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Abstract


Recovery of phosphates from ferrous and or ferric residues as a result of chemical precipitation was investigated. The product of biological reduction of sulphates – sulphides and free hydrogen sulphide – can react with iron ions forming ferrous sulphide which are less soluble then ferrous phosphates, releasing phosphates into solution. Laboratory scale experiments have confirmed the possibility of phosphates recovery. It was found that strict anaerobic conditions are required and that the process is COD/S ratio depending. 
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INTRODUCTION


Biological phosphates removal is the preferable method in municipal sewage treatment plant. So far it is the most convenient method of phosphorous removal in terms of process simplicity and as leading to the lowest amount of surplus sludge. Also phosphates incorporated into the micro-organisms of the excess sludge can be utilised by plants if sludge is intended to be used for agricultural purposes. Chemical precipitation of phosphorous with alum or iron salts is very often used as a single process, however at present is mainly used in addition to biological methods if required standards are very stringent or the designated limits are not constantly achieved. 


As iron salts, both ferrous Fe(II) and ferric Fe(III) ions can be used. They are used in the form of chloride or sulphate salts.  A typical reaction between ferric chloride and phosphate is:
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The molar ratio of Fe : P is 1 : 1 and 163.3 g of FeCl3 will react with 95 g PO43-,   to form 150.8 g FePO4 . The weight ratio of Fe : P is 1.8 : 1, while the weight ratio of FeCl3 : P is 5.2 : 1. Similar to the case of phosphate precipitation with alum, the reaction mechanism is more complex than the above equation. 


The reaction of ferrous salts and phosphate is approximated by:
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The molar ratio of Fe : P is 3 : 2, while the weight ratio of the ferrous ion to phosphorous is 2.7 : 1.


In practice a correction factor ( is applied in the order of 1.5.


Precipitation with iron salts is most effective within a certain pH range. For the ferric ion, the optimum pH range is 4.5 – 5.0. However, significant removal of phosphate can be achieved at a higher pH, usually up to pH = 7.0. For the ferrous ion, the optimum pH is around 8, while good removal rates can be achieved from 7 to 8. 


Phosphate precipitation with ferric ion is claimed to be more effective and can be used in anaerobic conditions. Ferrous ions, in aerobic conditions are probable oxidised to ferric ions. As aforementioned the reaction mechanism of phosphates precipitation with iron salts is more complex and in reality no simple correlation exist between pH and/or oxidation-reduction potential (ORP). 

EXPERIMENTAL


Two parts of experiments can be distinguished. First, phosphates are precipitated chemically with iron sulphate, secondly sulphates are reduced to sulphides in an anaerobic biological process.  


For all of the carried out experiments the material used was taken from existing municipal sewage treatment plants (MSTP). All of the MSTP are applying advanced sewage treatment technology, what means multistage biological nutrients removal along with carbonaceous organic substrate removal. In case when the biological sewage treatment process was operated according to the principal of prolonged aeration, surplus sludge after gravity thickening was dewatered on a filter press. Liquor after dewatering or direct from the thickener have had high concentration (the sludge in the thickener has become aseptic ) and thus was a good substrate for experiments carried out. 


In case when surplus sludge was anaerobically digested the supernatant and/or liquor after digested sludge dewatering constituted the material for experiments.



Experiments on phosphates precipitation were based on jar test procedure, with different however volume of liquor used in connection to the need for consecutive investigations on phosphates recovery. 


For trials of phosphorous recovery a set of small digesters have been assembled. As digesters, dark glass bottles, each of a volume of 2 litres, sealed and thermostated in a temperature of 32 oC were used.  Each reactor was connected to a manometer to measurer the pressure of produced gas and eventual calculation of the volume of gas produced. Samples for chemical determinations, were been taken by pipettes, avoiding penetration of oxygen from the surrounding atmosphere.


Sulphur-reducing bacteria (SRB) were identified in accordance to Bergey systematic. The morphology of cells, ability of spores production and the growth in optimum for mezophilic and thermophilic bacteria have been determined. Different sources of carbon, such as; lactats, pyruvate, malate, acetated, formate and glucose have been used in the growth tests. Also desufoviridin tests  were performed for identification of bacteria of Desulfobibrio genous. 


All chemical determinations were done in accordance to Standard Methods [6]. 
RESULTS AND DISCUSSION

Phosphates precipitation


Adding ferrous sulphate to the liquor from dewatering of anaerobic digested  sludge, it was found that in some cases two different mechanisms of phosphate precipitation can be distinguished. As can be seen from the figures below (Fig. 1 and 2) at the beginning ferric phosphates precipitation with a rate of Fe : P equal to 1 : 1. could be assumed  The second part with increased rate of Fe to P, suggest precipitation of ferrous phosphates. It could therefore be assumed that at the same time phosphates at different oxidation state, are present.
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Figure 1. 

Figure 2. 

Figure. 3.


Precipitation of phosphates with different stages does not always occur. Often only “one stage” of precipitation could be distinguished.(Fig. 3 and 4). The reason for different behaviour can not unanimously be explained. It was certainly not connected with the initial pH value.
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Figure 4. 


From Fig 3 it can be concluded that phosphates have been precipitated in the form of ferrous sulphate. The rate of Fe to P = 1.5 : 1, suggested the reduced form Fe(III). The second experiment shown on Fig 4 resulted in a rate of approximately 1.22 : 1. Most probable therefore a part of Fe was in the oxidised form. The difference in behaviour of the two given examples can be explained as being a result of a different substrate (material) used. In the first case (example presented on Fig 3) phosphates were precipitated from anaerobic digested sludge supernatant, and thus in anaerobic conditions. The second given for example results, (Fig 4) have been achieved using aerobic stabilised surplus activated sludge supernatant, only shortly under anaerobic conditions in gravity sludge thickener. It is assumed that phosphorous that interacts with Fe will be solubilized under reducing conditions and associated with the Fe solid phase under oxidising conditions [1], [5]. The exact chemical mechanisms underlying the solid phase association are still open to interpretation. The probable association with the solid phase, - often used term “sorption” – could serve as explication of the observed by Rydin [4], much smaller release of phosphorous from Fe-P sludge under aerobic conditions in comparison to anaerobic environment. 


Keeping in mind the different behaviour of Fe-P salts under aerobic or anaerobic conditions, it is expected that ferrous phosphate {Fe3(PO4)2 } should easier be transformed to ferrous sulphide in the process of biological sulphate reduction under anaerobic conditions. 

Phosphates recovery


Rydin [4] studied in laboratory wash out of phosphates from Fe-P and Al-P sludges form several municipal treatment plants found a much higher release rate from sludge under anaerobic conditions. The aforementioned observations can give an explanation to that phenomenon. Rydin [4] made also another comment that water passing through a sewage sludge layer spreaded over the land will remove phosphates under anaerobic conditions and there could be a smell of hydrogen sulphide – H2S. The correlation between sulphides development in anaerobic conditions and phosphorous release was not studied so far, or at least no publications were found in the literature. 


The potential of Sulphate Reduction Bacteria  (SRB), for phosphorous release from Fe-P sludges was the main objective of this study. If Fe-P sewage sludge is used in the agriculture only about 10 to 15 % of phosphorous could usefully be uptaken by plants. The rest will slowly be diffused to ground water in the non-vegetation season, constituting a serious source of pollution. In contrary if phosphorous could be released on purpose in sufficient high concentration, it could be a valuable raw material for e.g. the phosphates industry.


Strict anaerobic conditions are required for SRB activity. Bacteria like Desulfovibrio desulfuricans, Desulfosarcina and Desulfotomaculum have the capacity of sulphates reduction to sulphides and hydrogen sulphide. It is the common understanding that SRB are competing with methane-producing bacteria (MPB), and syntrophic acetogenic bacteria (SAB) for intermediates in anaerobic digestion, such as hydrogen, formate, acetate, propionate and butyrate. Since SRB have higher substrate affinity than MPB it is commonly believed [2] that in the sulphate rich conditions, SRB can outcompete MPB for hydrogen and acetate. There are however opposite statements to be found in the literature.  Li et al. [3] had given that the outcome of SRB and MPB competitions depends very much on the COD/S ratio. According to Li et al. [3] for wastewater having significantly greater ratio of COD/S than 1.0, methane production attract more of the electron flow and is the predominant reaction, and sulphate reduction is the predominant one when the COD/S ratio is significantly lower than 1.0. The inhibitory effect of total sulphide and free hydrogen sulphide in contrary to what is usually mentioned in the literature could have a decisive impact on the rate of methanogenesis, and not only the COD/S ratio. 

It was hypothesised that SRB could utilise sulphates present in the sludge liquor with precipitated phosphates by ferrous sulphate and effectively compete with MPB for at least two reasons; first, - release of phosphates from sewage sludge is associated with production of sufficient amounts of acetate, propionate, butyrate and other easy biodegradable products, secondly, - the produces sulphides with are (mainly hydrogen sulphide)  assumed to be a strong inhibitor of methanogenesis could be immediately removed from the system forming insoluble iron sulphide.  

The carried out experiments have confirmed the drawn hypothesis in many ways. The produced gas in the anaerobic digestion process was hydrogen sulphide free. There was no characteristic smell, nor the presence of H2S could be tracked analytically. With a pH only slightly above 7.0  (in the range of 7.1 to 7.3) no free hydrogen sulphide was present. Apparently sulphides formed ferrous sulphide.  

The activity of SRB depended very much on the “depth” of anaerobic conditions. The highest activity was observed at very low oxidation-reduction potential,  ORP values.  An example of ORP changes in the course of the experiments was shown on Fig 5.

Figure 5.

The activity of SRB was measured, or rather assessed by decrease in sulphates concentration. On Fig. 6 an example was given on the decrease of sulphates concentration and simultaneous increase in soluble phosphates concentration.

Figure 6. 

Assuming a simplified summary reaction, which incorporate micro-organisms biological reduction activity, it can be approximated with following equation:
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The molar ratio of SO4  :  PO4  would be 1.5  :  1. Also the weight ratio would be approximately 1.5 : 1. The results of experiments demonstrated on fig 6, are showing a very close weight ratio of SO4 removed to  PO4 released to the solution. From the various tests performed, with different quality of sewage sludge liquor used, a content of phosphates in the range between 40 to 500 mg l-1 as PO4 and different COD it was found that for higher COD/S values there was a sulphate reduction rate increase. That observation is in contrast to the statements made by Li et al. [3]. The most probable explanation cold be the immediate removal of produced sulphides from the solution and precipitation as FeS. The observations made could also mean that inhibition by sulphides and free hydrogen sulphide is more important than competition of sulphate reducing bacteria and methane-producing bacteria for intermediates in the anaerobic process. Also the inhibitory effect of high sulphates concentration    -  reference    - in the light of investigations carried out could be seen differently. It was found that the higher is the initial sulphate concentration, the higher the phosphates release rate would be. (Fig. 7).

Figure 7.

It is concluded that sulphates concentration is not decisive but only the concentration of produced sulphides. Again immediate bounding of sulphides is the controlling reaction of process inhibition. 

CONCLUSIONS


Phosphorous removal from municipal sewage and industrial waste water through chemical precipitation results in sludge production of high phosphates content. Ferrous or ferric phosphates are little soluble and have therefore a limited agricultural use potential. Apart from a long term danger of ground water pollution with phosphates, from the point of sustainability it is a waste of valuable raw material. 


Recover of phosphates from Fe-P precipitate was demonstrated to be feasible in a biological anaerobic process. Sulphate reducing bacteria (SRB) could effectively be used for phosphates release from Fe-P sludge. Under strict anaerobic conditions sulphides produced are immediately associated with iron, forming ferrous sulphide, releasing at the same time phosphates.  in stoichiometric proportions 


The rate of the phosphorous release process is COD/S ratio depending and increase with the increase of initial sulphates concentration. The initial sulphates concentration is in connection to the phosphates concentration in treated liquor. In consequence, higher rates of phosphates removal from Fe-P sludge are expected for liquors of higher initial phosphates concentration.
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Figure 1.
The effect of iron sulphate addition on remaining phosphates.

Figure 2.
The effect of iron sulphate addition on remaining phosphates 

Figure. 3.
Effects of phosphates precipitation in relation to Fe : P ratio
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Figure 4.
Effects of phosphates precipitation in relation to Fe : P ratio

Figure 5.
Observed decrease in ORP in the process of SRB phosphates release

Figure 6.
Sulphates reduction and phosphates release in anaerobic conditions. 

Figure 7.
Phosphates release rate in relation to initial sulphate concentrations
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Consecutive days

ORP  [mV]

-195

-234

-229

-283

-74
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-253
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		0		44.5		31.4				0				38.5				0		219.2		400				0		-195

		1		70.8		22.5				1								1								1

		2		68.5		38.8				2								2								2

		3								3								3								3

		4								4		27		33.9				4		201.6		632				4		-234

		5		59.6		30.7				5								5								5

		6								6								6								6

		7								7		44		33.9				7		268.5		511				7		-229

		8								8								8								8

		9								9								9								9

		10								10								10								10

		11								11								11								11

		12								12		53		36.1				12		66.4		120				12		-283

		13								13								13								13

		14								14								14		348.5		386		8.12		14		-74

		15								15								15								15

																		16								16

																		17								17

																		18								18

																		19		430		305		13.12		19		-277

																		20								20

																		21		403		44		15.12		21		-253

																		22								22

																		23								23

																		24		353		18.5		18.12		24		-280

																		25								25

																		26		401		16.5		20.12		26		-254

																		27								27

																		28								28

																		29								29

																		30								30
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filtered sample

Fe : P ratio

Phosphates (mg l-1 as PO43-)
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331.3
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230.6
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67.5
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Phosphate recovery rate (mg d-1 as PO43-)
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