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ABSTRACT

It has become necessary to identify accurately the availability of phosphorus in biosolids products applied to land.  The fertiliser value of these products must be quantified not only to satisfy the customer but also to ensure the best use of phosphorus when considering the need to avoid excess concentrations in the wider environment.  With the advent of chemical phosphorus removal at more wastewater treatment works, the impact of iron and phosphate availability is particularly important.  Existing research has indicated that there is a correlation between phosphate availability, and factors such as biosolids pH and iron concentration.  However, it has not yet been possible to draw any firm conclusions, which can be used as a tool to manage the availability of phosphate in practice.  Through a joint research programme for Anglian Water, involving literature investigation, laboratory tests on biosolid/soil interactions, and benchmarking phosphate availability over time, the study uses the best available input and output data to indicate the parts of the land bank most at risk from over-enrichment.
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INTRODUCTION

Phosphorus (P) is a non-renewable resource [1] and sewage sludges have been used for many years as sources of P for agricultural crops. Application to land is the preferred route for sludge producers as it offers beneficial recycling and the scope for reduced fertiliser inputs. Reducing effluent phosphate concentrations concentrates P in the sludge and application to land is the simplest method of disposal, although the phosphorus can be of varying concentration and availability to plants [2]. Some sludges show poor nutrient availability despite their relatively high P content by analysis.  There is a lack of information about the proportion of sludge P that can be used by crops, and the long-term effects of sludge deposition [3]. 

 
Anglian Water provides water and sewerage services to the eastern part of England and Wales, serving approximately 5.5 million sewerage customers.  The region is largely agricultural; it contains only 10% of the total land area of England and Wales yet 40% of the arable area.  The combination of many small and medium sized sewage treatment works and large arable acreage have influenced the current practice of large-scale agricultural recycling.

The main factor limiting biosolid application rates is nutrient limits.  The MAFF Code of Good Agricultural Practice advises limiting total nitrogen applications to 250kg N ha-1 year-1.  The Nitrate Directive has resulted in the establishment of Nitrate Vulnerable Zones in catchments used for public water supply. The Anglian region contains the bulk of the NVZs in the UK (40 out of 48 areas), and NVZs account for 20% of the Anglian agricultural land. It is anticipated that, once P discharges have been controlled, attention will focus on other P inputs, particularly sludges and farm manure recycling [4].

Biosolids P contents will most likely increase from their current values because nutrient-removal wastewater treatment plants are becoming more widespread and both the chemical and the biological removal of P from wastewater conserves the P in the biosoloids.  As a plant growth supplement, biosolids are rich in P compared to N, so that regulation of biosolids land application rates on the basis of N loading will almost always oversupply P [5].

Application to agricultural land is likely to remain an important route for sludge management in the foreseeable future.  It is therefore essential to deliver the farming customer value for the efficient utilisation of nutrients in sludge applied to soil for crop production.  Experimental data are needed on the P release characteristics of biosolids from P removal processes to formulate fertiliser recommendations on the use of these new types of material in agriculture (Figure 1).

The objectives of this research project for Anglian Water are to:

· Measure and assess the phosphate fertilizer value of Anglian Water biosolids products

· Report of the likely future effects of increased chemical P removal

This is being achieved through a combined programme of literature research, sludge-soil storage and incubation experiments to examine P activities in these systems, and correlation with historical data on soils in the Anglian region.

PREVIOUS RESEARCH

Increasing biosolids application to land, increasing P saturation and increasing biosolids P content, combine to make the subject of P loading to soils an important issue [5].

Experiments in Switzerland [6] reported on the danger of over-fertilising soils through application of sewage sludge. After 4 years, the P concentration of the top 15cm of soil had more than doubled.  This drew attention to the need for a balance between soil organic matter content, which is improved by the addition of sludge, and P content of soils, which can rapidly increase beyond the needs of plants.

There are also indications that most of the P in Fe-treated sludge is unavailable to plants because its ion-binding sites are used up thereby reducing its efficacy as a fertiliser.  High rates of chemical amendments are needed to reduce P levels, because of complexation of P binding cations (Ca, Fe and Al) with organic matter [7]. Thus, the tendency to over-coagulate by adding too much Fe or Al increases the possibility of binding available P in the soil and of amendments acting as a negative fertiliser.  Adding biosolids according to current N-based guidelines will lead to an accumulation of P in soils, but the release of this P may be mitigated by the associated increases in soil (Fe-ox + Al-ox) [8].

The availability of P in biosolids and biosolids/soil mixtures is influenced strongly by the relative amounts of P, Fe and Al present.  The availability is said to be a function of the ratio of P to aluminium (Al) and iron (Fe) [5].  When the molar ratio is <1, P is poorly available.  This finding further supports the hypothesis that the amount of leachable and extractable P is controlled by FePO4(s) and AlPO4(s) because the mole ratio of [Fe]/[P] and [Al]/[P] in these precipitates is 1.  The addition of Fe salts for P removal decreases the mole ratio. An experiment also found Fe to influence P availability in sludge since the lowest extractable P concentrations relative to the total P content were obtained for sludges containing the overall highest amounts of Fe [9].  Chemical analysis suggested a reduction in the extractable P content of sludge by as much as 50% with Fe dosing.

Average N and P concentrations in most biosolids products are between 3% and 5% of dry solids.  It is estimated that some 50% of phosphate is available in the first year [5].  However, available nutrients tend to be water-soluble so the value is a function of the water content of the product. Thermal treatment reduces the reactivity of Fe bound P minerals in biosolids by restricting their interaction with soil Ca and preventing the release of soluble P.  Thermal drying has been seen to reduce P extractability by 75% on average when corresponding dewatered and thermally dried sludges from the same STW were compared [9].  This was explained by heating, which increases the rate of reaction of simple, readily dissolvable phosphate minerals in sludge to more complex, less soluble forms.  Sludges with large apatite-P fractions will be relatively poor suppliers of extractable and plant available PO4. As the nutrients in thermally dried products are less available they must be marketed on the basis of their slow release properties.

Calcareous soils are usually regarded as being poor suppliers of plant available P.  However, biosolids were found to give larger P activities in calcareous clay soils, compared with sandy loams, which suggested an important matrix interaction between biosolids and soil type [9]. This can be explained because Fe phosphates applied in sludge react with soil and form Fe hydroxides, thus releasing P in plant available forms.  In addition, the presence of Ca is associated with greater P mobility [10].  Iron phosphates in sludge applied to calcareous clay soils may have higher availabilities compared to low Ca soils due to conversion of phosphates bound by Fe to Ca, allowing P release. Furthermore, inorganic Fe is rapidly hydrolysed and precipitated under the conditions associated with clay soils, as insoluble Fe2O3, increasing the release of soluble P.  Enhanced release from calcareous soil could also be explained due to temporary changes in soil pH after sludge application. 

A study found that, in clay soil, the amount of sludge P taken up by the crop was significantly related both to the sludge and soil available P content, whereas no such relation was observed in the loamy soil because of its high available P content [11]. The origin of the sludge and the soil available P content must therefore be taken into account when advising sludge application to crops to adjust P inputs to plant needs.

One further study showed water oxygen status and water-flow size, through the sludge, to be the main factors controlling P release.  Retention capacities of phosphorus (P) in three soils (sandy loam, sandy clay, and sandy clay loam) and in soil mixed with 50 g kg-1 (5% ww) digested sludges (Al- or Fe-precipitated) were measured in a laboratory study [12]. Artificial rainwater, continuously leached through different samples, released about 15% of the total-P content (0.6-1.1 g P kg-1) of amended soils. Adding Fe-precipitated sludge to the soil approximately doubled the P concentration (1.1 to 1.7 g P kg-1) in the samples, and 20% was released.  The released amount could be considered potentially mobile phosphate under the experimental conditions, and were compared with potentially phyto-available P. Phosphorus fractionation revealed that P adsorbed to Fe and Al was more or less exhausted, declining from about 35% at the start of the experiment to 5% of total-P by the end. The inert P-pool increased indicating that P transformations favoured the production of more stable compounds [12]. 

In comparisons of P release from fertilised and sludge-treated soils, more P was released from fertilised soils, reflecting the importance of the P-sorption saturation in controlling P leaching in sludge-treated soils [13]. It has also been shown that applying water treatment residuals (WTR) directly to P-rich soils reduced P levels and increased the amount of recoverable Al in the soil. Relative to the control, runoff levels of Al were not significantly increased by adding WTR [14].

It has also been found that transformations of N compouds in the sludge-containing systems has strong effects on the dynamics of P dissolution, mainly through the influence of the ammonification and nitrification processes on the pH and the ionic strength and composition of the aqueous solution [15].

The results from a recent soil incubation study [11] provided assurance that P precipitation with Fe salts during wastewater treatment were unlikely to compromise P availability in soil amended with the residual biosolids.  The effects of Fe-dosing on P extractability are likely to be marginal compared with the large and highly significant effects of thermal drying and of soil type on P activities in biosolids-treated soils

PROCEDURE

Materials

The soils selected for the investigation included two sandy (light) soils with contrasting pH values and a clay (heavy) soil.  It was not possible to source a clay soil with a pH of less than 6.2 in the Anglian region.  Good agricultural practice ensures a pH range of 6.5 to 6.8.  All soils had a similar P index.  A range of six biosolids types was chosen for study, from representative treatment processes, each with different treatment characteristics and all were cakes.  These included sludges with and without chemical P removal, digested cakes, limed, thermally dried, and co-composted cakes.  Sludges with P removal were Fe dosed.  Details of the sludges tested in the trial are listed in Table 1, with comments about the types of treatment and P removal process operated at the STWs.

Preliminary Experiments

Preliminary experiments were undertaken for the independent sludge and soil sample types in order to obtain information about the products and confirm the extraction methods.   Analyses were carried out for phosphate species.  These included available ‘ortho’ P, total available P (inorganic, condensed and orthophosphate) and total P.  

Analytical Procedures

The available orthophosphate concentration was determined in a standard manner [16], which defines the ADAS Soil P index. The phosphorus was extracted in a sodium bicarbonate buffer (Olsen Extracts) and determined by continuous flow colorimetry.  It is analysed by air segmented continuous flow methodology, involving the generation of phosphomolybdenum blue complex in accordance with Beer and Lambert’s laws. The colour generated is measured by a twin-beam dichroic filter colorimeter, and the data generated is processed by a computer system in order to derive the concentration of orthophosphate by comparison with the data from standard solutions.

Analysis for total available P involves the reaction with acidic molybdate reagents to form a reduced phosphoromolybdenum blue complex whose concentration is spectrophotometrically measured at 880nm. Inorganic poly and meta phosphates are hydrolysed by boiling with acid to convert them to orthophosphate. Orthophosphate ions then react with a solution containing molybdic acid, ascorbic acid, trivalent antimony ions and hydrogen ions, to form a 12-molybdophosphoric acid, which is reduced in situ to a blue heteropoly compound in which antimony is incorporated.  

Total P was extracted by nitric acid digestion.  The determination was based on the emission of a characteristic wavelength by an element in inductively coupled plasma containing the atomic vapour of the element.  The metals were analysed using the same method.

Key data included iron, aluminium, calcium and nitrogen concentrations, pH and the ratio of total P to extractable P.

Main Experiments

Soils were mixed with sludgs representing the ‘best and worst’ cases (corresponding to the highest and lowest total P to extractable P and Fe to P ratios).  A basic matrix of 18 mixtures was therefore set up, which combined each sludge and soil.  The samples were mixed in order to maintain homogenous samples.  Control soil samples were also included.  The experimental period is six months.

Sludge dosing was based on the standard application rate of 250kg N ha-1 year-1 to land, added to the top 15cm of soil.  However, when extrapolated back to trial size, it represented a small volume of sludge for the purpose of the experiment, if any change was to be observed.  It was therefore decided that the majority of the samples would be dosed with sludge at a rate ten times greater than the standard application rate (ten-fold).  Samples were also included as for standard application (one-fold) and at 50 times greater (fifty-fold).

Each sample mixture was set up in triplicate, both under aerobic conditions at 25(C in an incubator, and stored outside, which enables any differences due to biological and chemical activity at colder, winter temperatures to be observed.  The amount of rainfall is recorded and the same volume of distilled water is added to the incubated samples each week.  The leachate from each sample is collected and analysed so that a profile can be built up over time.

At the start of the main experimental period, 156 sludge/soil mixtures and 18 control samples were went sent to the Anglian Water laboratories for analysis.  These included the samples at the different sludge application rates, those stored outside and at 25(C in an incubator, and the all samples were set up in triplicate.  The same sampling and analysis procedure will be repeated at the end of the six-month storage period on all of the samples.

PRELIMINARY RESULTS

The chemical properties of the biosolids used in the study are presented in Table 2.  The dry and volatile solids (LOI) contents of all the sludge types examined were typical of operational practice.  The total Fe contents of the different biosolids products were also determined as this is thought to influence the available P fraction in biosolids.  As would be expected, the sludge products from STWs with Fe-coagulation (A, B and C) contained the largest amounts of total Fe (3.0-5.5 % total Fe ds).  On average the total Fe concentration in the other sludge types was <1.0 % ds.

The total P content of the biosolids followed the patterns in total Fe concentration and Fe-dosed sludges generally contained the largest P concentrations, although site E was a slight anomaly (Table 2, Figure 2).  Sludge products from the Fe-dosed sites contained approximately 3 % P ds.  Smaller P recoveries were apparent in the other biosolids products, without Fe dosing, and in these cases the mean total P concentration was 1.00 % ds.

Bicarbonate (Olsen’s) extraction is the recommended approach to determine the bioavailability of P in soils for crop uptake, and this analytical procedure was applied to determine P extractabilities of the biosolids.  Drying could potentially influence P mineralogy so the extractable concentrations were determined on fresh sludge samples [9].  The results indicated that the extractable P content of the sludges varied by more than an order of magnitude when represented as a proportion of the total P content in the sludge and was in the range <1.0 % to >10 % of total P in sludge (Table 2, Figure 3).  It would appear that Fe may influence P availability in sludge since the lowest extractable P concentrations relative to the total P content were obtained for sites ‘B’ and ‘C’ containing the highest overall amounts of Fe.  Low P availability in the thermally dried sludge (B) can be further explained.  Thermal treatment reduces the reactivity of Fe bound P minerals in biosolids to their more complex, less soluble forms, and interaction with soil Ca is therefore prevented.  In contrast, the limed sludges with increased Ca concentrations renders P more available (releases soluble P), even for STW ‘A’ where the sludge is iron dosed.

DISCUSSION AND CONCLUSION

The treatment and disposal and sludge represent a significant portion of overall sewage treatment cost.  Recycling to the environment as a means of re-using nutrients represents the best environmental option.  However, this option is becoming increasingly constrained by the limits on nutrient addition to land in sensitive catchments.  At the same time farmers are demanding more assured benefits and service.  In East Anglia the extent of arable agricultural land makes it ideal for recycling.  For this reason Anglian Water are actively seeking to provide information on the availability to crops of P applied to soil in different types of sludge product.  This will ensure that accurate advice is given to maximise the agronomic benefit of sludge whilst also minimising the potential environmental impacts associated with oversupplying supplementary fertilisers.


The preliminary results from this study indicate that the use of Fe salts for P removal increases the P content in sludge.   High Fe sludges are potentially effective fertilisers because Fe phosphates applied in sludge react with soil preferentially forming Fe hydroxides, releasing P in plant available forms.  Apparently, however, thermal treatment reduces the reactivity of Fe bound P minerals in biosolids restricting their interaction with soil Ca and preventing the release of soluble P [9].  P is therefore less available in thermally dried sludges.


The initial findings from the analysis carried out on the different biosolid types agree with literature reports from previous studies.  However, there is conflicting evidence in the literature on the significance of Fe-precipitation on P avialability.  This study is therefore key to understanding the effects of biosolids application to different soil types.  Conclusions drawn from previous work indicate that thermal drying significantly reduced P availability in sludge-amended soil compared to corresponding de-watered digested cake products from the same sewage treatment works [9].  In addition, P availability was found to be greater from all biosolids types when mixed with calcareous clay soil compared with sandy soils.
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Figure 1.  Experimental data and hypothesis to be tested


Figure 2.  Total P content of the biosolids increased with total Fe concentration


Figure 3.  Available P (% Total P) for different biosolid types, with and without P removal

Table 1. Descriptions of the biosolids

STWs
P removal at STWs
Description

A
  Yes
Lime stabilised cake

B
Yes
Thermally dried cake

C
Yes
Digested cake





D
No
Lime stabilised cake

E
No
Digested cake

F
No
Co-composted

Table 2.  Chemical properties of the biosolids

Biosolids
Dry soilds (%)
LOI1

(% ds)
Total Fe

(% ds)
Total P

(% ds)
Tot. avail P (mg 

Kg-1 ds)
Avail. P 

(mg kg-1 ds)
Avail P

(% Total P)
Total P / 

Total Fe

A
47.0
57.5
3.00
1.74
1347
799
4.58
0.58

B
90.5
73.5
4.37
2.67
369
221
0.83
0.61

C
15.7
62.1
5.54
3.45
620
261
0.76
0.62











D
33.2
49.3
0.50
0.71
1511
727
10.34
1.42

E
17.6
65.7
0.69
1.89
793
672
3.56
2.74

F
50.21
31.6
1.08
0.55
507
423
7.69
0.51

1Loss on ignition at 550(C
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