An Integrated Bioreactor /Adsorption Process for

Phosphorus Recovery from Wastewater

S. Subramanian and T.C. Arnot

Department of Chemical Engineering

University of Bath

Bath BA2 7AY, UK

Email: T.C.Arnot@bath.ac.uk
Phone: +(44) 1225 826707

Fax: +(44) 1225 826894

Abstract
Phosphorus recovery from wastewater is becoming increasingly important both to meet discharge consents and prevent eutrophication of water resources, and to meet an increasing demand for sustainable mineral resources. This paper presents a novel two-stage integrated process for recovery of phosphorus from primary solids and secondary settled sewage sludge. The first stage is an anaerobic membrane bioreactor, for phosphorus release, solids reduction and methane generation, followed by an adsorption column to recover the phosphorus. 

A series of simple batch tests were conducted to investigate the influence of fly ash dosage on phosphate removal from a synthetic liquor.  Phosphate removal of up to 95% was obtained in these studies. 

A steady state simulation of the proposed process was conducted using commercial flowsheeting software. The influences of some of the key process operating parameters on treatment costs were explored. Overall phosphate removal was 80% at a cost of $155 m-3 of feed sludge.  Further work including installation, testing and optimisation of the proposed process in underway.

Keywords: Phosphorus recovery, adsorption, fly ash, membrane bioreactor.

1) Introduction

The need to develop new technologies for phosphorus removal/recovery from wastewater has become necessary due to an increasing demand for sustainable mineral resources, more stringent discharge limits to prevent eutrophication of natural water resources, and tightening sludge disposal restrictions. Phosphorus recovery for reuse by the phosphate industry and in agriculture is technically feasible (although detailed economic analysis has yet to be completed) and there are a number of technologies for recovering phosphorus from wastewater originating from various sources (municipal, industrial, run-off). 

Several processes, including chemical and biological precipitation, crystallisation, and biosorption have been developed for removal and subsequent recovery of phosphorus from wastewater [1, 2]. These processes need complex and strict control of the operating conditions, and some of them produce excess sludge that requires disposal.  Furthermore it is difficult to recover, as opposed to remove, phosphorus by these processes.  

Adsorption is a technology that appears more technically and economically feasible for such recovery operations. The advantages of adsorption over other technologies are that no additional sludge is produced, additional reagents to overcome high alkalinity are not needed, and the pH of discharged wastewater is unaffected [3].  This paper presents a novel two-stage integrated phosphorus recovery process, which includes an anaerobic membrane bioreactor, for phosphorus release, solids reduction and methane generation, followed by an adsorption column to recover the phosphorus.

1.1) Anaerobic Membrane Bioreactor

Biological phosphorus removal in an activated sludge system is caused by bacteria, which are able to store phosphate intracellularly as polyphosphate. The stored polyphosphate in the bacterial cells is utilised as an energy source, and orthophosphate leaves the system in the excess sludge or can be stripped from the biomass and regained using any of the phosphorus recovery technologies.   The influent to the process enters the anaerobic stage where the micro-organisms take up short chain fatty acids, especially acetates, as a feed stock and release orthophosphate into the liquor. 

An anaerobic membrane reactor has the advantages of being able to operate under small hydraulic residence times.  The biomass is retained inside the reactor behind the membranes and the resulting high sludge ages give the potential benefit of a high efficiency of phosphorus release and organic matter biodegradation, hence greater methane generation.  Furthermore a submerged membrane bioreactor, in which membranes are directly submerged into the reactor will be particularly attractive because of its low power costs in comparison with a system with an external recycle [4].  Here the membrane modules are immersed inside the reactor and the permeate is removed either through a pump or due to hydrostatic pressure.  The modules are either hollow fibre bundles [5] or flat rectangular panels [6].  One risk of using submerged membranes is that high concentrations of solids can cause fouling, and therefore reduction in membrane flux.  In submerged membrane systems the intention is to create turbulence inside the reactor and to allow the sweeping effect of gas bubbles to scour the membrane surface and reduce the fouling effect.  In aerobic systems the gas would be the air used to supply oxygen to the micro-organisms, and in an anaerobic system part of the biogas could be recycled.  This allows operation at critical flux and a stable membrane performance to be achieved [7].   

A submerged, flat-sheet membrane bioreactor is being constructed at laboratory scale to test the concept to simultaneously maximise degradation of the biosolids and generation of methane, and release a phosphate rich stream as permeate through the membrane.

1.2) Adsorption 

Clay minerals [8], zirconia [9], titania and activated alumina [10-13], half burned dolomite [14] and red mud [15] have all been investigated as adsorbents of phosphate from water. The following adsorbent properties are desired for an economic way of phosphorus recovery: (1) high selectivity; (2) granular type; (3) low cost and steady supply; (4) ability to remove heavy metals and (5) ability to recover phosphorus in an appropriate form. 

According to the European Association for Use of the By-Products of Coal-Fired Power [16], 62 million tons of fly ash are produced annually in Western Europe, and only 25% to 30% of this material is productively re-used, principally in construction-related applications due to the pozzolanic characteristics of fly ash.  In seeking alternatives for productive reuse, fly ash emerges as a candidate material to treat phosphate-laden effluents, since aluminium, iron and calcium are known to strongly adsorb or precipitate phosphates in many agricultural, industrial and environmental applications [17-19]. 

Recent prediction [20] of plant nutrient supply from fly ash and biosolids (sewage sludge and poultry manure) may enhance their agricultural use as crop fertilizers, and optimal plant nutrition (especially N-P-K balancing) could be enhanced through the use of fly ash. One of the main advantages of phosphorus removal using fly ash over the other chemical treatment methods is that it does not produce any excess sludge.  Further, the abundance of fly ash, and its ready availability, makes it a strong candidate in the investigation of an economical way to recover phosphorus.  The presence of various strongly active constituents in the fly ash also makes it one of the most suitable materials for adsorption.  The combination of high pH and readily available calcium in fly ash favours rapid precipitation of phosphate salts that could be recycled as feedstock in the phosphate industry or used locally as a direct crop fertiliser. 

Biological phosphorus removal plants produce a sidestream with a relatively high phosphorus concentration, which is particularly appropriate for phosphorus recovery. Hence, the retrofit ability of each technology becomes a vital factor of comparison over others. Adsorption is a very simple and familiar technology, which is relatively easy to install at existing facilities. It will also prove to be inexpensive as adsorbent costs can be reduced substantially if waste materials like fly ash or blast furnace slag are available. 

Recycling of phosphorus presents the opportunity to partially recover the costs of the additional process steps.  Phosphorus adsorption on calcium rich fly ash may lead to the formation of calcium phosphate, which is an ideal form for recycling into the fertiliser industry as it is indistinguishable, in most respects, from mineral phosphate rock. It could also be locally used as a fertiliser depending on the composition of the adsorbent. 

The main driving force for phosphorus recovery comes from discharge legislation and the overall economics of the sewage and sludge treatment. Reducing the production of sewage sludge, particularly where environmental constraints dictate that the resulting sludge must be disposed of via incineration, will provide much of the economic lever for phosphorus recovery, converting a costly disposal problem into a valuable industrial raw material [23]. Adsorption becomes very attractive here as it produces no additional sludge, reagents are not needed to overcome high alkalinity, and wastewater pH is unaffected. Further, most of the candidate adsorbents can also remove heavy metals like cadmium, in particular, which has been the focus of much attention in phosphates imported for fertilisers.

Hence, the proposed method intends to use fly ash as an adsorbent for removing and subsequently recovering phosphorus from wastewater.  The potential of fly ash as an adsorbent is being investigated under different environmental conditions by batch and continuous adsorption column at lab scale.

2) Overall Process Description
A two-stage integrated process incorporating all the key requirements for a efficient phosphorus recovery is proposed which includes 1) anaerobic submerged membrane bioreactor for release of phosphorus, and 2) adsorption of the phosphorus on a high calcite content fly ash bed.   The process flowsheet is given in Figure 1.

Figure 1: Process flowsheet - the influent contains a combination of primary settled biosolids, [image: image6.wmf]0
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and aerobic biomass from a municipal sewage works. The effluent is suitable for discharge and the residual sludge would go to landfill or incineration; agricultural slurries would be a suitable alternative feedstock.
3) Experimental - adsorption studies
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Fly ash sample from National Power was analysed and used for batch adsorption experiments. Figure 2 shows a SEM image of the fly ash sample. 

Figure 2. SEM image of the fly ash used in the present study.
A temperature-regulated platform shaker was used for solution agitation. Samples of adsorbent were weighed (0 to 8 g) and placed in 250 ml Erlenmeyer flasks, each containing 100 ml of 50 mg/l PO43- solution (anhydrous KH2PO4 was used to prepare a 500 mg/l PO43- stock solution). The flasks were stoppered and continuously shaken at 25 °C at a speed of 100 rpm. Samples of solution from each flask were taken at pre-determined time intervals.  The concentration of PO43- in solution was determined was measured using ORION Aquafast II Colorimeters, after centrifugation and filtering of the suspension. All chemicals used were of analytical grade and high purity water was used for preparing solutions. 

4) Adsorption results

4.1) Rate of PO43- removal

Adsorption isotherms were constructed by using non-linear regression to estimate the parameters in the Langmuir (1) and Freundlich (2) equations:
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where:

qm = maximum specific phosphate uptake (mg/g of fly ash)



Ka = constant (l/g)



C = concentration of phosphate in solution at equilibrium (mg/l)
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where:

Kf = constant



n = constant



C = concentration of phosphate in solution at equilibrium (mg/l)

In strict terms the Langmuir isotherm was originally developed for gas phase adsorption so it is not surprising to see a poor correlation with the experimental results.  The phosphate uptake mechanism onto fly ash has been proposed as a combination of adsorption and precipitation. The Freundlich isotherm allows for this type of mechanism and is an improvement over the Langmuir equation for describing these results.  The Freundlich equation looks to be the most promising, but further experimental data is required.  Table 1 gives the estimated parameters and Figure 3 shows the different isotherms plotted against experimental data.

Table 1. Isotherm constants and least squares correlation coefficients.

Isotherm
Constants 
qm (mg P/g fly ash)
R2 

Langmuir
Ka = 0.26
1.38
0.994

Freundlich
Kf = 0.4

n = 0.4
-
0.997
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Figure 3. Phosphorus adsorption from a 50 mg/l solution at 25°C by fly ash.

These results compare reasonably with other published data on adsorption of phosphate with fly ash - see Table 2.

Table 2. Previous work in phosphorus removal using fly ash.

Ref.
Type of work
Comments

[19]
Phosphorus removal from wastewater using high calcium fly ash as an adsorbent.
Phosphorus removal in excess of 99%

[21]
Fly ash as a phosphate removing substrate for use in constructed wetlands.
High phosphorus adsorption capacity – 0.86 mg P/g fly ash.

[17]
Batch experiments using low calcium fly ash for phosphorus immobilisation.
High removal rates in the order of 100 % to 75 for solutions containing 50 to 100 mg P/l respectively.

[22]
Batch experiments for phosphate adsorption using fly ash.
Up to 80 % removal, but demonstrates a better removal with slag.

[18]
Improving phosphate removal of sand filtration systems using fly ash. 
Alkaline precipitator fly ash with very high adsorption capacity of 13.7 mg P/g fly ash.

This work
Batch experiments for orthophosphate removal using fly ash.
High phosphorus removal of > 95%, and adsorption capacity in the order of 1.4 mg P/g fly ash.

5) Process Simulation:

5.1) Process inputs

A total influent flow of 500 m3/h of secondary settled sewage combined with primary settled biosolids was assumed.  The composition was based on Smolders et al and Eckenfelder [24, 25], and the average input to the process as entered into the model is presented in Table 3. 

Table 3. Influent composition

Component
Mass composition, %

Biomass (primary settled solids + aerobic sludge)
20.689

Glycogen
  0.047

Polyphosphate
  1.141

Volatile fatty acids (acetate)
  0.117

Water
78.000

The relevant components in biological phosphorus removal process [24] are shown in Table 4.

Table 4. Relevant components in biological phosphorus removal process

Component
Elemental composition

Acetate
CH2O

Orthophosphate
H3PO4

Poly hydroxy butyrate (PHB)
CH1.5O0.5

Polyphosphate
HPO3

Glycogen
CH1.67O0.83

Oxygen
O2

Carbon dioxide
CO2

Water
H2O

5.2) Reactions and stoichiometry

The following reactions were modeled for the anaerobic stage [24, 25] and the process flow sheet as shown in Figure 1.

Acetate uptake:

qsmax = 0.43 C-mol/C-mol.h, Ks = 1.6 C-mmol/l
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5.3) Process outputs

The simulation begins by completing a mass balance that quantifies the phosphorus recovery through the process. The mass balance results were used to identify the factors that could influence the economic viability of the process and represents an analysis of the phosphorus removal kinetics. 

The purpose of the microfiltration unit in the proposed process is to separate the biomass from the reactor product and to recycle it back to the anaerobic stage so as to operate it at high biomass loading. Figure 4 shows the effect of sludge wastage on phosphate production and methane generation. It can be observed that as sludge wastage decreases, more biomass is recycled back to the reactor thus increasing the methane generation and the orthophosphate release. This will be useful for optimising the reactor performance to achieve maximum orthophosphate release and methane generation. 

Economic evaluation of the simulation was conducted assuming a plant life of 20 years and a discount rate of 10%. A sludge handling cost of $200/tonne and a recovered phosphate value of $50/tonne was also assumed. With these assumptions the unit processing cost of treating sludge for phosphorus recovery was US$ 155 m-3 sludge with a phosphate recovery rate of 5,400 kg/h.  These predictions are lower than US$ 435 m-3 [26], which used a similar charge for sludge handling and phosphate production, due to reduced sludge release and accounting for the energy credit through methane generation. Table 5 shows the other results obtained from the simulation. 
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 Figure 4. Effect of sludge wastage on phosphate and methane production.
Table 5. Results from simulation of the proposed process

Process parameters
Results

Orthophosphate produced
5,400 kg/h

Anaerobic stage volume
14,800 m3

Microfilter membrane area
10,400 m2

4 Adsorption columns – bed diameter and volume
2.9 m, 12 m3

Methane production
12,000 kg/h

TSS and COD reduction
99 %

Power generation
2.0 MWh

Total phosphate recovery
80 %

Unit processing cost of treating sludge for phosphorus recovery
0.155 $/kg

6) Conclusions

Adsorption is a strong choice for phosphorus recovery operations as it is operationally very simple and can adapt to changing wastewater flowrates and compositions. Various adsorbents have been studied to remove phosphorus from wastewater and the proposed process intends to use combustion waste materials like fly ash and blast furnace slag as adsorbents. The two-stage integrated process is proposed which includes an anaerobic submerged membrane bioreactor for release of phosphorus, and the adsorption of the phosphorus on a high calcite content fly ash bed. 

Batch adsorption experiments were conducted and the results suggest fly ash is a good adsorbent for phosphorus removal and agrees with the previous work carried out in this area. The study is currently being extended to investigate the influence of factors such as pH, concentration, adsorbent particle size and temperature on the kinetics and efficiency of phosphorus removal, to estimate adsorption capacities by constructing breakthrough curves, and to model the different reactions. 

The results of the process simulation indicate the following:

· The proposed process may potentially recover a high quality phosphorus product from wastewater sludge at economic levels.

· The recovery is most viable in cases with high phosphorus concentrations and high sludge handling costs. Unit sludge handling costs have a significant impact on the economic evaluation of the process, when compared to other operational costs.

· As the sludge disposal costs increase, the proposed process will become more attractive for reducing the sludge disposal volume and can add to the economics by excess methane generation.

· The recovered product may be of a higher value than that of the phosphate rock because of its high purity and flexibility to be used directly as a fertiliser or as a raw material for the industry. Hence in situations where the recovered product is more desirable, the proposed process will be more attractive.

The remaining objectives of this project include:

1. further evaluation of fly ash as an adsorbent and suitability for end use,

2. a validated model of anaerobic biological phosphate release, 

3. economic assessment and model of phosphate adsorption using fly ash as the adsorption matrix.

The process will ultimately be compared with alternative processes in terms of performance and economics and recommendations on potential application will be made.
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		2.5		12.5								75.0%		37.5		1.50		1.1355820878		0.1328004147		0.9499004449		0.3026095205		0.9310586718		0.3236942349		1.1784326493		0.103405561		0.08		0.6666666667		2.5257286443		0.4054651081

		3		11								78.0%		39		1.30		1.0750569235		0.0505993877		0.8869993154		0.1705695655		0.8474356938		0.2048144512		1.0022412019		0.0886603019		0.0909090909		0.7692307692		2.3978952728		0.2623642645

		3.5		11.5								77.0%		38.5		1.10		1.0962263254		0.0000142406		0.9083850645		0.0367162835		0.8735897074		0.0512616206		1.0603713374		0.0015704309		0.0869565217		0.9090909091		2.4423470354		0.0953101798

		4		10								80.0%		40		1.00		1.0293381807		0.0008607288		0.8428274183		0.0247032204		0.799559647		0.0401763351		0.8879268625		0.0125603881		0.1		1		2.302585093		0

		4.5		8								84.0%		42		0.93		0.9215626038		0.0001385501		0.7478236913		0.0344138273		0.7183854533		0.0462025911		0.6680435717		0.0703786576		0.125		1.0714285714		2.0794415417		-0.0689928715

		5		7.6								84.8%		42.4		0.85		0.8968511085		0.0023864308		0.7275453472		0.0145093234		0.7040884103		0.0207105456		0.6256418792		0.0494431339		0.1315789474		1.179245283		2.0281482473		-0.1648746432

		5.5		6						start		88.0%		44		0.80		0.7846383039		0.0002359817		0.6409699078		0.0252905702		0.6521679459		0.0218543162		0.4621583465		0.1141369829		0.1666666667		1.25		1.7917594692		-0.2231435513		start

		6		4.5								91.0%		45.5		0.76		0.6548997016		0.0106985162		0.5493840693		0.0436597949		0.6099896555		0.0220058468		0.3193091876		0.1927422005		0.2222222222		1.3186813187		1.5040773968		-0.2766322363

				4														0.6048908662				0.5157753662				0.5971140307				0.2743758942				0.25				1.3862943611

				3.5														0.5508128807				0.4801528426				0.584768274				0.2309971312				0.2857142857				1.2527629685

				3														0.4921480304				0.4420781164				0.5729191608				0.1893439899				0.3333333333				1.0986122887

		8		2.5								95.0%		47.5		0.59		0.4282868868		0.0273780418		0.4009234032		0.0371820964		0.5615352806		0.0010377881		0.1496340632		0.1972389653		0.4		1.6842105263		0.9162907319		-0.5212969236

				2														0.3585070566				0.3557312123				0.550585853				0.1121562744

				1.5														0.2819457367				0.3049020846				0.5400377031				0.0773187292

				1														0.197563857				0.2453484671				0.5298438517				0.0457565963

				0.5														0.104098645				0.169217286				0.5198649115				0.0186525165

				0.05														0.0109397934				0.0492594342				0.507194971				0.0009451294

				0.00001														0.0000022004		0		0.0005128694		0.000000263		0.0108357604		0.000117408		0.0000000153		2.33181165565041E-16
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		% Sludge wastage		Phosphate production, kg/h		Methane generation, kg/h		Cost $/kg

		5		2.56413		2070

		4		4.066		2186

		3		9.231		2302

		2		13.294		2413

		1		48.08		2519

		% Sludge wastage		Phosphate recovery (kg/h)		Methane generated (kg/h)		Treatment Cost ($/kg)						Fraction of P recovered						53056.5		Pin

		5		2479.61		11495.23		0.16						0.35				0.1317332497		18823		Pout

		4		2924.75		11806.76		0.159						0.42				0.1317338118		22202

		3		3489.20		11914.98		0.158						0.50				0.1317325258		26487

		2		4262.35		11972.48		0.157						0.61				0.1317329002		32356

		1		5359.91		11999.32		0.157						0.77				0.1317318755		40688

																3.079		17.61		20.689

												Waste		Biomass

								12		C		1		1		3.079		17.61		20.689		1.00

								1		H		1.112		1.8		3.423848		31.698		35.121848		1.70

								16		O		1.42		0.5		4.37218		8.805		13.17718		0.64

								14		N		0.008		0.2		0.024632		3.522		3.546632		0.17

												35.944		24.6						26.2882486345		26.29
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