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Abstract

Phosphorus is a unique non-renewable element which apparently, as phosphate rock 

In both igneous and sedimentary form, is in abundant supply. Utilisation is primarily via

               fertiliser application. Economics, however, would suggest that this route will become more 

costly as resources diminish over the next 50-70 years. The removal  of phosphorus

from sewage waste points one way forward. The potential for recovery within the context

of preferred raw material parameters is examined as a sustainable development concept.
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Introduction

      Phosphorus is an essential nutrient for all life forms. In the human body, for example, it is the sixth most common element [1] accounting for 1.2 g per kg body weight [2]. Aside from its presence as a form of hydroxyapatite [3] in the bone structure, it is a key component of adenosine triphosphate (ATP) which acts as the primary energy carrier within all living cells. It is involved in every beat of the heart and in muscle motion, requiring first a take-up then a natural re-synthesis of the ATP molecule. Interruption of this cycle leads to cessation of life processes [4]. 

     On a terrestrial basis, phosphorus, as the eleventh most common element [5], is a highly reactive substance and, as a consequence, exists only in rocks on the earth’s crust in a stable complex orthophosphate mineral form.  These rocks, containing on average about 0.1% phosphorus [6], were initially igneous in origin but with the passage of time and the weathering of surfaces, phosphates became available either as an integral part of the natural soils or, particularly within the marine environment, as large sedimentary deposits. Today commercial phosphorus is largely derived from this later source in a form that is converted to either a phosphate-based fertiliser or, by extraction of the phosphorus as phosphoric acid, for primary industrial utilisation. Overall fertilisers account for 80% of the phosphates used by man with the balance divided between detergents (12%), animal feeds (5%) and speciality applications (3%) [7].

    Agriculture, supplemented normally with manufactured fertilisers, supplies the needed phosphorus input for human life, through food, either directly through crops (vegetables, grains and fruits) or indirectly through animals (meat) and prepared foods. The acceptable daily intake (A.D.I.) is 70/mg/kg of phosphorus per kilogram body weight [8] with the average diet equating to about ½ of this level or 2.2 gm/person/day [9].  The accelerated population expansion since 1950, which has almost tripled the number of people in 50 years to over 6 billion [10] (whereas previously it had taken over 100 years to double to the 1950 level), has been paralleled with an equally remarkable revolution in food yield through the efficient use of fertilisers and improved plant varieties. It remains to be seen, however, how much farther these trends can be extrapolated over the next 50-100 years before real shortages will appear both in food, the land and energy available to cultivate it.  

     Given the apparent abundance of phosphorus, it would seem that work focusing on its recovery in comparison with, for instance, research on new sources of energy (e.g. fuel cells, fusion), could be perceived as having a very low priority. However, a wide gap can exist in the interpretation of the terms abundance and occurrence. There may indeed be vast deposits of phosphate rock but much of this can  be of variable quality and accessibility. Furthermore, there is no substitute for phosphorus in living organisms – nothing can be synthetically derived to replace this vital component in life processes. Combining these two points may lead to the rationale for the development of a new priority.

Phosphate rock reserves

Origins

Phosphate rock is a general term used to describe rocks that contain naturally occurring phosphate based minerals. This is normally only applied to the mining of rocks of sufficient phosphate level to justify economic recovery with existing technologies. These rocks, as covered briefly in the Introduction, are divided into two classes: igneous and sedimentary, with an abundance ratio of 13:87.

The most prevalent phosphate minerals are species of the apatite family. In igneous deposits there are three species of apatite: chlorapatite, hydroxylapatite and fluorapatite [11]. In sedimentary rocks the species are francolite (marine and freshwater deposits) and hydroxyl-fluor-carbonate (cave deposits of bird and bat droppings). Today, most of the mined deposits are sedimentary in origin. As a consequence, this class of rock will be the example uililised in this paper.

The phosphate in these rocks is built around a Ca and PO4 structure with varying degrees of Ca substitution by other elements (e.g.: Na, Mg,  heavy metals* such as Pb, Cd, Cr, As, radionuclides such as radium226) – this substitution will restrict the ability to extract the phosphorus so that P2O5 values, which, are utilised globally as the measure of the available phosphate content, may range from as high as 42% in a  good quality calcium phosphate rock to as low as 28% in highly substituted concentrates. 

Processing

Over 75% of phosphate rock is surfaced mined with the remainder recovered by underground mining – mainly in North Africa (Morocco). Most of this rock (80%) is used as a raw material in the manufacture of fertiliser products and, as a consequence, the market is primarily driven by agricultural demand [12]. Some fertilisers use the rock directly but these generally have poor bio-availability since the calcium phosphates have a very low water solubility level unless applied, as in certain tropic areas, to highly acidic soils. 

Most phosphate rock is further processed through a concentration stage that removes the bulk of the inert materials which may be bound up with or around the phosphate substrate. This step is known as benefication. Sedimentary rocks may contain, depending on location, a range of clays, organics, silicates, carbonates, iron oxides, heavy metals, iron-aluminium phosphates and radionucleides.  Furthermore, depending on the geology of the area, this residue may be either quite friable or tightly bound leading, respectively, to phosphate grains which break cleanly from the enclosing structure or phosphate crystals containing considerable occluded matter. This variable composition and structure defines a wide range of processing methods ranging from little more than simple milling and screening for the easily separable concentrates (e.g.: Morocco) to, for example, extensive washing (clays), flotation (silicas), calcination (carbonates and organics) and magnetic separation (iron) for the more tightly bound structures (e.g.: Florida). The benefication process allows even quite low-grade ores (5-10% P2O5) to be up graded to acceptable levels (+35% P2O5). This implies rock: concentrate ratios as high as 7:1 but normally these are 1.5:1. 

Concentrates from the benefication process serve as the raw material for the manufacture of phosphoric acid (see process detail under Industrial phosphate manufacturing processes). This, in turn, is utilised principally to produce major fertiliser products such as ammonium phosphates (made by the controlled addition of ammonia to phosphoric acid) and triple super phosphate (made by the phosphoric acid acidification of phosphate rock). These products not only focus on the phosphorus (P) component but also on combination with the other key nutrient: nitrogen (N). 

The costs associated with rock processing will vary according to location and rock quality. This is shown in Figure 1[13] and though the data is from 1985 comparisons are still relevant pointing out the importance of rock accessibility, degree of benefication, capital investment, operating costs and transport. 

*footnote on heavy metals:

These are generally higher in sedimentary than igneous rocks. To date levels have not proved a problem except when processing the raw acid to higher purity grades. However, cadmium levels are approaching their upper limits in a number of  ores. This could involve further processing costs adding 2-10% to the acid price. This is simply an estimate based on recent R&D work – to date no commercial operation is capable of removing cadmium except by the crude technique of blending high and low concentration cadmium deposits.   
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Historically, mining (including rock processing) and acid manufacture have been regarded as two separate operations with the acid processing plant often located a long distance from the mineral source. Over the last 30 years, however, there has been a general movement towards a fully integrated operation at the mining site with the extracted raw acid going either directly to fertiliser manufacture or for further refining into higher purity industrial and food acid grades. This recognises the importance of transportation costs and the increasing need to move only high value added products (i.e.: concentrated acid as opposed to crude ore) long distances.

Distribution and market

Phosphate rock of varying quality is distributed throughout the world – it occurs in the earth’s crust as .23% weight P2O5 [14] so concentrations in excess of 1% might be considered a deposit. However, the main extractable deposits, accounting for about 85% of current production, are located in America (Florida, North Carolina), China, Morocco, West Africa, the Middle East, the Former Soviet Union (FSU), and South Africa. 

Historically, following the first commercial production of phosphate rock for fertilisers in the mid-19th century, demand increased steadily - particularly from the 1950’s (see Figure 2: World Production: 1920-96 [15]), when mineral fertilisers were first produced in commercial quantities, until the early 90’s. The use of these fertilisers is responsible for a substantial part of the increase in crop yields with the greatest progress being seen in the western world. This eliminated the real threat of severe food shortages resulting from a more than doubling of the 1950 world population to 5.3 billion in 1990. The collapse of the Soviet Union, however, led to a major readjustment of rock production and utilisation since the FSU turned from a net user to a major exporter. This situation, coupled with a general oversupply market due to the build-up of substantial food (particularly grain) surpluses, had lead through the 1990’s to depressed rock production. There are strong indications, though, that this may be ending due to a restabilisation of the FSU and an increasing surge in demand from the developing world as its population continues to expand and moves to higher levels of affluence and associated improved calorific diets. 
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Figure 2: World phosphate rock consumption 1920-1996 (Reference: IFIA [15] )
Future forecasting

Reserves may be defined as ‘identified resources of mineral. rock from which the mineral…can be extracted profitably with existing technology and under present economic conditions.’ In addition, there are undefined reserves or potential reserves (resources) consist of ‘reserves plus all other mineral deposits that may eventually become available – either known deposits that are not economically or technologically recoverable at present, or unknown deposits, rich or lean, that may be inferred to exist but have not yet been discovered’. [16]

Assuming that the nineties represent simply a temporary correction to rock demand then it would be interesting to examine the extent to which the reserves may be depleted over the next 70 years. Depletion dates (see Figure 3: Lifetime of reserves [17]) as the result of projected consumption (see Figure 4 [17]) have been developed for the 0 to 3% growth range. A 50% depletion point is highlighted since normal demand forecasts should, by this date, start to trigger previously unexploited reserves (from the reserve base) and new development technologies. It is worth noting that even the most conservative data (0% growth) estimates this point to be about 70 years away or as close as 45 years when applying the highest consumption figure. Currently, market growth has remained relatively steady at 2% since the late 1990’s.The rock data is USGS [18] derived and is regarded as the most reliable source.
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Figure 3: Lifetime of reserves (Reference: I. Steen [17] )
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Figure 4: Projected phosphate rock consumption (Reference: I. Steen [17] )

It is not contested that the total reserves or resources extend, for all intents and purposes, well into the future, with exhaustion of readily exploitable reserves within anywhere from 45 to 100 years depending on the degree to which the compiled data can be accurately evaluated. [It is worth noting that much of the existing information must be estimated since many producers rightly consider production and reserves a trade secret.] What is of concern is that, as with any finite resource, as reserves become depleted, the quality (see Table 1 for current typical analysis), despite any applicable definition, will ultimately become more variable leading, in the case of phosphate rock, to lower P205 levels coupled with higher levels of impurities, particularly heavy metals. 

This leads to the consideration of alternative technologies where phosphate may be derived from pre-existing materials such as sewage waste. This requires, first, a closer look at current phosphate manufacturing processes and then how they can be adapted either directly, as regards feedstock sourcing or, indirectly by pointing the way to another route such as fertiliser recovery.

	Country
	Deposit
	P205
	As
	Cd
	Cr
	Hg
	U
	V

	
	
	(wt %)
	(ppm)
	(ppm)
	(ppm)
	(ppb)
	(ppm)
	(ppm)

	Israel
	
	32
	5
	25
	227
	130
	150
	200

	Jordan
	
	32
	8
	5
	92
	48
	78
	70

	
	
	
	
	
	
	
	
	

	Morocco
	Bu Craa
	35.1
	
	37.5
	
	
	75
	

	
	Louribga
	32.6
	13.3
	15.1
	200
	855
	88
	106

	
	Youssoufia
	31.2
	9.2
	29.2
	255
	120
	97
	200

	
	
	
	
	
	
	
	
	

	Togo
	
	36.7
	10
	58.4
	101
	365
	94
	60

	
	
	
	
	
	
	
	
	

	USA
	Florida
	31.9
	11.3
	9.1
	60
	199
	141
	108

	
	Idaho
	31.7
	23.7
	92.3
	290
	107
	107
	769

	
	N. Carolina
	29.9
	11.2
	38.2
	158
	233
	65
	26

	
	
	
	
	
	
	
	
	

	South Africa
	
	39.5
	11
	<2
	
	
	9
	17

	Tunisia
	
	29.3
	4.5
	39.5
	144
	
	44
	27

	Senegal
	
	35.9
	17.4
	86.7
	140
	270
	67
	523

	Australia
	
	28.9
	14
	4
	35
	75
	84
	63

	Syria
	
	31.9
	4
	3
	105
	28
	75
	140

	China
	
	31
	26
	2.5
	33
	4990
	22.8
	80

	
	
	
	
	
	
	
	
	

















Table 1: typical analyses of commercial rocks (Reference: Albright & Wilson  internal data)

Industrial phosphate manufacturing processes

There are two main commercial processing routes available for the extraction of phosphate from phosphate rock: the thermal  route and the wet route [19]. These routes open the way to the manufacture of a wide range of phosphorus and phosphoric acid based chemical derivatives.


The thermal route

In the thermal route (Figure 5) phosphate rock is ground, usually in a ball mill, and pelletised utilising clay as a binder to form briquettes or pellets with a typical diameter of 1 cm. Any fines or broken pellets generated in the downstream process are also recovered and recycled at this point. For strengthening, these are baked to form solid briquettes in a kiln which is usually fired with the carbon monoxide generated as a by-product from a downstream process stage. This step is conducted at sufficiently high temperature to ensure that the fluoride contained in the pellets is driven off and scrubbed from the kiln exhaust gases. The pellets are then cooled and transported to large silos located over the phosphorus furnace. From here they are gravity fed continuously into the furnace along with the correctly balanced stream of carbon (normally coke) and silica (gravel).

The phosphorus furnace itself is a carbon-lined electric arc reduction design, usually having a number of carbon electrodes suspended through the furnace cover and maintained above the base of the furnace. The power consumption is influenced by the conductivity of the physical load and the operating temperature can be controlled by raising or lowering the suspended electrodes in order to maintain power consumption at a desired level. The temperature will normally be maintained at 12000C-15000C and the chemical reaction between component streams can be summarised as follows:





2Ca3(PO4)2   +   6SiO2  +  10C  (  6CaSiO3  +  P4    + 10CO  (
Phosphorus, which melts at 440C and boils at 2800C, leaves the furnace in the vapour stream and is directly condensed in a continuous flow water stream for collection under water. Since phosphorus is highly flammable in air this whole operation is carried out in an oxygen-free atmosphere.

Of the other substances leaving the furnace, carbon monoxide (CO) is usually returned to the pellet plant where it is utilised to fire the sintering kiln. Surplus CO may also be utilised as a fuel elsewhere on site as well as for the generation of electricity. The calcium silicate (CaSiO2) is in a molten phase and collects at the base of the furnace where it is periodically tapped and diverted to external pits where it cools to a hard mass which may be broken up for sale or disposal into the construction industry as a slag. This material may be slightly radioactive due to the concentration of uranium impurities from the phosphate rock and though this restricts its use in building materials it can be readily and safely utilised in road building or as an aggregate in external constructions such as breakwaters, sea walls, etc.


Some of the more volatile metals, including cadmium, zinc and some radionuclides, leave the furnace in vapour or dust form. These are usually removed by cyclones and electrostatic precipitators and, depending on the phosphate rock source, the recovered dust may be slightly radioactive requiring further processing before disposal.

There is an additional side reaction which can have important consequences for the final phosphorus yield from the furnace:






Fe2O3   +   3C   +    2P  (  2FeP   +  3CO  (
This is due to the presence of iron in the raw phosphate rock. The ferrophosphorus (FeP) formed is contained in the slag and though having some use, for example, in railway engine brake blocks, it has a much lower commercial value than the phosphorus. Furthermore, when present in significant quantities in the phosphate rock, it can give, due to its effect on the conductivity of the furnace load, significant and potentially hazardous problems in the furnace operation. As a consequence, iron concentrations of normally 1% or less are preferred in the raw rock or any other high P content recovery material.


Due to the energy intensive nature of this production route, elemental phosphorus manufacture tends to be located in areas with associated low energy costs. In Europe there is only one plant (thermPhos at Vlissingen, The Netherlands) with most of the remaining production based in the USA, China and the FSU. Increasingly, phosphorus from this route tends to be utilised in the production of derivatives which require the elemental form: agrochemicals, plastic additives, flame retardants and pharmaceutical intermediates.

However, the traditional route to phosphoric acid production, the main phosphate chemical and building block for a full range of derivative salts, was, until recent years, achieved by the burning of phosphorous in an aerated (externally water cooled) tower to produce phosphorus pentoxide (P2O5) which was hydrated into the phosphoric acid form:







4P  +  5O2      (    2P2O5







2P2O5  +   6H2O    (    4H3PO4
This reaction is very exothermic and waste heat, in the form of steam, is often recovered from this two-stage process.

The phosphoric acid produced is very pure and generally requires only one further step, the removal of arsenic (dearsenification) by  either the hydrogen sulphide or sodium sulphide route, before it is available for a variety of technical, food  and pharmaceutical applications.
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Figure 5: thermal route to phosphorus and phosphoric acid manufacture (Reference: Driver [19])



The wet route



This route is common to both the specialised phosphate industry and the fertiliser sector and has the advantage over the thermal route of being significantly less energy intensive. The disadvantage is that the phosphoric acid produced in the primary stages (often referred to as green acid or merchant grade acid [MGA]) is very impure. Though suitable for agriculture processing it was not until relatively recently that improvements in subsequent processing stages allowed for ‘wet’ phosphoric acid application extension into the food and industrial area.

In the wet acid process (see Figure 6) phosphate rock is fed into a large reactor, or series of reactors, together with sulphuric acid and recycled weak phosphoric acid from the subsequent filtration step. The reactor reaction is principally:



Ca3(PO4)2   +   3H2SO4    (   3CaSO4  +  2H3PO4 + 3H2O

Following this, the reacted slurry is filtered to remove the calcium sulphate (CaSO4) and recover the impure phosphoric acid. The calcium sulphate (phosphogypsum) is subsequently washed to remove/recover any residual phosphoric acid and normally discharged to landfill since the radionuclides are concentrated out in this phase restricting severely its use in most applications (e.g.: plasterboard).
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Figure 6: the wet route to the processing of phosphoric acid (Reference: Driver [19] )

The phosphoric acid extracted and washed from the filter is then processed through a concentrator (heated chamber) before being available in a workable strength for further processing. However, the acid at this stage contains a significant level of heavy metal impurities, which renders it suitable only for fertiliser applications. It is at this point that recent process adaptations have allowed for the further refinement of this agricultural grade stream to meet tight industrial and food grade requirements.

There are a number of routes now available for this purification step, all of them propriety and based on solvent extraction technology. A considerably simplified process, summarising the key steps, is shown in Figure 7 [19]. All processes depend on the use of one or more propriety solvents to partition the metals in the wet acid into a separate phase. This step may involve a number of extraction stages before two streams are produced: essentially pure phosphoric acid (major) and a crude acid/solvent phase (minor) containing most of the heavy metal impurities (raffinate). Usually this latter stream may be fed back into the agricultural acid operation where dilution allows for its assimilation into most fertiliser applications. Alternatively, if  this application is not readily available the raffinate may be subjected to further processing in order to recover any residual phosphoric acid before the heavy metal fraction is isolated in an inert substrate suitable for landfill [20].

The purified wet phosphoric acid emerging from this process is, following defluorination and dearsenification stages, virtually indistinguishable from high purity thermal acid and may be supplied to the market on an interchangeable basis. 
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Figure 7: wet acid purification by solvent extraction (Reference: Driver [19] )

Raw material considerations 

Thermal acid

Since the final acid step involves primarily hydration and dearsenification, the phosphate rock feed is dependant mainly on the furnace as the purification stage (slag) and therefore can be very sensitive to changes in impurity levels. Iron has already been noted. In addition zinc, lead cadmium and tin are readily volatised in the furnace and end up in the furnace dust – if this is recycled, as often the case in modern operations, to the pellet feed system then these metals can accumulate in the system leading to costly purges. Whilst copper, like iron, ends up in the slag  - at high levels it can limit the application potential of this material [21].

Organics may decrease the pellet strength but can assist the energy load in the furnace with a 5% upper limit tolerable. This may, however, be further restricted where furnace emissions are subject to strict NO control.


Wet acid

As far as raw material characteristics are concerned, four metal  impurities are of considerable significance to the operator of the wet process and subsequent purification routes. These are: cadmium, magnesium, aluminium and iron. The first of these affects the operator’s ability to route the relatively impure (metal rich) raffinate stream into fertilisers. Fortunately it is highly unlikely that cadmium would be encountered in a recovered phosphate at levels comparable with the raw phosphate rock as a substantial portion of this heavy metal is retained in the gypsum stream at the filtration stage. Magnesium, however, can inhibit the filtration stage by binding the cloth or other filter medium and, along with aluminium, may cause serious scaling problems in the phosphoric acid purification units if present in levels higher than 1.5%. Finally, whilst considered relatively user friendly relative to the other toxic metals in the phosphate rock, iron can be comparatively difficult to remove during purification and gives rise to both post precipitation problems (sludge) and poor product colour, the latter even at relatively low concentration levels [22]. 

In addition, significant amounts of organic material are sometimes present in the rock. This is normally removed by low temperature calcination as part of the benefication stage. If transferred to the wet process, organics can lead to foaming and tar-like sludge accumulations subsequently producing a darkened acid requiring at least (activated carbon) filtration. 

Both processes

Whilst there is some commonality in the effect of the various substances highlighted above, perhaps the largest area of agreement involves the P2O5 content of the feed. In both cases this is best suited to the 30-40% range. Reduced values lead to a rapid acceleration of process inefficiencies in a number of areas: energy consumption, process equipment sizing and the handling of additional essentially inert burden which must be safely disposed of.

Recovery routes


When examining sewage treatment works there are a number of possible routes for recovering the phosphorus from the influent. The most attractive involve calcium phosphates, struvite and sludge fractionation. 


Calcium phosphates


The advantage of this approach is that it produces a material which could be utilised by most of the phosphate industry. This product is not a new innovation as some sewage works have been utilising lime to precipitate phosphorus into calcium phosphate for a number of years. Unfortunately this produces a material which is so intimately bound  with the separated sludge that it renders unfeasible recovery as a  workable feedstock. 


However, calcium phosphate of suitable purity and physical form can be extracted from sewage. The best known example of this is the Geestmerambacht (the Netherlands) enhanced biological treatment process which is operating a fluidised bed reactor (the DHV CrystalactorTM) to recover calcium phosphate as a pellet, formed around a seed particle of silica sand [23]. P content can be as high as 11% (25% P2O5) in the pellet which is also relatively dry and easy to handle (5-10% water content). Since sand constitutes the seed crystal, the recovered pellet will never be comparable to phosphate rock but trace metal impurity levels indicate a manageable raw material (see Table 2). Furthermore, certainly in the case for phosphorus furnace operation, the silica would substitute for silica in the feed – so the final phosphate level could be considered somewhat higher than reported.

	Impurity
	Morocco
	Geestmerambacht

	Al
	2000
	950

	Cd
	40
	<6

	Cr
	357
	8

	Fe
	1600
	1260

	Mg
	5700
	4200

	Na
	1700
	360

	Ni
	67
	8

	Ti
	108
	8

	Zn
	880
	310

	Mn
	10
	560

	Cu
	23
	17

	As
	5
	2

	Organic C
	50
	>2000


Table 2: comparison of typical phosphate rock impurity levels with recovered phosphate (STW) 

(Reference: Industry data,  Albright & Wilson  UK)


Considerable work remains to be done to optimise this process. For example, calcium phosphate solubility levels are much lower than theoretical, suggesting negative interference from other sewage influent components (e.g. organic loading [24]). Furthermore, to make the feedstock totally flexible, calcium phosphate, in lieu of silica, seeding needs to be considered.

Economics are significantly dampened by the relative low phosphate tonnages (500-1000T/yr) generated by most STWs when compared to the average needs of a phosphate process (2-5000T/wk) often located hundreds of miles from the appropriate works. However, a recent (1999) study showed that a payback (based on improved operating costs and recovered product value) on large STWs (500,000 p.e) of 3-5 years (scope: process upgrade costs) was not unrealistic under the right alignment of optimised operating conditions and costs [25]. Indeed, thermPhos currently recovers all the Geestmerambacht CrystalactorTM pellets into its phosphate rock feed at its furnace operation in Vlissingen, The Netherlands and has a target to replace 20% of its current rock consumption with recovered phosphates of this type by 2006 [26]. 

Struvite

Struvite has the tendency to form spontaneously in an uncontrolled manner in many sewage treatment plants, often in awkward and difficult to reach places of increased turbulence such as underground transfer pipe networks. This is as either magnesium ammonium phosphate (MgNH4PO4) or potassium ammonium phosphate (KNH4PO4). Comparatively little is known about the precise conditions under which struvite is formed. However research is focusing on eliminating the unpredictability factor by introducing a reactor/crystalliser process step as a means of developing control conditions under which struvite in granular crystalline form could be extracted from the STW (ideally biological) before fouling downstream equipment [27]. This would have the dual advantage of both removing a water hardness factor (Mg), and at least partially, the key nutrients, P and N, in one single stage [though invariably some magnesium has to be added (normally as magnesium hydroxide or chloride) to maintain the chemistry balance].

Currently Japan has made substantial inroads in this area with a number of fully operational crystalisers at the Shimane, Fukuoka and Osaka Prefectures with recovery efficiencies approaching 90+% [28].

Though the P content is about 13.5% (31% P2O5), the magnesium content (10.5%), as noted above under Raw material considerations, poses substantial operational problems for the ‘wet acid’ route and ammonia, with the ‘thermal acid’ route, can cause a serious increase in N emission levels from the phosphorus furnace. However, struvite may find an application as a slow release fertiliser and historically there is considerable documentation to this effect. Certainly the Japanese have been successful in introducing this product into their fertiliser market. In the UK, at Rothamstead, test work with ryegrass is now underway to study this use under a variety of soil conditions [29].

This application could have the advantage of allowing struvite to be utilised in local areas either as a speciality fertiliser in the rapidly developing home gardening trade (e.g. via sales to nearby plant nurseries) or by being blended into and augmenting the main agricultural fertiliser streams. In either case, the low tonnage and associated logistical problems which can effect so adversely the economics of calcium phosphates should no longer be a limiting factor. Furthermore, as a slow release fertiliser, struvite may have the added advantage of introducing much needed phosphorus into the plant growth cycle only when required, otherwise retaining P in an essentially bound form and thereby contributing to the control of fertiliser P losses from agriculture.

Sludge fractionation

In both the calcium phosphate and struvite routes phosphorus is recovered from a manipulated side-stream of supernatant liquid containing high P concentrations. However, in most STW operations phosphorus would normally be concentrated into the sludge either by chemical precipitation or via biological nutrient removal. 

A number of process routes have been considered for the recovery of phosphorus, primarily in fertiliser form, from the P rich sludge. The most well known and advanced is the CAMBI/KREPROTM (see Figure 8 [30]) which treats the digested sludge in a high temperature acid hydrolysis process to produce an iron phosphate syrup and a concentrated sludge residue which may be utilised as a biofuel. Work is proceeding in Sweden to determine the potential of iron phosphate as a fertiliser. A full-scale sludge recovery pilot plant has been in operation since autumn 1995 at Helsingborg STW in Sweden with a capacity of 500 kg TS/hr at a 75% recovery rate.







Figure 8: The CAMBI/KREPRO process (Reference: Hultman [30])

Alternatively, actual extraction of phosphorus (as phosphate) from the sludge may be considered. One route, in the early stages of development, is focusing on iron rich sludge: iron phosphate would react with iron sulphide (generated by sulphur reducing micro-organisms) to release phosphates in a soluble form which could be available for precipitation as either calcium phosphate or struvite. 

Increasingly, if the normal route for sewage sludge as an agricultural supplement is not available, the sludge is dewatered and incinerated. This has the advantage of generating a P rich ash (8-10%) from which all the volatile components have been removed. Laboratory work has shown that this ash, when subjected to hydrochloric acid digestion, can remove phosphorus (yields up to 85%) as phosphoric acid which should then be adaptable as a feedstock for a modified solvent extraction process (see wet acid route above) [32].  Additionally, with technology developed by Bio-Con (Figure 9 [33]) the dry ash can undergo sulphuric acid digestion followed by ion exchange to remove the components at separate stages with phosphorus again recovered in an acid form. Plans are now well advanced to install a plant in Falun, Sweden.  This coincides with a requirement set this year by the Swedish EPA that all future sewage sludge incinerator installations will only be issued an operating license if P recovery from the ash is implemented.
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Figure 9: The Bio-Con process. (Reference: Hultman [31])

Furthermore, Sweden has a national target of recovering 75% of phosphorus from wastewater and other waste streams within the next 10 years [33].

Conclusion

Sustainable development is in danger of becoming an overused buzzword of the early 21st century, generating a variety of interpretations which often seem to evolve very much to simply fit the (often fleeting) occasion. However, the ability of phosphates to have significant recovery potential gives full meaning to what should be a core principle of true sustainable development: managing today’s resources for the people of tomorrow.

Whilst phosphate rock deposits appear vast, the extraction and environmental costs are increasing at the same time that the phosphate from the end products, mostly as fertilisers, animal feeds and food, is added, ultimately, to an ever increasing global inventory of human, industrial and animal wastes, needing an effective management approach.

The Natural StepTM (TNS) concept which has seen application in a number of areas, including recently with PVC, can be employed with the phosphorus cycle (Figure 10 [34]) to develop a number of recovery routes from sewage treatment effluent (A), sludge re-use (B), animal manures (C), industrial discharges direct to the sewer or via products (D) and industrial emissions (E).
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Figure 10: TNS: The phosphorus cycle (Reference:  Everard [34])

Though it may not be feasible to recover 100% of phosphates, a reliable recovery rate across the industry of 50-80% may not be unrealistic, particularly with sewage wastes. Furthermore, as legislation places restrictions on phosphate discharges through the UWWT (91/271/EEC) and most recently, the IPPC (96/61/EC) Directive, industry, generally, may have the impetus to drive technological developments which could now be seen as a key part of the business rather than simply a straight forward scientific issue.

Most recent population forecasts [35] which show growth levelling off (and even starting to decline) at 9 million within the next 70 years (or more than 4 times the manageable figure of 2 billion over 70 years ago) do not take into consideration the general improvement in overall lifestyle and the additional global resources, already nearing full utilisation in many areas, that this will entail. Phosphate is a common thread through all this expansion and a logical material, as the nurturer of life, to be one of the key components of the sustainable development process.

The UK government has recently launched an initiative on P recovery research [36], and industry, as noted, may be moving towards a technological incentive. The industrial phosphate manufacturers themselves are convinced that the future lies in phosphate recycling and therefore, building on the impetus developed from its two recent P recovery conferences, have targeted 2008 as the year in which 25% of the phosphate used in their products should come from recovered materials [37]. Indeed, this may be even more rapidly approaching reality as the initiatives developed by thermPhos and the Swedish EPA move towards full realisation.

The first decade of the 21st century promises to be an interesting and innovative time for phosphorus recovery development.
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