests that Fe-III
is very effective at precipitating phosphates.

The Fe:P ratio in the precipitated phosphates is around 1,
suggesting that around 9 mg of Fe would consume 5 mgP.
Analysis of the soil used as RID medium in the 2-year
laboratory and experiment showed that only around 0.2%
of the initial iron present had been leached, showing that
the process system could remain effective for years or
decades before renewal of the RID medium would be
necessary.

Septic tanks
The author notes recent work by other authors looking at
the solids near the outflows of septic tanks. Zanini et al.
1998 showed that phosphates generally precipitated
close to the septic tank outpipes (<1m) and suggested
that this occurred by Fe-II to Fe-III conversion at the redox
oxidation front. Harman et al. (1996) showed that 85% of
outflow phosphorus from a septic tank precipitated within
3m of the outflow pipes.

This could correspond to the RID mechanism functioning,
with the natural soil in the infiltration area providing the
required iron.

The author suggests that the mechanism can also be
adapted to remove phosphorus from sewage, using only
low-cost and readily available materials (soil, sand), in a
passive flow system. This would be appropriate for
application in small sewage works or septic tanks.
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