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Phosphorus recovery in wastewater treatment plants

Bernd Heinzmann 

Berliner Wasser Betriebe

Abstract
The wastewater treatment plants (wwtp) of BWB remove phosphorus by the Bio-P process very efficiently yielding also side streams with high phosphorus concentrations and low volumes which are appropriate for phosphorus recycling. Such stages are shown on the example of the wwtp Waßmannsdorf: the  P - rich liquors in the sludge treatment –  centrate of the digested sludge and in the excess sludge treatment cycle. Furthermore, the P-recovery rates available for each stage and the process modifications, which might be necessary to accommodate P-recovery, are described. Therefrom the  research needs are derived. 

In 1994, for the first time massive incrustations in the centrifuges treating the digested sludge were detected in some of BWB wwtp’s, which were mainly due to the precipitation of various phosphates as several studies showed involving lab scale experiments with different precipitation agents. The studies also showed that the incrustation problems may only be solved by applying a combination  of chemical and plant engineering measures.

In order to fulfil the main goal – i.e. to avoid the formation of incrustations in the wwtp Waßmannsdorf - the general idea is to enhance the chemical engineering techniques by a distinct and efficient phosphorus recovery. Apart from the recovered phosphorus a reduction of the P-load of the Bio-P process, which means its stabilisation as well as an improvement of the effluent quality, might be achieved and the sludge treatment process optimized.

Disintegration of sewage sludge will gain more and more importance, because this measure leads to considerable advantages. The mineralisation of the centrate in the sludge treatment process causes an increase of the phosphorus and ammonia content. Therefore, it seems appropriate to introduce phosphorus recovery  into the whole treatment system. 

1. Introduction

Berliner Wasserbetriebe (BWB) is one of the foremost German sewage treatment companies which removes phosphate from its wastewater by means of the Bio-P process (figure 1), which is very effective and has furthermore the great advantage that a precipitation with iron and aluminium salts is avoided. By this, in the two largest wastewater treatment plants (wwtp) of BWB with a treatment capacity of about 370,000 m³/day effluent values of  ( 0.5 mg/L P-total are achieved.

In this Bio-P process, the phosphate is stored by bacteria as polyphosphate and then deposited in the activated sludge (approximately 3 – 5 % P of dried solid matter). Thus, removing excess sludge means simultaneously to take out substantial quantities of phosphorus from the system. In
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Figure 1: Scheme of the Bio-B process in the wastewater treatment plants in Berlin

the subsequent anaerobic sludge treatment the biologically bound phosphorus is transformed into chemical phosphorus compounds, mainly different calcium phosphates and struvite (MAP: magnesium ammonia phosphate). These hardly soluble compounds precipitate and mostly intercalate in the digested sludge. But, besides from the sludge itself, there are several stages in the excess sludge treatment process, where P-rich liquor could be separated from the sludge and a P-recovery would be possible as well. 

2. The wastewater treatment plant Waßmannsdorf

The sites suitable to apply a phosphorus recycling are described in the following on the example of the wwtp Waßmannsdorf, which removes, as already mentioned above, the phosphorus by the Bio-P process. The treatment is very effective as shown in the following table 1. 

Table 1:

Average annual inflow and outflow concentrations and 

removal efficiencies of the wwtp Waßmannsdorf in 1999

Parameter


Filterable solids
COD


BOD


Ptotal

NH4-N


Ntotal


Inflow [mg/L]
386
927
306
10.4
50.6
71.1

Outflow [mg/L]
9
50
4
0.53
0.7
13.2

Removal efficiency [%]
98
95
99
95
99
81

The wwtp Waßmannsdorf has an anaerobic sludge digestion and is therefore a good stage for further considerations regarding phosphorus recovery, because the corresponding sludge water has a high P-level, which is caused by biological P-release during this anaerobic sludge treatment process. Up to now, the consequence is a slightly higher P-loading in the activated sludge pro- cess, because this centrate is fed back into the treatment process. Furthermore, the sludge itself has a high phosphorus load which also could be used for phosphorus recycling.

A phosphorus recovery during the sludge treatment process would therefore raise two benefits: the first one the phosphorus itself, the second a reduction of the P-loading of the Bio-P process, which means its stabilisation as well as an improvement of the effluent quality.

3. Stages considered for P- recovery in the wwtp Waßmannsdorf

As already mentioned, all the sites to be considered for phosphorus recycling concern the anaerobic sludge treatment process, regarding P-rich liquors as well as the excess sludge itself (see also Woods et al., 1999). These stages are described in the following sections together with the considered appropriate method for P-recovery.

3.1
P - rich liquor in the sludge treatment – centrate of the digested sludge

This stage of the P-recovery concerns the centrate of the centrifugation of the excess sludge as sketched in the following figure 2. 
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Figure 2: Sludge digestion and dewatering in the wwtp Waßmannsdorf

This stage covers a considerable amount of phosphorus as well as of ammonia of the wwtp shown in the following table 2. 

Table 2:

Data of the centrate of the anaerobic sludge treatment process in the wwtp Waßmannsdorf

Quantity of the centrate:
1000 m3 per 100,000 m3 wastewater (1 % of the inflow)

Quality of the centrate:
1 g/L dried solid matter

Phosphorus concentration:
200 g/m3 P

Ammonia concentration:
700 – 1000 g/m3 NH4-N

According to these data, a P-recovery at this stage would cover 15 % of the influent P-load. In addition to the P-recovery, a removal of about 20 % of the ammonia inflow could be effected if the precipitation as MAP (figure 3) would be applied. For this, the technical modifications shown in the grey boxes in figure 3 would be necessary.

Important research points are:

· the necessity of a separation step (filtration, sedimentation or centrifugation) 

· the design and the degree of separation

· choice of precipitants e.g. MgO or MgCl2 
· determination of the optimal dosage range

· the degree of an additional removal of ammonia

· to achieve an optimal crystallisation

· chemical composition of precipitation products

· influence of the quality of the centrate on the purity of the precipitation products 

· estimation of the running costs for a full scale device (e.g. by pilot plant investigations).
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Figure 3: Considered phosphorus removal (MAP process) at the sludge digestion site in the sludge treatment plant of the wwtp Waßmannsdorf

3.2 Stages for P-recovery in the excess sludge treatment cycle

There are especially two sites in the wwtp Waßmannsdorf where the phosphorus potential of the sludge’s could be used, i.e. the thickened biological excess sludge alone or in combination with the primary excess sludge.

3.2.1
Biological excess sludge

The stage of a possible P-recovery concerns in this case the excess sludge which is thickened by flotation and centrifugation as shown schematically in figure 4.
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Figure 4: Dewatering of the biological excess sludge in the wwtp Waßmannsdorf

This treatment chain is a quite special and successful one: both the centrates after the centrifugation of the digested sludge as well as of the excess sludge, the latter still containing a considerable amount of cationic polyelectrolytes, are recycled into the inflow of the flotation step. By this, the dry solid matter of the floated sludge amounts to about 3 % and is raised to about 8 % by the subsequent centrifugation step. For this, only 2 centrifuges are necessary (meaning also less energy consumption) and only 1 kg of cationic polyelectrolytes per ton of dry solid matter has to be added. Thus the running can be done cost efficiently by means of only 6 digesters. 

The quantities and the phosphorus potential of this site are given in the following table 3. A P-recovery at this stage would therefore cover approximately 30 % of the total P-load in the influent of the wwtp.

Table 3:

Data of the dewatered excess sludge in the wwtp Waßmannsdorf

Quantity of the dewatered excess sludge 

(8 % dried solid matter) 
about 270 m3 per 100,000 m3 wastewater

Phosphorus load:
about 750 kg P/d

The treatment chain considered for the P-recovery on this site is outlined in figure 5. The phosphorus in the sludge is released into the water phase by acidification and then subsequently precipitated after filtration with calcium salts and/or lime.
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Figure 5: Scheme of the considered phosphorus removal method (calcium salts precipitation) at the sludge dewatering site in the wwtp Waßmannsdorf 

The research program involves two important tasks:

1. Acidification experiments to produce an appropriate substrate

2. Precipitation experiments 

Further research could be done in the following areas:

· duration of prefermentation and amount of biological P-release

· prefermentation without and with addition of mineral acids to achieve a low pH – value ( 2

· calcium salt and lime precipitation experiments 
   -   determination of the optimal dosage range

· quality of the centrate and purity of the precipitation products obtained

   -   to achieve an optimal crystallisation reaction 

   -   additional application of seed materials 

· separation experiments to find out the degree of separation and to decide 

     between sedimentation, filtration and centrifugation 

· design of separation process
· estimation of the running costs for a full scale device (e.g. by pilot plant investigations).

3.2.2 Centrate of the combined sludge (primary and biological excess sludge)

About the same method as described in the last section could be applied for the phosphorus release from the combined sludge into the water phase and the recovery – prefermentation and precipitation with calcium salts as shown in Figure 6. There would be the same research needs as described before in capital 3.2.1.  
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Figure 6: Considered phosphorus recovery (Ca salts precipitation) of the combined sludge in the sludge dewatering site of the wwtp Waßmannsdorf

According to the quantities given in table 4 a P-recovery at this stage would cover 25-30 % of the total influent P-load.

Table 4:

Data of the dewatered combined sludge (thickened excess sludge + primary sludge) 

in the wwtp Waßmannsdorf

Quantity of the centrate:
 660 m3/d per 100,000 m3 wastewater

Phosphorus concentration:
 500 g/m3

4. Problems with incrustations

In 1994, for the first time massive incrustations in the centrifuges treating the digested sludge were detected in some wwtp’s of the BWB, which were, as was found out later, mainly due to the precipitation of various phosphates. These incrustations caused a lot of problems. In the wwtp Waßmannsdorf, for example, a precipitation of nearly insoluble phosphorus compounds in the centrate of the digested sludge treatment cycle occurred, which was so massive that during two weeks a newly commissioned centrate pumping station together with the connecting pipelines was completely clogged. Therefore, these hard crystalline incrustations had to be removed by means of mechanical cleaning techniques. This operational trouble occurred nearly every two weeks, and this was the reason to look for methods to avoid such incrustations, which are described in the following sections 4.1 and 4.2.

4.1
Studies undertaken to avoid incrustations

First of all, a chemical and structural analysis of the crystalline matter was carried out which indicated the formation of struvite and of calcium phosphate compounds. Based upon that, several studies have been performed to describe the phosphorus dynamics in the sludge treatment:

· Technical laboratory tests were done to study the phosphorus dynamics in the anaerobic sludge treatment (chemistry and kinetics of the P precipitation during digestion).

· The results were used to establish a catalogue of measures to be taken in order to avoid incrustations. The majority of these measures induces the  precipitation of struvite and calcium phosphates to counteract the undesired precipitation in the pipelines and centrifuges causing incrustations as described above.

· The BWB have prepared a study dealing with the degassing of the digested sludge.

· Laboratory studies were performed dealing with the induced precipitation of struvite and calcium phosphates by changes of the pH value either by degassing the digested sludge and/or calcium-, magnesium- and iron salts addition (see also Jardin, 1995), which are described in section 4.2.

· The studies showed that the incrustation problem may only be solved by applying a combination of several methods. The considerations concentrate on a combination of chemical and plant engineering measures.

4.2
Results of jar tests

At the same time, small scale experiments were carried out as well comprising:
· Detection of the efficiency of a rapid stirring phase in the anaerobic digested sludge for aeration and increase of the pH - value

· Comparative tests of different precipitating agents: Mg(OH)2, MgCl2, Ca(OH)2 and CaCl2 

· application of different (-values (stoichiometric ratio versus o-P - phosphate) of 1.0/ 1.2/ 1.4/ 1.6 

Above all, four precipitation agents were tested resulting in different phosphorus contents of the products obtained. The best results were obtained with MgCl2 as shown in figure 7. The yields which may be obtained are dependent on the ß-value and the quality of the centrate of the digested sludge (figure 8). 

Figure 7: Initial and final phosphorus concentrations after a precipitation with a stoichiometric ratio (ß-value) of 1.6.vs o-phosphate 

Figure 8: Results of precipitation experiments with MgCl2 and CaCl2 in dependence of the ß-value

If the dissolved phosphorus of the centrate of the digested sludge is precipitated as MAP by means of MgCl2, a product with a high purity and with excellent settling properties can be expected, which may be readily dewatered and dried. The final pH is automatically adjusted to about 8.0, caused by both, the stripping of the CO2 due to the stirring and the application of MgCl2 as agent. These facts grant also, that nearly no other additional precipitation products are formed.

Furthermore, experiments were carried out with the centrates of the digested sludge, which were mineralised to a higher degree resulting in a higher content of ammonia and phosphorus. Due to the better buffering, the final pH-value was higher, thus a better yield of the phosphorus precipitation products was obtained.

4.3
Measures undertaken to avoid incrustations

Finally, the studies resulted in a concept (see the schematic diagram in figure 9) to avoid incrustations in the wwtp Waßmannsdorf.

The following measures were undertaken in the meantime:

1. All pipes from the digestion tank are kept under pressure to avoid a degassing, which would immediately cause a precipitation together with incrustations. 

2. Dosage of MgCl2 into the sludge pipe from the digestion tank to the interim sludge storage tank.  

3. This interim sludge storage tank runs also as a degassing reactor. Air is fed  and subsequently CO2 is degassing. The result is an increasing of the pH. A trigger struvite and calcium phosphate precipitation occurs . This precipitate is at the moment deposited together with the sludge. It seems of interest on the other hand to reuse the phosphate by separating this precipitation product from the sludge. But, for this more basic research work is necessary.

4. Furthermore small amounts of special chemicals (complexing agents)  are dosed on some specific places, e.g. the pipe of the centrate to avoid incrustations.

5. The dosage of MgCl2  is also necessary for a well running of the centrifugation process. In   

       this case MgCl2 reacts also as a coagulant. This results in less consumption of cationic poly-   

       electrolytes and improves the dewatering characteristics of the sludge (see also Carstädt et 

       al., 1999). 

Figure 9: Scheme of the actual digested sludge dewatering process to avoid incrustations 
5. Conclusions

In order to fulfil the main goal – i.e. to avoid the formation of incrustations in the wwtp Waßmannsdorf - the general idea is to enhance the chemical engineering techniques by a distinct and efficient phosphorus recovery. Apart from the recovered phosphorus also the quality of the secondary effluent would be improved and the sludge treatment process optimized. 

6.
Aspects for the future 

The disintegration of sewage sludge will gain more and more importance, because this measure causes considerable advantages:

6.1
General aspects

The disintegration methods use chemical, mechanical or thermal forces for: 

· the homogenisation/deformation of sludge solids

· the destruction/disruption of cells i.e. cell membranes

· the release of cell components and other organic matter

· the improvement of the biodegradability of sludge solids

6.2
Field of applications:

There are different applications for sludge disintegration:

a)
Disintegration of sludge as a process step in the anaerobic sludge treatment with the objective to improve and accelerate the anaerobic sludge treatment and to reduce the amount of sludge produced.

b)
Disintegration of sewage sludge to produce a carbon source for denitrification in the activated sludge treatment.

c) Disintegration of floating sludge to destroy filamentous organisms and reduce foam       production

d)
Disintegration of sludge to influence sludge characteristics, e.g. sludge dewatering.

6.3
Methods of sludge disintegration

Several disintegration methods exist and have been tested, e.g.:

· Chemical treatment using acids or lye’s

· Mechanical treatment using ultrasonic, mills or homogenises

· Oxidation processes using ozone and hydrogen peroxide

· Biological treatment using enzymes

· Heat treatment especially in the low temperature range from 80 to 150°C

6.4 Advantages of sludge disintegration 

· Increase of the gas yield

· Reduction of the amount of sludge to be disposed

· Improvement of de-watering characteristics after sludge digestion 

· Relief of the digestion process and thereby improving the stability of the process ( a volume reduction of the digesters may be possible) 

· Reduction of foam produced during digestion 

· Possibility of reducing the amount of flocculants needed.

But, there are some points to be considered on the other hand. The mineralisation of the centrate in the sludge treatment process, which will be effected by disintegration measures, causes an increase of the phosphorus and ammonia content, on the other hand, and thus results in a higher recharge into the biological system due to the feeding back of the centrate into the wastewater treatment process. Therefore, it seems appropriate to introduce phosphorus recovery into the whole treatment system. Then higher yields regarding the phosphorus recovery will be obtained by the mineralisation, thus resulting in a more favourable cost efficiency and a lower phosphorus recharge rate.
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