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1. Final publishable summary report

Executive summary

Aerobic sludge granulation is strongly connected with the property of exopolysaccharides, particularly the bacterial alginates, which have been recently shown to be more than 10% of aerobic granules’ organic carbon content. Determining their function based on clearly defined analytical methods is significant for bringing this technology into practice. The overall objective of the BAAGS project is to study the fine structure of bacterial alginate in aerobic granular sludge formation and stability, and establish analytical methods for advanced exopolysaccharides characterization in aerobic granules. Important progress has been made during the last two years: not only on the analytical methods for alginate-like exopolysaccharides characterization, but also on elucidating its role in granules formation. Secondly, the inducement effect of alginate-like exopolysaccharides on mineral accumulation in aerobic granular sludge was also discovered. In addition, a method to measure the mechanical strength of anammox granules and detect apatite accumulation inside granules was established. As a result, information obtained from BAAGS research project greatly facilitates exopolysaccharides research in aerobic granular sludge area; knowledge obtained provides insight on exopolysaccharides function both in aerobic granules and normal biofilms, and utilization the alginate-like exopolysacchairdes from aerobic granular sludge. 
4.1.1 Project context and objectives 

Aerobic sludge granulation is a promising innovative technology with the potential to be an alternative to the activated sludge process. It allows running a wastewater treatment plant with 30% less energy input, and requiring 75% less space combining with significant lower investment costs. Aerobic granules’ stability is the main concern of this process. It is strongly connected with the property of exopolysaccharides, particularly the bacterial alginates, which have been recently shown to be more than 10% of aerobic granules’ organic carbon content. Determining their function based on clearly defined analytical methods is significant for bringing this technology into practice. 
The overall objective of the BAAGS project is to study the fine structure of bacterial alginate in aerobic granular sludge formation and stability, and establish analytical methods for advanced exopolysaccharides characterization in aerobic granules.

The specific objectives of the research are: standardize the method for bacterial alginate extraction from aerobic granular sludge and other bioflm systems; fully establish integrated methods for the extracted bacterial alginate fine structure examination combining chemical assays and physical analysis; determine the structure-function relationship of the extracted bacterial alginate; evaluate its impact on aerobic granular sludge formation and stability.
4.1.2 Main S&T results

The project was started from September, 2010. During the last two years, investigation was conducted based on the objective and methodologies described in the contract. The research objectives, as set down in the project programme are still very relevant and achievable. The methodological approach was minor changed from that described in the contract.

Important progress has been made not only on the analytical methods for alginate-like exopolysaccharides characterization, but also on elucidating its role in granules formation. Secondly, the inducement effect of alginate-like exopolysaccharides on mineral accumulation in aerobic granular sludge was also discovered. In addition, a method to measure the mechanical strength of anammox granules and detect apatite accumulation inside granules was established. Details are explained as follows:

Fine structure investigation of the alginate-like exopolysaccharides isolated from pilot plant

Alginate-like exopolysaccharides, were isolated from aerobic granular sludge treating municipal wastewater. They were chemically fractionated and examined by FT-IR spectroscopy. The chemical structure of these alginates was linked to the ionic gelation behaviour of the exopolysaccharides in aerobic granular sludge. Ca2+ induced ionic gelation was investigated by atomic force microscopy. Experimental results indicated that each fraction in alginates, poly(mannuronic acid) blocks, poly(guluronic acid) blocks and heteropolymeric blocks, had its specific characteristics in gelation and morphology of the gel. Ca2+ induced the ionic gelation of alginate-like exopolysaccharides by transforming a loose structure into an ordered and compact structure with pores and channels distributed through the matrix. Fractions enriched in poly(guluronic acid) blocks and heteropolymeric blocks were both easily cross-linked by Ca2+. Ionic cross-linked gel was the major form of polysaccharide gels in aerobic granules.
Understanding the difference between aerobic granular sludge and activated sludge from the chemical structure of alginate-like exopolysaccharides

The differences in the gel matrix of aerobic granular sludge and normal aerobic flocculent sludge were investigated. From both types of sludge that fed with the same municipal sewage, the functional gel-forming exopolysaccharides, alginate-like exopolysaccharides, were isolated. These two exopolysaccharides were chemically fractionated, and investigated by FT-IR spectroscopy. The isolated polymers were made into a gel by calcium addition (Figure 1) and the mechanical properties of these reconstituted gels were measured by a low load compression tester. The viscoelastic behavior of the gels was described by a generalized Maxwell model. The alginate-like exopolysaccharides derived from aerobic granules had significantly higher amount of poly(guluronic acid) blocks but lower amount of poly(guluronic acid-manuronic acid) blocks in the chemical structure, while the alginate-like exopolysaccharides derived from aerobic flocculent sludge had equal amount of poly(guluronic acid) blocks and poly(guluronic acid-manuronic acid) blocks. These differences result in a perfect gel-forming capability of alginate-like exopolysaccharides derived from aerobic granules (Figure 2) and bestowed this exopolysaccharides gel a stronger mechanical property as compared to alginate-like exopolysaccharides derived from aerobic flocculent sludge. The different chemical and mechanical properties of these two exopolysaccharides contributed to the distinguished characteristics between aerobic granular sludge and aerobic flocculent sludge.
[image: image2.png]CONSOLE DRIVE gttt s

CaCl, solution

- =

Q=

Alginate-like exopolysaccharides sodium solution




Figure 1 Making alginate-like exopolysaccharides gel by dropping 2% alginate-like exopolysacchairdes sodium solution into 2% CaCl2 solution. 

[image: image3.jpg]



Figure 2 Morphology of alginate-like exopolysaccharides after crosslink with Ca2+. a: alginate-like exopolysaccharides derived from aerobic flocculent sludge in CaCl2 solution; b: alginate-like exopolysaccharides derived from aerobic granular sludge in CaCl2 solution. 
Minerals in alginate-like exopolysaccharides

The K-struvite was found in aerobic granular sludge from a reactor performing enhanced biological phosphorus removal. The accumulation of K-struvite was attributed to the inducement of alginate-like exopolysaccharides.

The alginate-like exopolysaccharides were acidic due to the presence of uronic acids monomers. These negatively charged groups enable the exopolysaccharides to attract cations (e.g. Ca2+, Mg2+, Na+, K+) via electrostatic interactions. Alginates has higher affinity to Ca2+, but lower affinity to Mg2+, making Ca2+ participate in the formation of gel structure, while Mg2+ only use as the counter ions like Na+ and K+ in the gel.  The weak binding of Mg2+ and K+ enabled them to combine with other ionic groups. Thus, the alginate exopolysaccharides matrix functions as a chelator for cations and as a template for crystal nucleation. In enhanced biological phosphorus removal process, phosphates with potassium and magnesium as counter ions are released by phosphorus accumulating organisms (PAOs) during the anaerobic feeding phase. The entrapment by alginate-like exopolysaccharides of potassium and magnesium ions produces a spatial-temporal gradient of concentration that enhances supersaturation conditions for the development of struvite-like structure. K-struvite formed in the granular sludge from lab-scale reactor, which has higher amounts of phosphate, potassium and magnesium release in the anaerobic period. 
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Figure 4:  Pyramidal shaped crystals formed inside the dialysis bag when the alginate-like EPS dialyzed against NH4Cl solution.
The mechanical strength measurement of anammox granules

The strength of granular sludge is essential to maintain their mechanical stability (Pereboom, 1997). Granules with low strength are easily broken by the shear force in the reactor. Broken pieces are likely to be washed out with the effluent, which significantly decrease the biomass concentration and result to unstable operation of the reactor.  To an anammox system, it is significantly important to make granules maintain high strength. As the maximum specific growth rate of the anammox microorganisms is extremely low, the system is hardly recovered once biomass concentration is tremendously decreased due to biomass washout.  

Various direct and indirect methods to quantify the physical characteristics of the granular sludge in terms of strength have been presented. The strength of granules was measured in several studies by examining the effects of shear force, sonication, shaking of the granules, or turbidity (Teo et al., 2000; Quarmby and Forster, 1995; Tramper et al., 1984). Microbial granules with a high physical strength could withstand compression. It could be measured as the resistance against compression forces (Van Hullebusch et al. 2007). In this method, granule samples were placed in a vertical cylinder. A piston was moved downwards at a constant speed and the resistance to compression was recorded with time using a tension and compression apparatus. The pressure at which the transition of the two resistances occurred was taken as a measurement of the granule strength. However, due to the limitation of the system, the measurement so far can only be done with large amount of granules. It is difficult to know the mechanical behavior of a single granule. 

In the current research, it is possible to measure the mechanical strength of a single granule by low load compression tester (LLCT), due to its low compression force used and high sensitivity.  The LLCT consists of a linear positioning stage (Intellistage M-511.5IM, physic Instrument, Karlsruhe, Germany) connected to a cylindrical, moving upper plate (10 mm diameter), a bottom stationary plate is fixed to an automated force compensating balance. Load cell and linear positioning stage are interfaced to a PC for data acquisition and control using LabVIEWTM 7.1 (Sharma et al., 2011). Movement of top plate (position, h) and force registered (Force, F) by the load cell were computer-stored for further analysis (Figure 2). The mechanical strength measurement is able to be finished within 100 seconds.
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Figure 2 Viscoelasticity measurement by the low load compression tester. Both the position h and the force F are computer monitored, ht and Ft are the position and force at time t.
4.1.3 Research training activities

The researcher was trained on how to select one of the significant components from a complex environmental sample, establish appropriate methodology to isolate and examine it, by performing the project.  She also learned how to conduct molecular microbiological studies of the genes for alginate production in aerobic granular sludge. By attending biofilm workshop concerning biofilm investigation by various analytical methods, and advanced courses for environmental biotechnology, her experience and understanding in microbiology was extended. 

4.1.4 Project management

The project is processing smoothly; collaborations not only within the host research group, but also with research groups in Singapore, France, Spain and Denmark were setup. New analytical methodologies such as electron microprobe, micro-CT scan and prolysis-GC-MS are introduced into the research.  The planned milestones and deliverables are reached. 

4.1.5 Potential impact of the project
As a result, information obtained from BAAGS research project greatly facilitates exopolysaccharides research in aerobic granular sludge area; knowledge obtained provides insight on exopolysaccharides function both in aerobic granules and normal biofilms, and utilization the alginate-like exopolysacchairdes from aerobic granular sludge. 
1. Potential utilization of the research result
Alginates can be used as viscosifiers, stabilizers, gel-formers, film-formers or water binding agents. The applications range from textile printing, welding rods, food industries to pharmaceutical uses. The estimated price of alginate is 0.75 €/kg for technical grade up to 3500€/kg for ultra pure alginate for pharmaceuticals. Currently the alginate is extracted from brown algae harvested from the sea. The season of harvesting influences the properties of the alginate, thereby the quality of the alginate can not be guaranteed. The most recent known attempt to produce alginate from bacteria was by Azotobacter vinelandii using a membrane bioreactor. Unsatisfactory results were obtained due to membrane fouling and a substandard molecular weight of the produced alginate.

In the past decade aerobic granular sludge has been developed as the next generation wastewater treatment process. The granules produced in the waste water treatment process are considered as waste so far. The costs of waste disposal are 500-600 € per ton of sludge. This represents roughly one third of the waste water treatment costs. However, recently we discovered that granules contain 10 % w/w of alginate. There is a rich resource hidden in wastewater treatment process. Production of alginate by aerobic granular sludge processes may provide alginate with a controlled quality and reduced price. The extraction of alginate from the waste granules decreases the total waste and reduces the costs of the processing of the sludge.
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