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ABTRACT 

 

In the cycle of matter, the phosphorus has a slow cycle thus for the development of 

agriculture and industrial sector it’s been mined from the phosphate rock reserves. An urgent 

need has arisen to close the phosphorus cycle by recovering and recycling it from the 

municipal wastewater which otherwise pollute the waterbodies. When the municipal 

wastewater is treated with an anaerobic digester there is a high concentration of inorganics 

such as bicarbonates, ammonia and phosphate observed. 

  

The research study aims to recover/recycle phosphorus in the mixed liquor of PSBR via 

precipitation in form of calcium phosphate. The effluent coming from the anaerobic digester 

is treated using Photo sequencing Batch Reactor (PSBR).In situ photo oxygenation by algae 

in PSBR helps bacteria to remove COD and ammonia under controlled conditions.  

 

To achieve calcium phosphate precipitation, high pH is required which may affect the 

nitrifying biomass in PSBR. The effect of pH increase in nitrifying biomass was studied by 

setting up two reactor wherein reactor 1 was kept at uncontrolled pH in the latter part of react 

stage and reactor 2 was kept at controlled pH throughout the study period. Two PSBRs were 

setup with inoculum of algae obtained from AIT pond and sludge inoculum obtained from 

sludge of AIT sewage treatment plant. Synthetic wastewater was used as influent for both 

the reactor having characteristic similar to effluent from anaerobic digester.  

 

Ammonium removal rate of 2.53±0.93 mg N-NH3/L/hr in Reactor 1 and 2.25±0.28 mg N-

NH3/L/hr in Reactor 2 was observed. The pH controller was switched off in Reactor 1 during 

Phase 2 and allowing photosynthesis of algae to biologically increase pH when alkalinity 

was low in the latter part of the react stage. A pH of 8.5 and 9 were achieved at the end of 

react stage by varying the light intensity of led light. Calcium chloride was dosed to the 

reactor and allowed to settle for 30 mins. Phosphorus removal efficiency of 74.31%±19% at 

pH 9 and 25.64%±7% at pH 8 was observed. Thus biologically and chemically induced 

phosphorus removal/recovery was achieved in the reactor without affecting the nitrification 

process. 
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CHAPTER 

1. INTRODUCTION 

 

1.1. Background 

 

Phosphorus is an important element in the development of agriculture and industrial sectors. Unlike 

other elements in the matter cycle, phosphorus has a very slow cycle because it cannot attain gaseous 

state. Normally phosphorus is found as phosphate salts in rock formation and ocean sediment. The 

phosphate rock reserves are limited to very few countries. Most of the mined phosphate is used as 

fertilizer. The phosphates are exported to highly populated and agrarian economy as shown in Figure 1. 

There is a need to recover the phosphate and hence close the loop to be sustainable. However its release 

to surface water in agricultural runoff, domestic and industrial wastewater has led to high concentration 

in receiving water promoting eutrophication and subsequent ecological deterioration. Phosphorus must 

therefore be removed also from domestic and industrial effluents before dispersion and dilution to the 

environment which has made phosphorus removal and recovery, one of the focus areas in the field of 

wastewater treatment.  

 
Figure 1 Countries with phosphorus reserves and countries that are importers of phosphate rocks(De 

Ridder, Jong, Polchar, & Lingemann, 2012) 
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Figure 2 Phosphorus Cycle(UNEP Year Book 2011) 

 

An individual discharges up to 2g of phosphorus into the wastewater each day. This make removal and 

recovery of phosphorus in domestic wastewater important. The inorganics coming from effluent of 

conventional anaerobic digester treating black water contains nutrients such as ammonia and phosphate. 

These nutrients could be removed using an algae-bacteria consortium in photo-sequencing batch 

reactors(PSBR).PSBRs use the photo oxygenation by algae for biological nitrogen removal(BNR), via 

nitrification and denitrification. A consortia of algae and bacteria in well settling flocs may remove both 

nitrogen and phosphorus. This combines the advantage of high rate algae ponds and conventional 

activated sludge processes. Phosphorus removal in PSBR can be achieved with three processes: 

 

1. Biological removal via uptake for algae growth. 

2. Chemical precipitation in form of calcium phosphate and magnesium ammonium 

phosphate(MAP) 

3. Enhanced biological phosphorus removal (EBPR) which is done by Phosphorus accumulating 

organisms (PAOs)  
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The removal of phosphate is generally carried out by chemical addition because of its simplicity of 

operation and ease of implementation. In chemical precipitation under the conditions of high pH and 

low bicarbonate alkalinity, the inorganic orthophosphate can very effectively be precipitated with Ca2+ 

ions as calcium phosphate. Low bicarbonate alkalinity is also the primary requirement for the formation 

of calcium phosphate. This dependency  of the rate of calcium phosphate production from low alkalinity 

was reported by Song, et al. (2002) . 

 

In PSBR, photo oxygenation via photosynthesis by algae consumes inorganic carbon therefore reduces 

alkalinity and increases the pH. Also during the biological nitrogen removal the nitrifiers consume 

inorganic carbon and release hydrogen ion in effect decreasing the alkalinity, but reducing the ph. The 

processes carried out by algae bacteria consortium in PSBR are potentially ideal  for chemical removal 

of phosphorus from the reactor. The phosphorus removal/recovery is made possible in PSBR by 

biologically achieving conditions which are high pH and low alkalinity .Since the calcium concentration 

is limited therefore dosing calcium chloride in the reactor is required to precipitate calcium phosphate.  

Illuminating the PSBR with LED as artificial light source by exploiting the high spectrum absorbance 

of chlorophyll to red light may help in increasing the energy efficiency of oxygenating the reactor which 

is higher as compared to blowers that are used in conventional SBR processes. LED lighting also helps 

in reducing the footprint area of the photo bioreactors as it can be submerged to increase the light 

penetration when the water depth is high.  
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1.2. Statement of the problem 

 

Phosphorus removal and recovery is one of the focus area in the domestic wastewater treatment. The 

effluent of the conventional anaerobic digester treating domestic wastewater consists mostly the 

nutrients such as nitrogen and phosphorus. The COD being consumed in the anaerobic digester is 

released in the form of carbon dioxide and methane. The carbon dioxide being released gets dissolved 

and increases the bicarbonate alkalinity of wastewater. PSBR using algae bacteria consortiums serve as 

an effective tertiary treatment for the effluent from the anaerobic digester. The biological nitrogen 

removal occurs in PSBR mostly through nitrification, which decreases the pH and consume the 

bicarbonates by utilizing the oxygen from the photosynthesis. The algae photosynthesis in light phase 

consumes bicarbonates which in effect raise the pH. When ammonium is removed and no nitrification 

occurs, then pH increase can be expected due to algae photosynthesis. The research aims to 

remove/recover phosphorus effectivity from wastewater using the algae bacteria consortiums and study 

whether the increase in pH damages the nitrification capacity of the biomass. 

 

1.3. Objectives 

 

1.3.1. Overall Objective 

 

To determine the phosphorus removal efficiency via biological and chemically induced precipitation of 

calcium phosphate at pH values in range of 7.3 to 9 and its effect on nitrification in photo sequencing 

batch reactor 

 

1.3.2. Specific Objectives 

 

- To determine rate of alkalinity consumption occurring in algae-bacteria consortium 

- To determine ammonium removal rate and to determine the effect on nitrification rates of 

different pH end points. 

- To determine phosphors removal efficiency via calcium phosphorus precipitation at slightly 

alkaline pH in PSBR at different pH set point. 

- To determine effect of solution condition on the precipitation of calcium phosphate in PSBR 
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1.4. Scope 

 

The experiments were conducted at Asian Institute of Technology (AIT), Phathumthani, Thailand in the 

laboratory under controlled conditions. The inoculums of algae were obtained from AIT’s waste 

stabilizing ponds and an inoculum of nitrifier was obtained from the sludge of AIT’s Sewage Treatment 

Plant. Synthetic wastewater was modified BG-11 medium having phosphorus, ammonia and bicarbonate 

alkalinity similar to effluent of anaerobically digested municipal wastewater. 

 

The PSBR was operational at different pH set points to access the effect on chemical phosphorus 

removal. The PSBR will be illuminated with artificial light (LED) for 11hr. 

 

 

1.5. Limitations 

 

- Phosphorus concentration is considered to limiting parameter in calcium phosphate precipitation 

- Mass balance of phosphorus cannot be done due to the varying luxury uptake of algae 

- The synthetic wastewater mimics only the approximate concentration of nutrients which are 

nitrogen and phosphorus in the effluent of anaerobic reactor, the COD has been kept constant. 

- Removal rate of Phosphorus cannot be found since it is dependent on particle size of calcium 

phosphate  

 

 

1.6. Assumptions 

 

- There is no suspended solids in the effluent of an anaerobic digester 

- Nutrients are present only in the form of phosphates(PO4
3-) and ammonia(NH4

+) 

- The pH of effluent of anaerobic digester is 7.5-8 

- Phosphorus removal is not carried out by PAOs 
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CHAPTER  

2. LITERATURE REVIEW 

 

 

2.1. Algal-Bacterial symbiotic photo bioreactor  

 

The ability of microalgae to take up nutrients from water make them suitable for wastewater 

treatment(Benemann, 2013).In photo bioreactor single species of algae is grown, whereas in algal 

system for wastewater treatment contain a consortia of different microbes as wastewater itself contain 

large variety of different microbes (Li et al., 2014) where a synergetic activity is observed which has 

potential to improve organic carbon, N and P removal. 

 

One cooperation which has been documented between algae bacteria consortium is related to gas 

exchange. Oxygen produced by algae during photosynthesis is used by bacteria to breakdown organic 

compound to CO2, which algae can then use to produce further oxygen. Microalgae is known to get 

important nutrient such as B12 (Croft, Lawrence, Raux-Deery, Warren, & Smith, 2005) from bacteria. 

Amin, Parker, & Armbrust(2012) has described inter kingdom signaling between algae and bacteria 

which can help understand type of bacteria and algae that are present locally. There are reports 

suggesting genetic information being exchanged between algae and bacteria via horizontal gene transfer 

(Brembu et al., 2014). 

 

In an algae bacteria consortium, the pollutant load removal is achieved basically by algal assimilation, 

biological processes mainly nitrification (by autotrophs) and denitrification (by heterotrophs), ammonia 

volatilization and phosphorus precipitation. Stripping phenomenon such ammonia volatilization and 

phosphorus precipitation are achieved by high pH induced through photosynthetic algae growth. 

The nutrient uptake efficiency of algae bacteria consortium depends on complex interaction between 

different physio chemical factors such as pH, light intensity, photo period, temperature and bio 

flocculation. Photoperiod greatly impacts removal of nutrients, biomass produced and alters the algae 

bacteria population dynamics. Composition of algae and bacteria community has a large effect both on 

treatment capability of photo bioreactor and biomass production(Green, Bernstone, Lundquist, & 

Oswald, 1996). 

 

Full nitrification was observed in algae bacterial consortium without mechanical aeration by Karya 

et.al,(2013)using synthetic wastewater(50 mg NH4
+-N L-1).Wang,et.al (2015) also reported 

95±6%NH4+ removal and 93±3% total nitrogen removal from centrate of anaerobically digested swine 

manure having NH4
+ loading rate of 76 ±14mg L-1 d-1 
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2.1.1. Algal communities 

 

Algae usually exist in natural environment such as lakes and seas in large communities with many 

different species. These communities change over season and year depending on the environmental 

condition(Willén, 1987). However photo bioreactor have been built to grow monoculture with Chlorella 

and Scenedesmus being the most commonly used genera. This is done so that the selected strains can be 

maintained and controlled for their characteristics and ideal environmental parameter (Wu et al., 2014). 

The algae strains in wastewater are selected based on their ability to grow in specific waste or reduce 

the level of toxic compound present(Muñoz & Guieysse, 2006). Wu et al. (2014) concluded that photo 

autotropic unicellular green microalgae are tolerant to many wastewater condition and therefore most 

commonly used based on his review of microalgae species in wastewater treatment. Wu et al. (2014) 

also observed that some microalgae species such as Bitryococcus braunii, C vuglaris and S. obliqus may 

grow both phototropic and mixotropically depending on organic matter in different type of wastewater. 

Photo bioreactor have been inoculated with these stains in many studies(Escapa, Coimbra, Paniagua, 

García, & Otero, 2015; González, Marciniak, Villaverde, García-Encina, & Muñoz, 2008; Park, Seo, & 

Kwon, 2012; Posadas et al., 2014) .Some authors have tried mixture of different algae species such as 

mixture of Schdesmus and Desmodemus sp (Carney et al., 2014) in addition to using monoculture. In 

mixed culture, the system can be more adequate to the environmental condition. Mixed consortium of 

algae in photo bioreactor have more resilience to different conditions than pure culture(Muñoz & 

Guieysse, 2006).The biomass produced could be useful for biodiesel (Rawat, Ranjith Kumar, Mutanda, 

& Bux, 2013) or biogas (Olguín, 2012) to effect energy requirement.(Chaiwong, 2016) in his 

experimental study used the inoculum from AIT pond and cultured algae using red led light in PBR 

using cess pit effluent as wastewater observed Chlorella sp.(95.6%), Synechocystis sp.(2.3%), 

Phormidium sp.(1.8%) and Monoraphidium sp.(0.1%). 

 

2.1.2. Bacterial Communities 

 

The term “phycosphere” is used to describe the area around micro algae cells or colonies “in which 

bacteria growth is simulated by extra cellular product of algae”(Bell & Mitchell, 1972).A photo 

bioreactor using wastewater as a growth medium is bound to contain a rich microbial diversity when no 

costly sterilization is done.  

Carney et al.( 2014) described the microbiome of a prototype photo bioreactor treating wastewater where 

bacteria from proteobacteria and bacteroideter were dominant. Gamma proteobacteria such as 

shewanella and Rheinheimera comprised the majority of bacteria, immediately after inoculation. 

However alpha proteobacteria from genus Rhizobium were dominant after two weeks.Krohn-Molt et al., 

(2013) studied the micro algae C. vulgaris and S. obliqus association with bacterial biofilm in photo 

bioreactor system using a liquid medium containing fertilizer supplement with KNO3.Association of 

several bacteria from phyla Bacteroides and Proteobacteria with marine macroalgae(Chlorophyta 

variety) are known(Goecke, Labes, Wiese, & Imhoff, 2010).Bacteria are used as inoculant in agriculture 

to promote plant growth. Similar principal could be applied to microalgae in photo bioreactor. Gonzalez 

& Bashan(2000) and de-Bashan, Hernandez, Morey, & Bashan (2004) demonstrated that wastewater 
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produce higher growth of algae and better nutrient removal when microalgae is grown together with 

Azospirillum brasilense compared to microalgae without A.brasilen 

 

2.2. Carbonate Alkalinity 

 

The carbon dioxide been generated in anaerobic digester gets partially dissolved in the effluent of the 

reactor to form carbonic acid. The carbonic acid rapidly dissociates to form bicarbonates ion and 

hydrogen ions as shown in the following reaction. 

 

H2O+CO2  H2CO3   HCO3
- + H+  Eq. 1 

 

HCO3
-
CO3

-2 +H+     Eq. 2 

 

The carbonate system is defined by concentration of five species which are CO2, HCO3
-, CO3

2-, H+ and 

OH-. Carbonate are weak acid and bases which are characterized by the fact that they dissociate only 

partially in the pH range 0-14.This makes carbonate system a good buffer agent. The dissolved carbonate 

species play a significant role in stabilizing the pH of the water bodies. The pH stability parameter is 

evaluated by buffer index which is defined as amount of strong base or acid required to produce a unit 

change in the pH. 

 

𝐵𝑖 =
𝑑𝐶𝑏
𝑑𝑝𝐻

=
𝑑𝐶𝑎
𝑑𝑝𝐻

 

Where, 

𝐵𝑖=Buffer index 

𝐶𝑏=No of moles of strong base 

𝐶𝑎=No of moles of strong acid 

 

The carbonate system has two dissociations constant since it is a diprotic weak acid and base system. 

The Figure 3 shows the buffer index as function of pH with two dissociation constant pK1=6.3 and 

pK2=10.3 at carbonate concentration of 10mmol/l. As it can be seen pH stability (buffer index) is 

maximum when pH is equal to pKa. 
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Figure 3 Buffer index as a function of pH for a solution of the carbonate system(Conc:10 mmol/l) in 

water 

 

The cabonate system can be defined completely by five equations in which the first three are dissociation 

equations: 

a) Dissociation constant Kw(Harned and Hamer 1933)    

 Kw=[H+][OH-]    

 pKw=4787.3/T+7.132logT+0.0103T-22.801 

b) Dissociation constant K1 (Harned and Davis 1943)    

 K1=[HCO3
-][H+]/[CO2]      

 pK1=17.052/T +215.21log T -0.12675T -545.56  

c) Dissociation constant K2 (Harned and Scholes 1943)  

 K2=[CO3
2-][H+]/[HCO3

-]      

 pK2=2902.39/T+0.0239T-6.498 

d) Determination of pH       pH=-log[H+] 

e) Deternation of alkalinity(Loewenthal and Marais 1986) 

Alk=2[CO3
2-] +[HCO3

-]+[OH-]-[H+] 
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2.2.1. Alkalinity 

 

Alkalinity is the quantitative capacity of the solution to neutraliz acid.To determine alkalinity the 

solution is considered to be mixture of CO2 and a (hypotetical) strong base.Alkalinity is equal to strong 

base which can be determined by titrating water with strong acid to neutralize strong base.The alkalinity 

is expressed as concentration of a strong acid i.e. its unit is given in eq l-1 or meq l-1 

The total alkalinity is bicarbonate. carbonate and hydroxide alkalinity.The ion concentration is given in 

molar concentration, the equation below takes into account the charge differences and is adequate to 

take into account various sources of alkalinty. 

 

TA=(HCO-
3)+2(CO3

2-)+(OH-) 

 

Total Alkalinity is expressed as moles/l CaCO3  

The equations necessary for calculation of bicarbonate, carbonate and hydroxide alkalinities 

as CaCO3 mg/L are:  

            Bicarbonate alkalinity (CaCO3 mg/L) = 50,000 (
2𝑇𝐴−10

−14+𝑝𝐻

1+2𝐾210
𝑝𝐻 )               

  

            Carbonate alkalinity (CaCO3 mg/L) = 100,000 (K2(HCO3
-)(10pH)                   

  

            Hydroxide alkalinity (CaCO3 mg/L) = 50,000 (10-14+pH)                                   

 

 Where, 

K2 is the dissociation constant of hydrogen carbonate               

TA is total alkalinity 

 

When the pH is between 6.5 and 7.5 , the ionic species of water dissociation and the carbonate 

concentration are much smaller than the bicarbonate concentration therefore the alkalinity due to 

carbonate system can be taken as concentration of bicarbonates and can be called as bicarbonate 

alkalinity. 

 

Alk=[HCO3
-]/2 when 6.5<pH<7.5    

 

The anaerobic digestion of organic matter gives byproducts carbon dioxide and methane gas. When the 

saturation concentrations of carbon dioxide and methane in liquid phase are exceeded the biogas is 

produced.The partial pressure of CO2 is much smaller than partial pressure of methane.In anerobic 

digestion, methane and carbon dioxide is produced in approximitely equimolar concentration therefore 

major part of the CO2 produced remains in the solution.Apart from alkalinity generated by CO2 

,alkalinity is increased by ammonification and VFA removal.  
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The consumption of alkalinty occurs in PSBR by two processes which are nitrification and 

photosynthesis of algae 

 

The oxidation of ammonia through nitrification is a process that consumes bicarbonate thus reducing 

alkalinity.Also pH decrease is observed as the process release protons.The stiochiometry of the 

nitrification reaction is given below (Mara, 2003)  

 

𝐶𝑂2 +𝐻2𝑂
 
⇔𝐻2𝐶𝑂3

 
⇔𝐻𝐶𝑂3

− +𝐻+  

 

𝑵𝑯𝟒
+ + 𝟏. 𝟑𝟐𝑶𝟐 + 𝟎. 𝟏𝑯𝑪𝑶𝟑

− + 𝟎. 𝟗𝟖𝑯𝟐𝑶
 
→ 𝟎. 𝟎𝟐𝟏𝑪𝟓𝑯𝟕𝑵𝑶𝟐 + 𝟎.𝟗𝟖𝑵𝑶𝟑

− + 𝟐. 𝟎𝟐𝑯𝟐𝑶+ 𝟏. 𝟖𝟖𝑯
+  Eq. 3 

 

 

The consumption of bicarbonate alkalinity occurs during the algae photosynthesis.A pH increase is 

observed as it consumes protons.The stiochiometry of photosynthesis reaction (Mara, 2003)is given 

below: 

 

 

𝟏𝟎𝟔𝑯𝑪𝑶𝟑
− + 𝟗𝟐𝑯+ + 𝟏𝟔𝐍𝐇𝟒

+ + 𝐇𝐏𝐎𝟒
𝟐−

 
→ 𝑪𝟏𝟎𝟔𝑯𝟏𝟖𝟏𝑶𝟒𝟓𝑵𝟏𝟔𝑷    + 𝟏𝟏𝟖𝑶𝟐 + 𝟒𝟏𝑯𝟐𝑶      Eq. 4 
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2.3. Calcium phosphate precipitation 

 

Formation of calcium phosphate is a difficult phenomenon occurring in different phases under different 

physical and chemical environment in saturated solution. The different of calcium phosphate (Barat 

et.al, 2011)are shown in  

 

Table 1 Calcium phosphate phases 

Phase Composition Molar ratio Ca/p 

Brushite(DCPD) CaHPO4.2H20 1 

Monetite(DCPA) CaHPO4 1 

Octa calcium phosphate (OCP) CaH(PO4)3.2.5H2O 1.33 

Amorphous calcium phosphate(ACP) Ca4H(PO4)2.xH2O 1.5 

Tri calcium phosphate(TCP) Ca3(PO4)2 1.5 

Hydroxyapatite(HAP) Ca5(PO4)3OH 1.67 

 

 

 

Among all the different kind of calcium phosphate precipitation HAP is the most thermodynamically 

stable one. The thermodynamic driving force for a chemical reaction is Gibbs free energy which is given 

by: 

ΔG=−
𝟐.𝟑𝟎𝟑.𝑹.𝑻.𝑺𝑰 

𝒏
         Eq. 5 

 

 Where R=Ideal gas constant 

   n=no of moles 

   T=Temperature 

   SI=Saturation Index 

The saturation Index of a solution is a good indicator for thermodynamic force for precipitation is 

defined by 

 

SI=log(S)    Eq. 6 

where S=Super saturation 

 

 

 

 

 

Super saturation is a measure of the deviation of a dissolved salt from its equilibrium value, for a solution 

departing from equilibrium is bound to return to this state by the precipitation of the excess solute. The 

super saturation (S) of system given by: 
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S=
Ionic activity product (IP)in solution

solubility product (Ksp)
 

 

where Ionic activity product of HAP (Y Song,et. al, 2002)can be defined as  

 

 

IPHAP = (CCa
2+ .f2)

5.(CPO4
3- .f3)

3.(COH-.f1)- (Kw/ [H+]) f1  Eq. 7 

 

Where fi denotes the activity coefficient of  i valent ion and Kw refer to the ionic product of water.  

 

When SI=0 then ΔG=0, it means the solution is in equilibrium, calcium phosphate precipitation occurs. 

The solution is oversaturated when ΔG<0 and SI>0. However, spontaneous precipitation is not observed 

when super saturation is achieved since there is a zone between under saturated and spontaneous 

precipitation zone which is metastable zone. In metastable zone, the solution is supersaturated but no 

precipitation is occurring over a relatively long period(Stumm & Morgan, 1996) .At critical super 

saturation precipitation occurs which is a boundary between metastable zone and spontaneous 

precipitation zone (Joko, 1985). 

 

The saturation index of HAP can be evaluated by specifying  

SI=log(S)    Eq. 6 as 

 

SI = log (IP)-log (Ksp) 

    = log [(CCa
2+ .f2)

5.(CPO4
3- .f3)

3.(COH-.f1)]-log Ksp 

    = 5log (CCa
2+ )  +3log(CPO4

3-) + log(COH-) +log(f2
5f3

3f1) – log Ksp 

    

This shows that saturation index is related to calcium, phosphorus, pH and solution background which 

is the ionic strength. Song, Hahn, & Hoffmann (2002) reported functional relationship between calcium 

concentration and pH with a high correlation coefficient for different phosphorus concentration. 

The precipitation reaction model based on the chemical equilibrium and ion concentration, supposes a 

quick solid formation once exceed saturation index. But this this hypothesis over estimates considerably 

the precipitation. Since there is a zone between under saturated and spontaneous precipitation zone 

which is metastable zone. In metastable zone, the solution is supersaturated but no precipitation is 

occurring over a relatively long period(Stumm & Morgan, 1996) .At critical supersaturation 

precipitation occurs which is a boundary between metastable zone and spontaneous precipitation zone 

(Joko, 1985).Therefore the precipitation and dissolution process of the solid components have to be 

modelled with kinetic expression.  
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The kinetics of the processes have been found to be surface controlled based on the theory of 

Koutsoukos. et al,(1979). Koutsoukos(1979) by addition of well characterized seed crystals to the 

solution studied the rate of crystallization by following concentration changes as function of time 

expressed by the equation of the form: 

 

𝒅[𝑴𝒗+.𝑨𝒗−]

𝒅𝒕
= −𝒌. 𝒔. [([𝑴𝒎+]𝒕

𝒗+[𝑨𝒂+]𝒕
𝒗−)𝟏/𝒗 − ([𝑴𝒎+]𝟎

𝒗+[𝑨𝒂+]𝟎
𝒗−)𝟏/𝒗] Eq. 8 

 

where [Mm+]t,[A
a-]t and [Mm+]0, [A

a-]0 are the concentration of crystal lattice ion in solution at time t 

and at equilibrium respectively 

k is the precipitation rate constant 

s is proportional to the number of available growth site on the added seed material 

n=constant, typically 2 

 

Based on the theory of Koutsoukos et al., (1979), Barat et al., (2011) proposed kinetic expression for 

the precipitation of reaction for amorphous calcium phosphorus as shown in equation 

 

3𝐶𝑎+2 + 2𝑃𝑂4
3− + 𝑥.𝐻2𝑂

𝑘𝑝 𝐴𝐶𝑃
→    𝐶𝑎3(𝑃𝑂4)2. 𝑥𝐻2𝑂 

 

𝑑𝑋𝐴𝐶𝑃
𝑑𝑡

= 𝑘𝑝 𝐴𝐶𝑃.
𝐾𝐴𝐶𝑃1

𝐾𝐴𝐶𝑃1 +
𝑋𝐴𝐶𝑃
𝑋𝑇𝑆𝑆

. ([𝐶𝑎2+]3/5[𝑃𝑂4
3−]2/5 − (

𝐾𝑆𝑃 𝐴𝐶𝑃

𝛾𝑑
3. 𝛾𝑡

2 )

1/5

)

2

.
1 + 𝑠𝑖𝑔𝑛(𝑆𝐼𝐴𝐶𝑃)

2
 

The amorphous calcium phosphate dissolution is shown in equation and kinetics in equation 

 

𝐶𝑎3(𝑃𝑂4)2. 𝑥𝐻2𝑂
𝑘𝑑 𝐴𝐶𝑃
→    3𝐶𝑎+2 + 2𝑃𝑂4

3− + 𝑥.𝐻2𝑂 

𝑑𝑋𝐴𝐶𝑃
𝑑𝑡

= 𝑘𝑑 𝐴𝐶𝑃.
𝑋𝐴𝐶𝑃1

𝐾𝐴𝐶𝑃2 + 𝑋𝐴𝐶𝑃
. ([𝐶𝑎2+]3/5[𝑃𝑂4

3−]2/5 − (
𝐾𝑆𝑃 𝐴𝐶𝑃

𝛾𝑑
3. 𝛾𝑡

2 )

1/5

)

2

.
1 − 𝑠𝑖𝑔𝑛(𝑆𝐼𝐴𝐶𝑃)

2
 

where 

XACP is concentration (mol/l) 

XTSS is total suspended solids concentration (g m-3), 

[Ca2+], [PO4
3-] are orthophosphate ions concentration (mol l-1) 

kpACP and kdACP are ACP precipitation and dissolution constant rate respectively (l mol-1 d-1)  

KSP ACP is the ACP solubility product (mol l-1)5 

γd and γt are the activity coefficient of diprotic and triprotic species 

KACP1 is the ACP precipitation hyperbolic inhibition constant (mol l-1) 

KACP2 is the ACP dissolution hyperbolic inhibition constant (mol l-1) 
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The crystallization of the most stable phase which is HAP is show in equation  

 

𝐶𝑎3(𝑃𝑂4)2. 𝑥𝐻2𝑂 + 2𝐶𝑎
2+ + 𝑃𝑂4

3− + 𝑂𝐻−
𝑘𝑝𝐻𝐴𝑃
→    𝐶𝑎5(𝑃𝑂4)3𝑂𝐻 + 𝑥 𝐻2𝑂 

 

This clearly indicates that kinetic of ACP which is precursor to HAP is a surface controlled process 

(Hartley et. al, 1997) observed that precipitation occur where high pH gradient exist, normally found 

near the algae cell because during the photosynthesis pH is increased via photosynthesis of algae.  

 

 

2.3.1. Effect of Carbonate in calcium phosphate precipitation 

High carbonate concentration was conjectured as the main problem for the crystallization of calcium 

phosphate in a pilot wastewater treatment plant in Darmstadt-Eberstadt Sewage Treatment Plant, 

Germany (Driver et.al, 1999). 

 

The formation of calcite is considered to be the main reason since it has more saturation index than 

calcium phosphate when carbonate concentration is high. The studies conducted by Van der Weijden, 

et al (1997) and Lin & Singer, (2005) have demonstrated that for a same degree of supersaturation the 

calcite precipitation increased with increase in carbonate anion /calcium cation ratio of the solution. This 

finding contradicts the fact that supersaturation is the only parameter of precipitation kinematic.   

  

 John F. Ferguson, (1973) demonstrated that it is possible to achieve phosphate residual of below 2 mg/l 

by calcium phosphate precipitation at pH below 9.It has been observed by Ferguson that a period of very 

slow precipitation which is an induction period is followed by rapid precipitation and then further slow 

precipitation as the reactant (phosphate) approaches equilibrium value, co. 

During the induction period, the reactant concentration change and then a crystal growth period occur 

where reactant concentration falls exponentially towards an equilibrium level. The rate of crystal growth 

depends on two variable which are the availability of surface area and concentration of limiting reactant. 

This can be described by the below equation. 

 

∂c

∂t
=-k*s*(c- 𝑐𝑜 )n  

 

 

where 

n =order of reaction 

s =available crystal surface area 

c =concentration of the limiting reactant 

co =equilibrium concentration, and 

t =time from the end of the induction period 
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John F. Ferguson, (1973)suggested that bicarbonate concentration led to an increase in induction period 

and therefore subsequent decrease in the removal rate of phosphate. This effect could be empirically 

incorporated in rate equation a follows. 

𝜕𝑐

𝜕𝑡
=
−𝐾′

𝐶𝑂3𝑇
𝑐𝑛 

 

  where ,  K’=K CO3T 

   CO3T=bicarbonate concentration at temperature T. 

 

Also decrease in calcium phosphate crystallinity was observed by with increasing bicarbonate 

concentration.  

Experimental testing of theses prediction was conducted by  John F. Ferguson, (1973) in 4 L reactor 

followed by 1 L capacity settling tank. The reactor was fed with CaCl2, NaHCO3, NaOH, Na2HPO4   

having an initial concentration of carbonate (1.3mM), calcium (2Mm), PO4
-3=0.25mM and T=25oC was 

maintained. When the initial pH was maintained at 7.2, 7.8 and 8.1, phosphorus residual concentration 

of 0.086, 0.061 and 0.053mM was reported. At pH 8 when initial bicarbonate increased from 1.3 to 

7mM it resulted in increase in phosphate residual from 0.053 to 0099mM. An increase in efficiency of 

phosphate removal was observed when mixing condition was changed from CSTR to plug flow. 

 

Organic matter can greatly decrease rate of calcium carbonate precipitation as observed by Chave & 

Suess, (1970) in ocean water. A similar retardant effect can be expected for calcium phosphate 

precipitation having high concentration of organic matter in algae bacteria consortium of PSBR. 

 

The induction period can be circumvented in a batch reactor which is completely mixed as the phosphate 

removal rate can be increased by increasing mass of precipitate in the reactor. Ferguson also found that 

large particle formed by agglomeration of many very small crystals. There was no evidence from 

electron microscopy or x ray diffraction that large crystal are formed. Thus highlighting kinetics of the 

process are mostly surface controlled.It was also observed by Reddy, (1977) and  Grases & March, 

(1990) that phosphate get adsorbed to the calcite crystal growth site and inhibit calcite precipitation. 

Thus reducing both rate and extent of calcite precipitation between pH 7 and 9 directing calcium to 

particulate in calcium phosphate precipitation.  

 

Bruke,(2016) has removed phosphate in wastewater through calcium phosphate precipitation with 

elevated pH and reduced alkalinity through consumption of bicarbonate/carbonate by autotropic 

microorganism in a proprietary system. The proprietary system schematic is shown Figure 4. 



24 

 

 
Figure 4 Schematic of phosphorus recovery and removal from liquid scheme 

 

2.4. Phosphorus uptake by algae 

 

Phosphorus has a typical gravimetric share at approximately 0.9% in dry weight of natural microalgae 

using the Redfield Ratio(C:N:S:P) of 106:16:1.7:1 (gravimetric ratio 41:7.2:1.75:1)(Alfred C. Redfield, 

1958).The gravimetric share of P in dry weight can reach up to 1.8% in microalgae fed by swine 

manure(Kebede-Westhea.et al, 2006) and can even go up to 4% phosphorus in dry weight of algae as 

reported by (Powell,et.al 2011). This trait of luxury uptake (P retention) can be used for phosphorus 

removal in wastewater treatment(Boelee, Temmink, Janssen, Buisman, & Wijffels, 2011). 

 

Algae can take up inorganic phosphate (Pi) directly from environment(Atlas, et.al 1976) which depend 

on both nutritional status (nutritional history) and algae growth rate(Cembella, et.al 1982). Extracellular 

or cell wall bound phosphatase enzyme decompose more complex bioavailable P compound to inorganic 

phosphate. The inorganic phosphorus spontaneous diffusion across the lipid layer of algae cell 

membrane is prevented due to its negative charge. There are two mechanisms by which inorganic 

phosphorus uptake takes place across the plamalemma. The first mechanism is the over compensation 

or “overshoot” (Cembella et al., 1982) which occurs when pre starved algae cells are exposed to P rich 

environment. Accumulation of acid soluble polyphosphate occurs which is light dependent and rapid as 

a result of transfer(Aitchison & Butt, 1973).In the second mechanism, luxury uptake happens when Pi 

is abundant and no pre starvation is required (Eixler et.al, 2006).Due to unstable P availability luxury 

uptake evolved as an adaptation of micro algae. 

 

Phosphorus retention  in algae cells is in form of polyphosphate and also play a central role in many 

biological processes as it serve as an internal P storage which cells can use when needed (Rasala & 

Mayfield, 2015). Phosphorus uptake and storage are energy requiring processes that require sufficient 
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light to drive photosynthesis under autotropic conditions. The ATP generated during cyclic electron 

flow around Photosystem I, provides major source of energy for Pi uptake in photophosphorylation 

(Cembella, et.al 1982). 

  

 
Figure 5 A schematic representation of different P pools and fluxes inside and outside of an algae 

cell(Solovchenko, et.al , 2016) 

 

Miyachi (Miyachi,et.al 1964; Miyachi & Miyachi, 1961) have differentiated polyphosphates in at least 

four fractions in algal cells which are A,B,C and D .The acid soluble polyphosphate fraction are A and 

C that are generated when light and Pi area abundant and can transfer Pi to protein and DNA. The acid 

insoluble polyphosphate fraction are B and D which cannot be used readily used but act as a reservoirs 

in absence of external Pi. Increasing the light intensity induces a decline in the acid-soluble 

polyphosphate but has no significant effect on acid-insoluble polyphosphate(Brown & Shilton, 2014). 

This is probably due to rapid division of cells in high irradiance leading to consumption of acid soluble 

polyphosphate for biosynthesis of cellular constituents at a higher rate than the polyphosphate 

replenishment. Under carbon limitation condition photosynthesis is getting hindered even though there 

is plentiful irradiance. Hence slowed cell growth and cell division is observed but increased 

polyphosphate content per cell weight occurs suggesting luxury uptake of inorganic phosphate. When 

energy that cells cannot use for linear photosynthetic energy transfer, it is probably directed to luxury P 

uptake provided sufficient inorganic phosphate is available(Cembella et.al, 1984). 

 

The general consensus in the literature is that the algae biomass will contain a higher proportion of 

phosphorus when there are higher concentrations of phosphate in the medium and that this occurs over 

a wide range of phosphate concentrations (Aitchison & Butt, 1973; Powell et.al , 2006) .However, it 

was demonstrated by Nicola Powell et.al (2009) that the luxury uptake by microalgae consortium is 

independent of phosphorus concentration in the medium when the concentration is in the range of 5-
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30mg L-1 P . They also demonstrated that luxury uptake occurs in form of acid soluble polyphosphate 

below 15mg L-1 P and above that acid insoluble polyphosphate accumulation occurs. 

 

In the pond environment there are many fluctuating factors making the P transformation process 

complex and development of luxury P uptake process challenging. However Photo bioreactor allows as 

a closed system, use of engineered algal strains, energy efficient design supporting intensive cultivation, 

fine tuning of illumination intensity, mixing rate and temperature based on understanding of luxury 

uptake by microalgae cells leads to high potential for P removal > 90% ((Posadas et al., 2014; N. Powell 

et al., 2011). 

 

2.5. Enhanced Biological Phosphorus Removal 

 

Phosphorus takes 1-2% of microorganisms’ dry mass in general. It is an essential element of DNA 

(Deoxyribonucleic acid) that stores genetic information of organisms. It is also an important constituent 

of ATP (Adenosine-5′-triphosphate) that is an essential component of energy metabolism. Phosphorus 

exists in wastewater as orthophosphate (PO4
3-), polyphosphate, organically bound phosphorus, etc. 

Around 6 mg of P is removed per g COD in raw wastewater by assimilation mechanisms in typical 

conventional activated sludge (CAS) process treating municipal wastewater, which corresponds to 25-

50 % of total incoming P (Haandel & Lubbe, 2007). 

 
Figure 6 A schematic representation of phosphorus accumulating organism 

 

Additional phosphorus can be removed by enriching phosphorus-accumulating organisms (PAO) in 

microbial population using enhanced biological phosphorus removal (EBPR) process. PAO is a group 

of bacteria that can accumulate phosphorus in cell mass at the level much higher than 1-2 %, i.e. up to 

38% (Haandel & Lubbe, 2007). 
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 The metabolism of PAO is depicted in Fig. 6. In aerobic condition, PAO uptakes excess phosphorus 

and stores it as polyphosphate in the cell mass using the energy from the heterotrophic oxidation of 

organic materials (BOD/COD). If PAO is exposed to anaerobic condition, where little molecular and 

combined oxygen molecules are available, it obtains energy from the hydrolysis of the accumulated 

polyphosphate to uptake volatile fatty acids (VFA) as poly-hydroxyalkanoates (PHA) and poly-

hydroxybutyrates (PHB).The phosphorus is removed in the EBPR process from wastewater through 

accumulation in the heterotrophic bacteria present in biomass. EBPR process is technically more 

complicated than chemical P removal but is the most investigated process due to its widespread 

application(Martín et al., 2006) especially in agriculture as the sludge can be used as slow release 

fertilizer. Chemical phosphorus recovery can be combined with EBPR to recover phosphorus in form of 

struvite after anaerobic digestion of EBPR sludge(Wilfert, et.al , 2015). 

 

2.6. Biological nitrogen removal 

 

Ammonia causes eutrophication in natural water environment and toxic to the aquatic life. 

In a nitrogen removal process, the nitrification step in which ammonia in wastewater is oxidized to 

nitrate by autotrophic nitrifiers is essential, since it is the perquisite to denitrification in which nitrate 

produced from nitrification is reduced to N2 gas, which is ultimately removed from water.  

it takes considerable time for the autotrophic nitrifying bacteria to return to their normal state, comparing 

to heterotrophic organic-oxidizing bacteria. 

For biological nitrogen removal sequence of both nitrification and denitrification is necessary(Spanjers, 

Vanrolleghem, Olsson, & Dold, 1996). The nitrification process is considered to be the most vulnerable 

in activated sludge process since there are many factors which are interconnected. The nitrifying bacteria 

are characterized by two distinct properties: slow growth rate and vulnerability to toxic compounds. 

Nitrification is comprised of two stages which are ammonia oxidation and nitrite oxidation. The 

ammonia oxidation is performed by ammonia oxidizing bacteria (AOB) or Nitrosomas group which 

oxidizes NH4
+ to NO2

--N. The nitrite oxidation is performed by the nitrite oxidizing bacteria (NOB) or 

Nitrobacter group that convert NO2
--N to NO3

--N . 

 

Jiménez,et. al (2011) observed that NOB where strongly affected by low pH(<6.5) but no inhibition was 

observed for pH range of 7.5-9.95. Whereas observed Jiménez,et. al (2011) that the AOB are very 

sensitive to pH. Claros et al., (2013), reported that optimal pH for the AOB to function was in the range 

of 7.4-7.8 and showed high inhibitory effect at high pH.  

 

Under normal conditions, nitrifiers consume more oxygen to oxidize NH4
+ to NO2

- or NO3
- than 

heterotrophs do to oxidize organics to CO2; thus, 4.2 mg oxygen is required for oxidizing 1 mg NH4
+ 

oxygen consumption rate (also called oxygen uptake rate (OUR)) has been utilized for directly assessing 

the activity of nitrifying activated sludge. Practically speaking, oxygen consumption by nitrification 

processes accounts for approximately 40% of the total oxygen demand in an advanced WWTP(Spanjers 

et al., 1996))To monitor the two group in nitrification, decrease of substrate NH4
+and increase in NO3

-

.Nitrification monitoring in the algae bacteria consortium using oxygen uptake rate (OUR) 
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2.7. Artificial illumination 

Light energy can be provided with natural or artificial illumination. Sun provides natural illumination 

but it has light/dark cycle and illuminations vary during the day. By using artificial illumination, the 

fluctuation in irradiance can be prevented. The photo bioreactor with artificial illumination makes it 

possible to grow algae strain under well controlled physios-chemical conditions. In horticulture the 

artificial illumination is been used for the past few years, based on the broad experience three types of 

lamps are identified which are: florescent tubes, high pressure sodium lamps and LED. The PAR 

efficiency of the three lamps are shown in table  

 

Table 2 Overview of various light sources (Blanken.W et.al ,2013) 

S.No Lamp Type PAR efficiency 

(µmol.ph s-1W-1) 

1 Florescent lamp 1.25 

2 High pressure sodium vapor lamp(HID) 187 

3 LED 1.91 

 

 The PAR efficiency of HID and LED is similar, but HID has attained maximum PAR technical 

efficiency whereas LED is continuously improving.  LEDs are therefore preferred choice for artificial 

illumination. Light emitting diodes (LEDs) since 1980’s has significantly enhanced efficiency and have 

been proposed as a primary light source for bio generative life support system. Their energy efficiency 

has opened new perspectives for optimizing the energy conversion. LED marks a great advancement 

over existing indoor agriculture lighting since it allowed control of spectral composition and adjustment 

of light intensity to simulate the changes of sunlight intensity during the day. Low radiant heat output is 

produced with high light levels and also maintain useful light output for years. 

 
Figure 7 Spectrum absorption efficiency of Chlorophyll a and b(Raven et al. 1976) 
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In algae photosynthesis pigment play an important role as they capture energy from light. The 

chlorophylls are the most important and widespread found in all photosynthetic eukaryotes and 

cyanobacteria. The photosynthetic pigments found in green algae are Chlorophyll a and b, α-,β-,γ-

carotenes and several xanthophyll’s(Bold and Wynne,1976). The adsorption spectrum of chlorophyll a 

and b is shown in Figure 7. As it can be seen the algae can employ all photons in the PAR range (400nm 

to 700nm) with high absorption efficiency in 400-500nm(blue light) and 600-700nm(red light). 

According to Plank’s relation, blue light emits less photon per watt as compare to red light.  Therefore 

utilizing certain spectrum will lead to less energy consumption to oxygenate the photo sequencing 

reactor where algae bacteria consortium is been used.  
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CHAPTER  

3. METHODOLOGY 

3.1. Conceptual Framework 

 

The conceptual framework of study is divided into two phases with two reactors been operated 

simultaneously. The photo sequencing batch reactor (PSBR) which are Reactor 1 and Reactor 2 were 

operated with a 12-hour cycle per day and other 12hr the reactors were not stirred and no illumination 

(Dark Phase). Both the reactors were initially inoculated with the same consortia of algae and bacteria. 

In Phase 1, both the reactor were kept at controlled 7.3 pH for an entire react time of 11hr.The synthetic 

wastewater been fed in Phase 1 had the following characteristics: 100 mg N-NH4
+/L, 15 mg P-PO4

-3/L, 

64 mg Ca+2 /L and 819 mg CaCO3/L . 

 

In Phase 2, Reactor 1 was kept at 7hr of controlled pH and the 4hr of uncontrolled pH whereas Reactor 

2 was kept at controlled pH(7.3) for the entire react stage. This was done to study the effect of increase 

in pH in the nitrification process. Phase 2 was further sub divided into sub phases based on wastewater 

characteristics. The wastewater characteristic for phase 2a was: 50 mg N-NH4
+/L and 15 mg P-PO4

-3/L, 

64.2 mg Ca+2 /L concentration was maintained. The alkalinity was varied to 819, 1219 and 1619 mg 

CaCO3/L. For Phase 2b the wastewater characteristics are: 50 mg N-NH4
+/L, 15 mg P-PO4

-3/L, 1619 mg 

CaCO3/L and 13 mg Ca+2 /L. In Phase 2b both the reactors were dosed with CaCl2 at the end of the react 

time. The alkalinity consumption, ammonium removal rate and TSS were studied in all the stages. The 

phosphorus concentration in the influent and effluent was also analyzed in Phase 2b.  

 

 

3.2. Preparation of experiment 

 

3.2.1. Synthetic wastewater 

The synthetic wastewater mimics the effluent coming from anaerobically digested wastewater and 

similar to the medium used by (Fredy, 2013) in his study of nitrification in Photo sequencing batch 

reactor. Ogawa solution was used and applied to the medium as trace element source. The detailed 

composition of Ogawa solution is shown in Table 4 . 

 

The synthetic wastewater’s ammonia, alkalinity and calcium concentration were varied in differed 

phases for Phase 1,2a and 2b as shown in Table 3. In Phase 2a, ammonia concentration was decreased 

to 50 mg N-NH4
+/L. In Phase 2b, calcium concentration was decreased to 13 mgCa+2/L. 
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Table 3 Synthetic wastewater used as influent for PSBRs during Phase 1 and 2 

Compound 

Conc.(mg/l) 

Phase 1 Phase 2a Phase 2b   Phase 1 Phase 2a Phase 2b 

Sodium Acetate  (COD Source) CH3COONa 95 95 95 
COD               

(mg O2/L) 
230 230 230 

Citric Acid C6H8O7.H2O 6.6 6.6  6.6         

Ammonium Chloride NH4Cl 382 191 191 
Ammonia 

100 50 50 
(mg N-NH4

+/L) 

Di potassium phosphate K2HPO4 84 84 15 
Phosphorus 

15 15 15 
(mg P-PO4

-3/L) 

Magnesium Sulphate MgSO4.7H2O 75 75 7.4 mg Mg+2/L 7.4 7.4 7.4 

Calcium Chloride CaCl2.2H2O  236 236 13 mg Ca+2 /L- 64.2 64.2 13 

Sodium Bicarbonate NaHCO3 1344 

1344 
1600 

  
Alkalinity           

(mg CaCO3/L) 
800 

800 
1600 

2016 1200 

2688 1600   

Ferrous Sulphate FeSO4.7H2O 3.4 3.4           

Sodium Carbonate Na2CO3 20 20 20 
 Alkalinity 

18.87 18.87 18.87 
(mg CaCO3/L) 

Sodium Metasilicate Pentahydride Na2SiO3.5H2O  44.8 44.8           

Ethylene diamine tetra acetic acid, 

disodium dihydrate 
Na2EDTA.2H2O 1 1       

  
  



32 

 

 

Table 4 Ogawa Trace element solution 

 Compounds Conc.(mg/l) 

1 H3BO4 3.5875 

2 MnCl2.4H2O 1.810 

3 ZnSO4.7H2O 0.220 

4 CuSO4.5H2O 0.080 

5 (NH4)6Mo7O24.4H20 1.288 

6 CoCl2.6H2O 0.034 

7 NiCl.6H2O 0.043 

8 KI 0.180 

 

3.3. Microalgae cultivation 

The algae used in the PSBR was cultured by taking inoculum from surface pond water of Asian Institute 

of Technology, Phathumthani, Thailand which has a mix of different algae species. The algae is initially 

adapted and enriched with synthetic wastewater (BG-11 Modified) with alkalinity of 800 mg/l as CaCO3 

in PW/WW ratio of 3:7 in 250 ml volumetric flask under LED light illumination of 100 μmol/m2/sec as 

shown in Figure 3. The culture is stirred with magnetic stirrer and allowed to attain concentration 1200-

1000mg TSS/l which took 30 days. 

 
Figure 8 Algae culture using LED lights 
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3.4. Light Source 

Both the PSBRs were illuminated with LED light as artificial light source having wavelength of 600-

700nm which is red in color. The LED light source had an intensity of 30μmol/m2/sec during Phase 1 

and the light intensity was increased to 100 μmol/m2/sec in Phase 2b during the latter part of the react 

period using PWM from the Arduino controller connected to it. The illumination intensity and its 

operation is controlled by raspberry pi (Slave Arduino-Raspberry Pi Master) which apart from data 

logging also controls the entire operational cycle. The light source of specific wavelength is chosen to 

promote photosynthesis, producing oxygen with less energy consumption. The illumination of two 

reactor using red light as source is shown in Figure 9 below. 

 

 
Figure 9 PSBRs illuminated using red led light during react stage 

 

3.5. Lab Scale Photo Sequencing Batch Reactor (PSBR) 

A 1 L continuous stirred tank reactor cylindrical in shape made of Plexiglas was used in order to allow 

light penetration and reach biomass. The reactor received a light intensity of 100 or 33.5 μmol/m2/sec 

which was measured using quantum meter (Apogee Instruments Model No.-MQ 200).The light intensity 

in both the reactors depends on the operating condition for different phases as mentioned in Table 5. 

The PSBR is equipped with pH controller (Arduino based pH controller) that injects solution of HCl 

(0.1 N HCl when pH exceeds pH set point). 

 

An automatic feeding system (peristatic pump) and agitation by magnetic stirrer were also implemented 

in both the Reactors. The pH controller continuously monitored the pH, temperature and acid addition 

which were logged using Raspberry Pi. The pH controller (Slave)  used in Reactor 1 and Reactor 2 was 

controlled by Raspberry Pi(Master) which was programmed based on operating condition of different 

phases. Both photo sequencing batch reactor (PSBR) were operated with one 12hr cycle per day.The 

operational cycle of Reactor 1 and 2 during different stages is shown in Table 5.The detail operation 

cycle of Reactor 1 in Phase 2a is shown in Figure 11 and for Reactor 2 is shown in Figure 12. 
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Figure 10 PSBRs Setup during the study period

Reactor 1 
Reactor 2 

Reactor 1 
Reactor 1     

pH controller 
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Table 5 Detail of operational cycle in PSBRs 

a.      Reactor 1:  Phase 1(30 Days) 

Duration(hours) 0.25 11 0.5 0.25 

Stage: Feed React Settle Decant 

pH Controller Off On Off Off 

  Dark Light Phase Dark 
               

b.      Reactor 1:  Phase 2a(6 Days) 

Duration(hours) 0.25 7 4 0.5 0.25 

Stage: Feed React Settle Decant 

pH Controller Off On Off Off Off 

  Dark Light Phase Dark 
               

c.       Reactor 1:   Phase 2b(10 Days) 

Duration(hours) 0.25 7 4 0.5 0.25 

Stage: Feed React Settle Decant 

pH Controller Off On Off Off Off 

  Dark Light Phase       Dark 
               

d.      Reactor 2:  Phase 1(16 Days) and Phase 2a(6 Days)  

Duration(hours) 0.25 11 0.5 0.25 

Stage: Feed React Settle Decant 

pH Controller Off On Off Off 

  Dark Light Phase Dark 

               

e.      Reactor 2: Phase 2b(10 Days)  

Duration(hours) 0.25 11 0.5 0.25 

Stage: Feed React Settle Decant 

pH Controller Off On Off Off 

  Dark Light Phase Dark 

                           

CaCl2 Addition 

CaCl2 Addition 
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Figure 11 Phase 2b: Operation Cycle of Reactor 1 
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  pH Controller: Off 

pH: 9.0  Mixer: Off

  

Stage:           Settle 
Start Time:   11.25 hr 
Duration:     30 mins 

  pH Controller: Off 

pH: 9.0  Mixer: ON

  

Stage:          CaCl2 Addition &   

Removal of Mixed Liquor 
Start Time:   11.15 hr 
Duration:     10 min 
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Figure 12 Phase 2b: Operation Cycle of Reactor 2 

  pH Controller: Off 

pH: 8.1  Mixer: Off

  

Stage:          Feed 
Start Time:  0 hr 

Duration:    15mins 

  pH Controller: ON 

pH: 7.3  Mixer: ON

  

Stage:         React 
Start Time: 0.25 hr 
Duration:    7hr 

  pH Controller: ON 

pH: 7.3  Mixer: ON

  

Stage:           React 
Start Time:   7.25 hr 
Duration:     4hr 

  pH Controller: Off 

pH: 7.3  Mixer: Off

  

Stage:          Decant 
Start Time:  11.75 hr 
Duration:     15mins 

  pH Controller: ON 

pH: 7.3  Mixer: Off

  

Stage:           Settle 
Start Time:   11.25 hr 
Duration:     30 mins 

  pH Controller: Off 
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3.6. Sampling  

The two photo sequencing batch (PSBR) reactor were operated for a 12hr cycle per day. Intermittent 

sampling of both the reactor was carried out at certain defined interval as shown in the Table 6 below.  

 

Table 6 Sampling Schedule during different phases 

  

Sampling Time(hr) 

Alkalinity Ammonia Phosphorus Calcium Nitrate 

pH 

Temp 

DO 

Conductivity 

(mg 

CaCO3/L) 

(mg N-

NH4+/L) 

(mg P-PO4
-

3/L) 

(mg 

Ca+2/L) 
 (oC) (mS/cm) 

Phase 1 0,3,6,9,12 0,3,6,9, 12 0,12 -  

Continuously 

Monitored 

0,3,6

,9,12 
0,12 Phase 2a 0,2,4,6,11 

0,2,4,6, 

11 

0,1,2,3,4,5,6

, 

7,8,9,10,11, 

12 

  

0,12 
 

Phase 2b 0,2,4,6,11 
0,2,4,6, 

11 
0,11,11.5 0,12 12 

 

The analytical methods been used are shown in Table 7 below. 

 

Table 7 Analytical Methods 

         

 

  

S No Parameter Analytical Method  

1 pH pH meter 

2 DO DO meter 

3 Temperature Temperature sensor 

4 NH4
+-N Distillation Method 

5 NO3
--N Spectrophotometer 

6 HCO3
-1 Titration with H2SO4 and indicator bromo cresol green methyl red 

7 PO4
-3 Ascorbic Acid Test 

8 TSS Dried at 105oC 

9 VSS Dried at 105oC and ignited at 550oC 

10 Light Intensity Quantum Meter 

11 Conductivity Conductivity meter 
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3.7. Modelling Chemical Speciation 

 

For modeling the chemical speciation, MINTEQA2--a computer program for calculating aqueous 

geochemical equilibria developed by U.S. Environmental Protection Agency was used. The distribution 

of an element among different chemical species in a system is called Chemical speciation. It plays an 

important role in knowing the full speciation of a chemical in order to predict the behavior of the system 

.It is generally not possible to determine a speciation analysis using analytical chemistry methods alone. 

Thus utilizing chemical speciation models in conjunction with analytical methods are used in 

determination of chemical speciation. 

Morel and Morgan 1972 has described in detail the multicomponent thermodynamic speciation 

modelling and has subsequently in cooperated into publicly available software such as MINTEQ. The 

components are selected such that no component can be formed by a combination of other components 

and all species can be formed by the components. Thus mass balance for each component can be written 

and interrelationship among different components can be defined using mass action equation. 

 

The components which are used in MINTEQ software are CH3COO-,Na+,Cl-,NH4+,K,PO4-3,Mg,                       

SO4-2,Ca+2,CO3-2,Fe+2 and H+. 

The total concentration of each component in the system which is generally measured analytically 

equals the mass balances. Thus mass balance can be defined as 

Mj =∑ 𝐴𝑖𝑗
𝑥𝑖

у𝑖

𝑁
𝑗=1   

Where 

Mj is total mass of component j 

Aij is the stoichiometric coefficient giving the number of moles of component j in species i 

xi is the activity of the aqueous species i 

уi is the activity coefficient of species i 

N is the number of components 

 

Whereas the equilibrium constant (K) define the mass action equations which ca be defined as  

xi=𝐾𝑖∏ 𝑐𝑗
𝐴𝑖𝑗𝑁

𝑗=1  

where  

Ki is the equilibrium constant for species i 

The formation constant have been used from Joint Expert Speciation System (JESS) thermodynamic 

database (May, 2000; May and Murray, 2001).It should be noted here that speciation modelling is 

highly informative but it involves significant uncertainties (Nitzsche et al., 2000).Based on the aqueous 

phase speciation, the precipitation model has been developed to determine precipitate concentration. 

The solid species been considered are calcium phosphate and calcite.  
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The main model considerations are: 

 

1. In aqueous phase the chemical equilibrium is quickly achieved in acid-base and ion pairing 

reaction. This assumption reduce simulation time (Rosen 2005) allowing determination of 

chemical equilibrium from set of algebraic equation. These equation depend on equilibrium 

constant for each reaction. 

2. The solid formation reaction tend to equilibrium limited by rate of the process, but the model 

considers to be a fast reaction equilibrium thus overestimating considerably the precipitation. 

Visual MINTEQ software was used which run on MINTEQA2 engine to model the aqueous 

phase. 

 

 

3.8. Calculations 

3.8.1. Alkalinity Mass Balance 

 

In PSBR the alkalinity consumption of the algae bacteria consortium occurs due to algae photosynthesis 

and nitrification by autotrophs. During the algae photosynthesis, bicarbonate is been consumed by algae 

to produce oxygen which increases the pH in the reactor. Since pH controller is been used to control 

the pH at a set point pH of 7.3, 0.1 N HCL was been dosed whenever pH exceeds the limit. The addition 

of 0.1 HCl consumes the alkalinity in the mixed liquor of reactor. Mass balance of alkalinity was been 

done to calculate actual alkalinity consumption rate of algae bacteria consortium.  

 

 Total Alkalinity(mol)= (Ve.Ca –Vx.Cab)/1000       

 or  (Alkact.(Vx +Vs) –Vx.Cab)/1000      

           

 Where:          

 Ve = Unknown volume of 0.02N H2SO4 to be added for Alkali metric end point (ml) 

 Vx = Volume of 0.1N HCL added to achieve set point pH of 7.3 (ml)  

 Ca = Concentration of Standard Acid (0.02N H2SO4)  [mol/L]   

 Cab =Concentration of acid used in pH controller (0.1N HCL)   [mol/L]  

 Alkact  =Actual Alkalinity when 0.1 HCl was not added(mol/L)    

 Vs =Volume of Sample(ml)      
           

           

 Total Alkalinity(mol) ={ [HCO3
-]x + 2[CO3

2-]x +[A-]x + [OH-]x –[H+]x } . (Vx +Vs)/1000  

 or  (Alkmeas).(Vx +Vs)/1000       

           

 Where:          

 Vs =Volume of Sample(ml)      

 Vx = Volume of 0.1N HCL added to achieve set point pH of 7.3 (ml)  
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 [y]x =Concentration of species y after addition of x ml of 0.1 N HCL (mol/L)  

 Alkmeas =Alkalinity measured(mol/L)      

           

   

(Alkact.(Vx +Vs) –

Vx.Cab)/1000 = (Alkmeas).(Vx +Vs)/1000    

           

   Alkact.(Vx +Vs) = (Alkmeas).(Vx +Vs)+Vx.Cab    

     

 

   

   Alkact =    

        

   Since Vx is much smaller than Vs     

    

 

        

  Therefore Alkact =       

           

     

 

   

   Alkact (mg CaCO3/L) =    

        
 

3.8.2. Ammonia Mass Balance 

 

The initial concentration of ammonia in the PSBR is the average of ammonium concentration of 

effluent from the previous cycle and influent. The procedure to calculate the mass balance has been 

taken from (Karya et al., 2013).  

 

     Calculated/measured as follows 

Input      

Initial Ammonium-nitrogen (a) ((NH4
+-N)feed reservoir+(NH4

+-N)effluent)/2 

 

Production and output   

Nitrate formed (b)   [NO3
-N] maximum observed during react phase-[NO3

-N] effluent/2 

Ammonium uptake by nitrifiers(c ) Based on nitrogen content of biomass formed according to Eq 4 

Ammonium uptake by algae (d) d=a-b-c 

 

 

  

Alkmeas.(Vx +Vs)+Vx.Cab 

Vx +Vs
 

Alk
meas

.Vs+Vx.Cab 

V
s

.50,000 

Alkmeas.Vs+Vx.Cab 

Vs
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3.8.3. Minimum Sludge Retention Time 

 

The minimum SRT was calculated(Henze, M,.et. al, 2008) as show below: 

 

 

SRTM=
𝑆

µ𝑚𝑎𝑥−𝑏𝐴.𝑆
 

where  

 s =Factor of safety 

 µ𝑚𝑎𝑥 = Maximum specific growth rate of Nitrifiers at 32 0C 

 𝑏𝐴 = Endogenous Respiration Rate for Nitrifiers at 32 0C 

 

       

  Influent Temperature= 32 0C   

  Factor of Safety,s= 2    

  

Endogenous Respiration Rate for Nitrifiers at 20 
0C,bA20= 0.04 /day  

  

Endogenous Respiration Rate for Nitrifiers at 32 
0C,bA32= 0.056 /day  

       

 

Assumptions: Reference (Henze et. al, 2008)  

  Maximum specific growth rate of Nitrifiers at 20 0C= 0.450 per day  

  Maximum specific growth rate of Nitrifiers at 32 0C= 1.810 per day  
       

  

Minimum SRT required when operated in continuous 

reactor = 2.52 or 3.00 Day-1 

       

 

Since Reactor is Sequencing Batch Reactor (SBR) with 12hr cycle per day with only 6hr of 

nitrification occurring during the react stage. 
 

 

 

The minimum SRT was therefore multiplied by factor 4 : (24/6)=4  

  Hence, Minimum SRT required for PSBR= 12 Days-1 
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CHAPTER  

4. Result and Discussion 

 

4.1. Reactor 1 and 2: Biomass growth and environmental conditions 

 

Two Photo Sequencing batch reactor [PSBR] were setup, the algae and sludge used to form algae 

bacteria consortia is shown in Figure 13 and its composition is shown in Table 8. 

 
Figure 13 Algae Bacteria-Initial Composition 

 

Table 8 Composition of Algae Bacteria 

Particular 
Volume  TSS  VSS  ISS  

ml mg/l mg/l % mg/l % 

              

Algae 150 4312 644.4 15% 3667.6 85% 

Sludge 350 3540 2282.5 64% 1257.5 36% 

Actual             

Algae-Bacteria 

Consortia 1000 1997.5 570 29% 1428 71% 

 

Initially both the reactors were fed with synthetic wastewater and operated for 12hr cycle per day with 

11hr react time. In both the reactors pH controller was used at set point pH of 7.3 during Phase 1 which 

led to the formation of a well-settling flocs. The formation of flocs can be seen in Figure 14. During 

the study period no pure bacterial biomass aggregates were observed possibly because bacteria got 

attached to algae biomass or because small aggregates were washed out during decanting steps in the 

startup phase of operation. The majority of the biomass settled within 15 minutes, leaving relatively 

clear supernatant and low TSS. Thus algae-bacterial biomass indicated good settling ability.  

Sludg Algae Algae-Bacteria 

Consortia 
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Figure 14 Algae bacteria flocs formation during the study Phase 1[30],Phase 2 

  

The different operating conditions in phase 2 for the two PSBR as mentioned in Table 5  were 

maintained in the experimental study to evaluate the negative effect on the nitrification capacity of the 

algae bacteria consortia. The ammonium removal rate and alkalinity consumption rate in both the 

reactor was calculated in every phase by taking intermittent samples at defined intervals.  

An SRT of 20 days was maintained in Phase 2 for both the reactors having 1 L capacity by removing 

50ml of Mixed Liquor Suspended Solids (MLSS) at the end of the react stage in every cycle. Whereas 

no MLSS was removed at the end of the react stage during Phase 1 so as to prevent washout of nitrifiers 

from PSBRs. The average temperature during the react stage was 32° C .The TSS and VSS average 

concentration of mixed liquor inside the Reactor 1 is shown in Figure 15. Considering the entire 

operating time (Phase 1 and Phase 2) ,the TSS concentration of 1986±201mg/L and VSS concentration 

of 514±247mg/l were reported. The average VSS/TSS ratio in Reactor 1 was 26%. 

 

 

  
Figure 15 Suspended solids in Reactor 1 during Phase 1(30days), Phase 2a(6 days) and Phase 2b(10 Days) 
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Reactor 2 stopped nitrification on 13th day after the startup due to sludge accumulation in the pH sensor 

thus pH sensor reported higher value leading to increase in acid addition to control pH. This resulted 

in pH below 3 in Reactor 2 leading to the nonfunctioning of nitrifying biomass. Therefore Reactor 2 

was started again with the same consortia of algae and bacteria as used previously in Reactor 1.The 

results of suspended solids in form of TSS,VSS and ISS in Reactor 2 is shown in Figure 16 it should 

be noted here that the reactor lags by 14 days to Reactor 1 because of the unforeseen circumstance as 

mentioned above. Reactor 2 has a TSS concentration of 1716±390mg/L and VSS concentration of 

453±60mg/L. The average VSS/TSS ratio in Reactor 2 was 26%. 

 
Figure 16 Suspended solids in Reactor 2 during Phase 1(16days), Phase 2a(6 days) and Phase 2b(10 Days) 

 

 

4.2. Alkalinity Consumption rate 

 

The alkalinity in Phase 1,2a and 2b for Reactor 1 is shown in Figure 17 and Reactor 2 is shown in Figure 

18.The alkalinity in the mixed liquor of both the reactors was measured in mg CaCO3/L during Phase1 

and Phase 2a was plotted against time for 3 days. In Phase 2b, the alkalinity measured for 5 days was 

plotted. The alkalinity is only measured during the first 6hr react period when there was considerable 

alkalinity. During the react time 6hr to 11hr, the alkalinity normally lies in the range of 50-150mg 

CaCO3/L. Since 0.1N HCl was added by the pH controller to the PSBR which consumes the alkalinity, 

the actual consumption of alkalinity by algae bacteria consortiums is calculated by alkalinity mass 

balance. The actual alkalinity been consumed by algae-bacteria consortiums in different 

phases[1,2a,2b] after alkalinity mass balance for Reactor 1 is shown in Figure 19 and Reactor 2 is 

shown in Figure 20.The alkalinity mass balance for Phase 1,2a and 2b of Reactor 1 and 2 is attached in 

Appendix 1. 
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Table 9 Alkalinity consumption rate (mgCaCO3/L/hr) in PSBR 

  

Phase 1 Phase 2a Phase 2b 

Reactor 
1 

Reactor 
2 

Reactor 
1 

Reactor 
2 

Reactor 
1 

Reactor 
2 

 
Alkalinity consumption rate of algae bacteria consortiums 

(mgCaCO3/L/hr) 
1 65.83 59.17 86.25 71.25 114.14 81.72 

2 106.00 121.50 84.00 81.75 111.12 81.60 

3 73.50 50.50 60.25 61.50 113.92 108.53 

4         129.09 85.52 

5         137.97 92.72 

Avg. 81.78 77.06 76.83 71.50 113.06 90.62 

Stdev 21.32 38.73 14.41 10.13 11.70 11.29 

Std. Error ±40.21 ±73.04 ±27.16 ±19.10 ±17.94 ±17.31 

 

 

 

The alkalinity consumption rate of algae-bacteria for Phase 1, 2a, 2b in Reactor 1 and Reactor 2 is 

calculated by averaging the slope of the linear function derived from Figure 19 and Figure 20.              

Reactor 1 and Reactor 2 alkalinity consumption rate is shown in Table 9 during the study period. In 

Phase 1, very high standard deviation can be observed in alkalinity consumption rate indicating the 

algae bacteria consumption was unstable initially. Whereas in Phase 2a and 2b the deviation is low. 

The oxygen generated by algae photosynthesis is sufficient for heterotrophs to consume organic matter 

[COD: 230 mg O2/L] and autotrophs to carry out nitrification. The dissolved oxygen in the reactor was 

found to be around 2-3mg DO/L throughout the study period. The autotrophs also require inorganic 

carbon source in the form of bicarbonates for nitrification to occur. When the TSS concentration is 

high(>2g/L) the alkalinity consumption rate of the algae bacteria  consortia increases which lead to low 

availability of bicarbonates for the nitrification to occur during the latter part of the react stage(4-6hr).  

 

For the phosphorus removal via precipitation of calcium phosphate higher bicarbonate concentration 

decreases the removal efficiency. Thus biologically removing bicarbonates via algae photosynthesis 

and nitrification increases the phosphorus removal efficiency when pH is high. The low buffering 

capacity of the reactor, makes it very susceptible to pH change occurring due to nitrification (decreases 

pH) and algae photosynthesis (increases pH) when the pH is not controlled.  

 

During the Phase 2 of the study, Reactor 1 was allowed to increase the pH by switching off the pH 

controller after 7 hours of react time for 4 hours. During which reactor 1 was able to achieve pH of 

8.5(light intensity kept at 33 μmol/m2/sec) and pH 9 (light intensity kept at 100 μmol/m2/sec).It was 

observed that after 7hr of react time the alkalinity in the reactor is low(100-150mg CaCO3/L)  resulting 

in low buffering capacity of the reactor. Thus for a low consumption of bicarbonate via algae 

photosynthesis led to significant increase in pH.  
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It was found that maintaining an alkalinity above 80mg CaCO3/L after 7hr of react time leads to an 

increase in pH biologically after pH controller was switched off. Whereas, when the alkalinity was 

lower than 80mg CaCO3/L after 7hr react time in Phase 2, no increase in pH was observed. This 

highlights the importance of alkalinity consumption rate which determine the duration to keep pH 

controller on, to maintain minimum alkalinity for the pH to increase biologically. The pH controller 

should be switched off based on the alkalinity consumption of the PSBR for pH to increase biologically 

and achieve suitable condition for the calcium phosphate precipitation to occur. 

 

It should also be noted here that in Phase 2, the SRT of 20 days is maintained and the TSS concentration 

was also stable. However, there was an increase in the alkalinity consumption rate when the bicarbonate 

concentration in the influent was high. This can be observed with lower alkalinity consumption rate in 

both reactors (Reactor 1-76.83±27.16 mgCaCO3/L/hr; Reactor 2: 71.50±19.10 mgCaCO3/L/hr) during 

Phase 2a, whereas in Phase2b (Reactor 1-113.06±17.94 mgCaCO3/L/hr; Reactor 2: 90.62±17.31 

mgCaCO3/L/hr) showed higher consumption rate when bicarbonate concentration was higher. 

 

The alkalinity consumption rate is also important to ensure there is enough bicarbonates available for 

the nitrifying biomass to carry out nitrification in the reactor. PSBR having high TSS leads to high 

alkalinity consumption rate in reactor apart from high concentration of bicarbonates in mixed liquor 

affecting the alkalinity consumption rate. 
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Figure 17 Measured Alkalinity in Reactor 1 during the study period 
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Figure 18 Measured Alkalinity in Reactor 2 during the study period 
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Figure 19 Alkalinity consumption in Reactor 1 during the study period 
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Figure 20 Alkalinity consumption in Reactor 2 during the study period 
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4.3. Ammonium removal rate in PSBR 

The algae bacteria consortium in PSBR contain autotrophs which consume the bicarbonates to nitrify 

the ammonia to nitrates. The ammonia concentration of Reactor 1 in Phase 1,2a,2b is shown in Figure 

21 and for Reactor 2 is shown in Figure 22.In both the figures the ammonia concentration is in mg 

NH4-N/L plotted against time in hours for 3 days in Phase 1,2a and for 5 days in Phase 2b. Ammonia 

is removed through nitrification by converting ammonia to nitrates and also uptake by algae and 

nitrifiers for biomass. The ammonium removal rate measured encompasses all the three processes. 

  

The ammonium removal rate for Phase 1, 2a, 2b in Reactor 1 and Reactor 2 is calculated by averaging 

the slope of the linear slope derived from graph in Figure 21 and Figure 22 respectively as shown in 

Table 10. The pH in both the reactors was maintained at 7.3 using pH controller to facilitate nitrification. 

In Phase 1, the pH was controlled in both the reactors during the react time, whereas in Phase 2 the 

reactor 1 was kept at controlled pH, for first 7hr react time and for the next  4hr of react time, it was 

kept at uncontrolled pH. 

 

Table 10 Ammonium Removal rate in PSBRs 

  

Phase 1 Phase 2a Phase 2b 

Reactor 
1 

Reactor 
2 

Reactor 
1 

Reactor 
2 

Reactor 
1 

Reactor 
2 

1 3.31 3.69 3.08 3.64 3.78 2.52 

2 2.80 2.80 1.47 2.10 1.68 2.24 

3 1.96 1.96 2.33 3.03 3.82 3.88 

4         1.68 2.02 

5         3.19 2.24 

6         2.72 2.48 

Avg. 2.69 2.82 2.29 2.92 2.53 2.25 

St dev 0.56 0.71 0.66 0.63 0.63 0.19 

Std. 
Error ±1.05 ±1.33 ±1.24 ±1.19 ±0.93 ±0.28 
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Figure 21 Ammonium Removal rate in Reactor 1 during the study period 
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Figure 22 Ammonium removal rate in Reactor 2 during the study period 
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In Phase 2 it was noticed that when ammonia conc. is more than 20mg/L at the end of 5hr react period 

there was no increase in pH rather the pH dropped owing to the hydrogen ions produced due to 

nitrification. Typical graph of the pH for the above mentioned scenario is shown in Figure 23. 

 

 

 
Figure 23 Typical pH decrease graph observed due to nitrification 

 

 

Typical graph of increase in pH achieved biologically in Reactor 1 was show in Figure 27. The increase 

in pH was attributed to algae photosynthesis. The initial pH of the mixed liquor inside the reactor is 

8.2-8.4 due to high alkalinity in the influent which is later adjusted to set point pH by pH controller. 

Since the ammonia gets typically depleted after 7hour react time when the pH controller is switched 

off, the algae utilizes Nitrates as nitrogen source. 

 

Reactor 2 was kept at a controlled pH to compare the ammonia removal rate with Reactor 1 which 

achieved a high pH of 9.This was done to evaluate negative effect of increase in pH in the nitrification 

capacity of the PSBR. In phase 2b, the ammonium removal rate of Reactor 1 was 2.53±0.93 (p=0.1) 

and Reactor 2 was 2.25±0.28 (p=0.1), which indicates there is no negative effect in ammonium removal 

rate. However the ammonium removal rate is lower as compared to that reported by Karya et al., 

2013)where an ammonium removal rate of  3.2 to 8.1 mg NH4/L/hr was observed. It should be noted 

here that no pure culture of nitrifiers was added to the system thus high concentration of nitrifiers could 

not be expected in the inoculum. 

 Since 21-23mg NH4
+-N /L is observed in the mixed liquor at the start of the reactor in phase 2b 

considering stoichiometry of nitrification reaction 1 mole of NH4
+-N produce 0.98 mole of NO3

—N. 

An average of 26.3 NO3
—N mg/L was observed in Reactor 1 and 30.14 NO3

—N mg/L in Reactor 2 

during Phase 2b when the pH was increased to 9 and 8.5. The nitrate concentration of the effluent from 

Reactor 1 and 2 was plotted in Figure 24 for each day during Phase 2b. It can be clearly seen that there 

is no significant decrease in nitrate concentration thus supporting the above statement. 
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Figure 24 Nitrite Conc. in PSBRs during Phase 2b 

 

 

4.4. Effect of solution condition on precipitation of calcium phosphate 

Precipitation model has been developed using Visual MINTEQ to study the effect of solution condition 

on calcium phosphate precipitation. The precipitation calculation process conceptually first consist of 

the aqueous speciation and then determination of the precipitate concentration from speciation 

previously calculated. Each species is the product of the reaction involving only components. Thus the 

chemical representation is done using two characteristic variable which are species concentration 

(mmol L-1) and component concentration (mmol L-1) to adapt algebraic equation of the model to the 

equilibrium software (Visual MINTEQ).The concentration of each components in the mixed liquor of 

PSBR been observed at 0hr react time and 11 hr react time in Phase2a is shown in Table 12 and Table 

13.For Phase 2b, the same is shown in Table 14 and Table 15. The possible solid phase been considered 

with their specified log activity and enthalpy (∆𝐻) is shown in Table 11. The aqueous phase reaction 

model is calculated as a chemical equilibrium problem kept at a temperature of 30 °C which was the 

average temperature inside the reactor during the study period. The typical temperature profile in the 

reactor is shown in Figure 25. 

 

 
Table 11 Solid species: Specified log activity and Enthalpy 

Species Name Specified Fixed Log Activity Enthalpy(∆H) 

Calcite -8.48 -8 

Ca3(PO4)2 (am1) -25.5 -94 

Ca3(PO4)2 (am2) -28.25 -87 

Ca3(PO4)2 (beta) -28.92 54 

Ca4H(PO4)3:3H2O(s) -47.95 -105 

CaCO3xH2O(s) -7.144 -8 

CaHPO4(s) -19.275 31 

CaHPO4:2H2O(s) -18.995 23 
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The synthetic wastewater fed in Phase 2a is having following characteristic 50 mg N-NH4
+/L and 15 

mg P-PO4
-3/L, 64.2 mg Ca+2 /L ,alkalinity 1618.9 mg CaCO3/L .For Phase 2b, synthetic wastewater has 

following characteristic: 50 mg N-NH4
+/L, 15 mg P-PO4

-3/L, 1618.9 mg CaCO3/L and 13 mg Ca+2 /L.  

 

In Phase 2a at the start of the react time the aqueous phase reaction model was performed based on the 

concentration of components derived from Table 12. The pH calculated from mass balance was 7.72 

whereas the normal pH observed at 0hr React Phase 2a was 7.85-7.9.A charge difference of only 0.04% 

was found. The concentration and log activity of the aqueous inorganic species is shown in Table 16. 

The saturation index and mineral components is shown in Table 16. The calcium carbonate and calcium 

phosphate solid species where considered probable to precipitate in the model. The precipitate 

concentration calculated for calcite was 1.85m mol/L and Ca3(PO4)2(beta) was 4.79x10-3 m mol/L. The 

distribution of components between the dissolved and precipitated phases is shown in Table 18. It should 

be noted here that only 0.23 mmol/L of Ca+2 is dissolved in the reactor around 89% of calcium gets 

precipitated to calcite and calcium phosphate. Since calcite has a higher Log IAP than other calcium 

phosphate solid species therefore only 2% of phosphorus gets precipitated. This clearly indicates that 

carbonates are hindrance for phosphorus to be removed by precipitation as calcium phosphate. 

 

The aqueous phase reaction model was performed for Phase 2a at react time 11hr based on the 

concentration of components derived from Table 13. A pH of 9 is observed at 11hr react time which is 

achieved via algae photosynthesis wherein bicarbonate ions have been consumed. The carbonate 

concentration shown in Table 13 is the alkalinity observed at react time 11 and the hydrogen ion 

concentration have been lowered to achieve pH based on the mass balance done by chemical 

equilibrium software. Since only 10% of calcium is dissolved in the mixed liquor of PSBR at 11hr 

therefore only 28.7% of phosphate gets precipitated as Ca3(PO4)2(beta)  having concentration of 6.76E-

02 m mol/L, and no calcite precipitation was found. 

 

 

 
Figure 25 Typical Temperature profile during the study period
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Table 12 Phase 2a: Stoichiometric matrix components and species at 0hr React Time 

Species mMol/L CH3COO- Na+ Cl- NH4 K PO4 Mg SO4 Ca+2 CO3 Fe+2 H+ 

Sodium Acetate CH3COONa 1.7968 1 1                     

Citric Acid C6H8O7.H2O                           

Ammonium Chloride NH4Cl 1.8     1 1                 

Di potassium phosphate K2HPO4 0.482         2 1           1 

Magnesium Suplate MgSO4.7H2O 0.6             1 1         

Calcium Chloride CaCl2.2H2O  2.10     2           1       

Sodium Bicarbonate NaHCO3 14.5   1               1   1 

Ferrous Suplate FeSO4.7H2O 0.02               1     1   

Sodium Carbonate Na2CO3 1.500   2               1     

Total Conc.(mMol/L) of components 1.80 19.30 6.00 1.80 0.96 0.48 0.62 0.65 2.10 16.00 0.02 14.98 

 

 

 
Table 13 Phase 2a: Stoichiometric matrix components and species at 11hr React Time 

Species mMol/L CH3COO- Na+ Cl- NH4 K PO4 Mg SO4 Ca+2 CO3 Fe+2 H+ 

Sodium Acetate CH3COONa 0.0 1 1                     

Ammonium Chloride NH4Cl 0.2     1 1                 

Di potassium phosphate K2HPO4 0.482         2 1           1 

Magnesium Suplate MgSO4.7H2O 0.6             1 1         

Calcium Chloride CaCl2.2H2O  2.10     2           1       

Sodium Bicarbonate NaHCO3 1.4   1               1   1 

Ferrous Suplate FeSO4.7H2O 0.02               1     1   

Sodium Carbonate Na2CO3 0.0   2               1     

Total Conc.(mMol/L) of components 0.00 1.40 4.40 0.20 0.96 0.48 0.62 0.65 0.23(2.1) 1.40 0.02 1.5(1.88) 
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Table 14 Phase 2b: Stoichiometric matrix components and species at 0hr React Time 

Components mMol/L CH3COO- Na+ Cl-  NH4 K PO4 Mg SO4 Ca+2 CO3 Fe+2 H+ 

Sodium Acetate CH3COONa 1.80 1 1                      

Ammonium Chloride NH4Cl 1.8     1  1                 

Di potassium phosphate K2HPO4 0.5          2 1           1 

Magnesium Suplate MgSO4.7H2O 0.6              1 1         

Calcium Chloride CaCl2.2H2O  0.32     2            1       

Sodium Bicarbonate NaHCO3 16.0   1                1   1 

Ferrous Suplate FeSO4.7H2O 0.02                1     1   

Sodium Carbonate Na2CO3 0.2   2                1     

Total Conc.(mMol/L) of components 1.80 18.20 2.44  1.80 0.96 0.48 0.62 0.65 0.32 16.20 0.02 16.48 

 

 

 
Table 15 Phase 2b: Stoichiometric matrix components and species at 11hr React Time 

Species mMol/L CH3COO- Na+ Cl- NH4 K PO4 Mg SO4 Ca+2 CO3 Fe+2 H+ 

Sodium Acetate CH3COONa 0.00 1 1                     

Ammonium Chloride NH4Cl 0.2     1 1                 

Di potassium phosphate K2HPO4 0.482         2 1           1 

Magnesium Suplate MgSO4.7H2O 0.6             1 1         

Calcium Chloride CaCl2.2H2O  2.10     2           1       

Sodium Bicarbonate NaHCO3 0.0   1               1   1 

Ferrous Suplate FeSO4.7H2O 0.02               1     1   

Sodium Carbonate Na2CO3 1.400   2               1     

Total Conc.(mMol/L) of components 0.00 2.80 4.43 0.23 0.96 0.48 0.62 0.65 2.10 1.40 0.02 0.15(0.48) 
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Table 16 Saturation Index and Mineral Components of PSBR in Phase2a at React Time 0 hr 

Mineral log IAP 
Sat. 

index Stoichiometry and Mineral Components 

Ca3(PO4)2 (am1) -28.764 -2.992 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (am2) -28.764 -0.263 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (beta) -28.764 0 3 Ca+2 2 PO4-3         

Ca4H(PO4)3:3H2O(s) -48.864 -0.61 4 Ca+2 1 H+1 3 PO4-3 3 H2O 

CaCO3xH2O(s) -8.51 -1.323 1 Ca+2 1 CO3-2 1 H2O     

CaHPO4(s) -20.099 -0.913 1 Ca+2 1 H+1 1 PO4-3     

CaHPO4:2H2O(s) -20.099 -1.171 1 Ca+2 1 H+1 1 PO4-3 2 H2O 

Calcite -8.51 0 1 Ca+2 1 CO3-2         

 

 
Table 17 Saturation Index and Mineral Components of PSBR in Phase2a at React Time 11 hr 

Mineral log IAP 
Sat. 

index Stoichiometry and Mineral Components 

Ca3(PO4)2 (am1) -28.764 -2.992 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (am2) -28.764 -0.263 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (beta) -28.764 0 3 Ca+2 2 PO4-3         

Ca4H(PO4)3:3H2O(s) -49.773 -1.52 4 Ca+2 1 H+1 3 PO4-3 3 H2O 

CaCO3xH2O(s) -9.072 -1.885 1 Ca+2 1 CO3-2 1 H2O     

CaHPO4(s) -21.009 -1.823 1 Ca+2 1 H+1 1 PO4-3     

CaHPO4:2H2O(s) -21.009 -2.08 1 Ca+2 1 H+1 1 PO4-3 2 H2O 

Calcite -9.072 -0.562 1 Ca+2 1 CO3-2         

 

 
Table 18 Distribution of Components between dissolved and precipitated phases of PSBR in Phase2 

at React Time 0 

Component Total dissolved 
% 
dissolved 

Total 
precipitated 

% 
precipitated 

Acetate-1 0.00180 100.0 0.000 0.00 

Ca+2 0.00023 10.9 0.002 89.09 

Cl-1 0.00600 100.0 0.000 0.00 

CO3-2 0.01414 88.4 0.002 11.60 

Fe+2 0.00002 100.0 0.000 0.00 

H+1 0.01500 100.0 0.000 0.00 

K+1 0.00096 100.0 0.000 0.00 

Mg+2 0.00062 100.0 0.000 0.00 

Na+1 0.01930 100.0 0.000 0.00 

NH4+1 0.00180 100.0 0.000 0.00 

PO4-3 0.00047 98.0 0.000 2.00 

SO4-2 0.00065 100.0 0.000 0.00 
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Table 19 Distribution of Components between dissolved and precipitated phases of PSBR in Phase2 

at React Time 11 

Component 
Total 
dissolved(mol/L) 

% 
dissolved 

Total 
precipitated 

% 
precipitated 

Acetate-1 0.00000 100.0 0.000 0.00 

Ca+2 0.00003 11.4 0.000 88.62 

Cl-1 0.00440 100.0 0.000 0.00 

CO3-2 0.00139 100.0 0.000 0.00 

Fe+2 0.00002 100.0 0.000 0.00 

H+1 0.00145 100.0 0.000 0.00 

K+1 0.00096 100.0 0.000 0.00 

Mg+2 0.00062 100.0 0.000 0.00 

Na+1 0.00550 100.0 0.000 0.00 

NH4+1 0.00023 100.0 0.000 0.00 

PO4-3 0.00033 71.2 0.000 28.77 

SO4-2 0.00065 100.0 0.000 0.00 

 

 

 

The concentration of components derived from Table 14 was used to model the aqueous 

phase in Phase 2b at react time 0 hr. The pH calculated from mass balance is 8.07 whereas 

the normal pH observed at the start of Phase 2b was 8.3-8.4.All the species concentration 

here are similar from Phase 2a except CaCl2 which is 0.32mmol/L. The aqueous phase 

reaction model was performed to give precipitate of only calcite as solid species having a 

concentration of 0.222m mol/L. The saturation index and mineral components is shown in 

Table 20. Since there is not enough concentration of calcium ions saturation index of calcium 

phosphate solid species is less than zero. The distribution of components between the 

dissolved and precipitated phases is shown in Table 22. 

 

The aqueous phase reaction model was again performed in Phase 2b at react rime 11 hr. A 

pH of 9 is observed at 11hr react time which is achieved by similar process as mentioned 

above in Phase 2a. The carbonate concentration shown in Table 15 is the alkalinity observed 

at react time 11 and the hydrogen ion concentration have been lowered to achieve pH based 

on the mass balance done by chemical equilibrium software. Calcium chloride had been 

dosed to the mixed liquor of PSBR to achieve a concentration of 2.1mmol/L. It was seen that 

98% of phosphorus precipitated as shown in Table 23. Thus increasing the calcium 

concentration when the carbonate concertation is high increase the removal efficiency of 

phosphate. 
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Table 20 Saturation Index and Mineral Components of PSBR in Phase2b at React Time 0 hr 

Mineral log IAP 
Sat. 

index Stoichiometry and Mineral Components 

Ca3(PO4)2 (am1) -29.181 -3.41 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (am2) -29.181 -0.68 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (beta) -29.181 -0.417 3 Ca+2 2 PO4-3         

Ca4H(PO4)3:3H2O(s) -49.632 -1.379 4 Ca+2 1 H+1 3 PO4-3 3 H2O 

CaCO3xH2O(s) -8.51 -1.323 1 Ca+2 1 CO3-2 1 H2O     

CaHPO4(s) -20.45 -1.265 1 Ca+2 1 H+1 1 PO4-3     

CaHPO4:2H2O(s) -20.451 -1.522 1 Ca+2 1 H+1 1 PO4-3 2 H2O 

Calcite -8.51 0 1 Ca+2 1 CO3-2         

 

 
 

Table 21 Saturation Index and Mineral Components of PSBR in Phase2b at React Time 11 hr 

Mineral log IAP 
Sat. 

index Stoichiometry and Mineral Components 

Ca3(PO4)2 (am1) -28.764 -2.992 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (am2) -28.764 -0.263 3 Ca+2 2 PO4-3         

Ca3(PO4)2 (beta) -28.764 0 3 Ca+2 2 PO4-3         

Ca4H(PO4)3:3H2O(s) -50.364 -2.111 4 Ca+2 1 H+1 3 PO4-3 3 H2O 

CaCO3xH2O(s) -8.51 -1.323 1 Ca+2 1 CO3-2 1 H2O     

CaHPO4(s) -21.6 -2.414 1 Ca+2 1 H+1 1 PO4-3     

CaHPO4:2H2O(s) -21.6 -2.671 1 Ca+2 1 H+1 1 PO4-3 2 H2O 

Calcite -8.51 0 1 Ca+2 1 CO3-2         

 
Table 22 Distribution of Components between dissolved and precipitated phases of PSBR in Phase2b 

at React Time 0 

Component 
Total 

dissolved(mol/L) % dissolved 
Total 

precipitated % precipitated 

Acetate-1 0.00180 100.0 0.000 0.00 

Ca+2 0.00009 29.5 0.000 70.47 

Cl-1 0.00244 100.0 0.000 0.00 

CO3-2 0.01597 98.6 0.000 1.39 

Fe+2 0.00002 100.0 0.000 0.00 

H+1 0.01640 100.0 0.000 0.00 

K+1 0.00096 100.0 0.000 0.00 

Mg+2 0.00062 100.0 0.000 0.00 

Na+1 0.01817 100.0 0.000 0.00 

NH4+1 0.00180 100.0 0.000 0.00 

PO4-3 0.00048 100.0 0.000 0.00 

SO4-2 0.00065 100.0 0.000 0.00 
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Table 23 Distribution of Components between dissolved and precipitated phases of PSBR in Phase2b 

at React Time 11 

Component 
 Total 

dissolved(mol/L) 
% 
dissolved 

Total 
precipitated % precipitated 

Acetate-1  0.00000 100.0 0.000 0.00 

Ca+2  0.00033 15.6 0.002 84.44 

Cl-1  0.00420 100.0 0.000 0.00 

CO3-2  0.00031 22.4 0.001 77.63 

Fe+2  0.00002 100.0 0.000 0.00 

H+1  0.00015 100.0 0.000 0.00 

K+1  0.00096 100.0 0.000 0.00 

Mg+2  0.00062 100.0 0.000 0.00 

Na+1  0.00280 100.0 0.000 0.00 

NH4+1  0.00023 100.0 0.000 0.00 

PO4-3  0.00001 1.2 0.000 98.76 

SO4-2  0.00065 100.0 0.000 0.00 

 

 

 

4.5. Phosphorus removal 

The phosphorus removal in the PSBR was achieved in Phase 2 wherein Reactor 1 was kept 

at uncontrolled pH for 4 hr. to achieve a pH increase up to 9. 

 

In Phase 2a, initially high concentration of calcium was present but this could not result in 

phosphorus removal in both the reactor because of high carbonate concentration in the mixed 

liquor which led to calcite formation resulting in no significant phosphorus removal. This 

was validated by MINTEQ2 software simulation as shown in were calcite had higher 

saturation index than calcium phosphate there was also no significant phosphorus uptake by 

the algae-bacteria biomass observed as show in the Figure 26 below.  

 

 
Figure 26 Phosphorus Concentration in PSBR during Phase 2a 
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In Phase 2b, the reactor was fed with low calcium concentration which resulted in no 

significant calcite and calcium phosphate precipitation at React time 0Hr as shown in Table 

19. Reactor 1 was kept at uncontrolled pH for four hours during the latter part of react period 

when majority of the ammonia was removed. During this period when a light intensity of 

35-30 μmol/m2/sec was provided pH of 8.5 was achieved. Whereas when light intensity was 

increased to  95-100 μmol/m2/sec  a pH of 9 was achieved.. The pH increase achieved upto 

9.1 pH at the end of react period when light intensity of 95-100 μmol/m2/sec was provided 

as shown in Figure 27 below. 

 

 

 
Figure 27 Typical pH increase achieved in Reactor 1 during Phase2b 

 

 

Reactor 2 was kept at controlled pH throughout the 11hr react period with a light intensity 

of 35-30 μmol/m2/sec, therefore pH 7.3 was observed .At the end of the react period 10ml 

of 0.2M calcium chloride was dosed to the mixed liquor in both the reactors to achieve a 

concentration of 2.12mM Ca+2 in the mixed liquor. The phosphorus concentration at the end 

of the settling period was analyzed. The phosphorus concentration at the start of react period, 

at 11hr react period after CaCl2 had been dosed and at the end of the settling period for both 

the PSBR were analyzed. The phosphorus concentration at different time interval as 

mentioned above for Reactor 1 is shown in Figure 28 and Reactor 2 is shown in Figure 29.  
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Figure 28 Phosphorus Conc. at different React Period in Reactor 1 during Phase 2b  

 

 

 
Figure 29 Phosphorus Conc. at different React Period in Reactor 2 during Phase 2b 
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The removal efficiency observed during Phase 2b with different pH achieved at the end of 

react period for Reactor 1 is shown in Table 24. The removal efficiency of Reactor 2 with pH 

set point 7.3is shown in Table 25.  

 
Table 24 Phosphorus removal efficiency observed in Reactor 1 during Phase 2b 

Nomenclature Time(hr) 
P-PO4

-3 

(mg/l) 
Removal Efficiency 

(Inff-Eff)/Inff 
pH 

Achieved 

D1 

0' 12.3 

19% 8.5 11' 11.3 

11'30" 10.0 

D2 

0' 12.0 

70% 9 11' 6.5 

11'30" 3.5 

D3 

0' 6.8 

85% 9 11' 2.7 

11'30" 1.1 

D4 

0' 8.0 

35% 8.5 11' 5.9 

11'30" 5.2 

D6 

0' 10.3 

8% 7.3 11' 10.8 

11'30" 9.5 

D7 

0' 8.8 

24% 8.5 11' 7.9 

11'30" 6.8 

D8 

0' 9.9 

68% 9 11' 4.6 

11'30" 3.2 

  
Table 25 Phosphorus Removal Efficiency achieved in Reactor 2 during Phase 2b 

Nomenclature Time(hr) 
P-PO4

-3 

(mg/l) 
Removal Efficiency 

(Inff-Eff)/Inff 
pH 

Achieved 

D1 

0' 12.8 

15% 7.3 11' 10.8 

11'30" 10.8 

D2 

0' 12.7 

21% 7.3 11' 11.6 

11'30" 10.0 

D3 

0' 8.9 

13% 7.3 11' 8.0 

11'30" 7.7 

D4 

0' 8.0 

3% 7.3 11' 8.1 

11'30" 7.8 

The overall removal efficiency observed in both reactor with p=0.05 at different pH achieved 

at the end of the react period is shown in the Table 26. 
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Table 26 Phosphorus Removal Efficiency in PSBR with different pH achieved at the end of React 

Period during Phase 2b 

At pH 
Removal Efficiency 

(Inff-Eff)/Inff 

7.3 (Reactor 2) 13.1% ±3% 

8.5 (Reactor 1) 25.6% ±7% 

9 (Reactor 1) 74.3% ±19% 
 

 

It can be clearly seen that higher removal efficiency of 74.31%±19% was observed at pH 

9.The aqueous phase reaction model predicted a removal of 98.76%±19% at pH 9 with 

similar solution condition. The model overestimated considerably the precipitation since fast 

reaction does not occur in many heterogeneous equilibriums such as the precipitation. The 

reaction rate of the processes which are precipitation and dissolution should be taken into 

account. The kinetics of the process are mostly surface controlled so an increase in removal 

efficiency can be expected in the batch reactor where significant calcium phosphate 

precipitation occurs in the previous cycles. The reaction rate is insensitive to the fluid 

dynamics and observed relatively high activation energy point to surface controlled 

crystallization (Koutsoukos et al., 1979). 

 

The phosphorus removal by phosphorus accumulating organism doesn't occur since it 

requires anaerobic condition for enhanced biological phosphorus removal. As anoxic 

condition persist with nitrification occurring during the react period, no phosphorus 

accumulation occurred by PAOs.  

 

 

 

4.6. Discussion 

 

The PSBR was operated with a HRT of 12hr with 11hr of react time, where reactor 1 and 2 

were illuminated artificially with a constant light intensity of 35-30 μmol/m2/sec. In Phase 

2b, after 7hr of react time in Reactor 1,the pH was kept uncontrolled, it was observed that 

increasing the light intensity to 95-100μmol/m2/sec led to increase in achieving pH at the 

end of react period from 8.5 pH to 9pH. Therefore increasing the light intensity was 

warranted to achieve an increase to pH 9 (removal efficiency: 74.3% ±19%) where the 

removal efficiency was significantly higher than pH8.3(removal efficiency: 25.6% ±7%).The 

other 12hr where anoxic condition prevailed, the reactors were kept unilluminated and no 

mixing was done. However, in general the high rate algae ponds (HRAP) where it is been 

illuminated by sunlight the intensity varies during the day. The experimental study 

highlighted that high light intensity was required to increase the pH during the latter part 

of the react cycle when ammonia and carbonate concentrations are low which would 

enable preferable condition for calcium phosphate precipitation to occur efficiently. 

Whereas in HRAP, sunlight intensity is higher during the middle course of the light phase. 

Therefore HRAP due to uncontrolled light intensity condition which may vary during the 

course of the day and weather condition are not a preferable option to carry out 

phosphorus removal using algae bacteria consortium. The operational cycle warrants a 

controlled light intensity using artificial illumination for the phosphorus removal to occur. 
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The light availability was found to be an important factor in PSBR. Higher concentration 

led to high light attenuation inside the reactor. Therefore calculating minimum SRT was 

very important to maintain low reactor concentration and increase the energy efficiency of 

the system. The minimum SRT calculated was 12days but a SRT of 20days was kept to 

increase the concentration of nitrifying biomass in the reactor and achieving high ammonia 

removal rate mostly through nitrification. Since the objective was to study the effect on 

nitrifying biomass due to pH increase .Therefore, SRT was kept high to allow significant 

nitrification in the reactor considering the low energy efficiency of the reactor. 

 

For biologically and chemically induced phosphorus precipitation in PSBR to occur at the 

end of react period with minimum alkalinity and negligible ammonia concentration. A 

HRT of 12hr is required having react time of 7hr with controlled pH of 7.3, whereas 4hr of 

uncontrolled pH is kept to increase the pH biologically. The concentration of the influent 

should also be within a range as shown below: 

 

Ammonia: Upto 50mgNH4
+/L/hr 

Alkalinity:      Minimum 1500mg CaCO3/L upto 1600 CaCO3/L 

 

The PSBR with the above condition will require 11hr of react time. When the ammonia 

concentration is low the react time can be reduced based on the ammonia removal rate 

calculated during the study period. The PSBR requires high alkalinity in the reactor for the 

biologically induced precipitation to occur. Since the SRT is high it led to high bicarbonate 

consumption due to photosynthesis in the reactor by the algae even though the light 

attenuation was high. Therefore if the biomass in the PSBR had high concentration of 

nitrifying biomass, minimum SRT can be maintained in the reactor achieving significant 

ammonium removal. This could led to low algae concentration in reactor hence lower 

alkalinity in the influent will be required to achieve biologically induced precipitation. 

 

Phosphorus removal through precipitation as struvite (magnesium ammonium phosphate) 

by dosing magnesium chloride will require ammonium in the mixed liquor at the end of react 

stage. During the latter part of the reactor when the pH is kept uncontrolled, the alkalinity is 

low. Therefore the presence of ammonia initiates nitrification process leading to pH decrease 

as shown in Figure 23 thus hindering the biological increase of pH in the reactor. Thus 

phosphorus removal by dosing calcium chloride was the preferred option. 

 

In this study chemical phosphorus removal was carried out by dosing Calcium Chloride 

when suitable condition for phosphorus removal was achieved biologically in PSBR. 

However, the phosphorus removal can also be carried out by phosphorus accumulating 

organism (PAOs) in the PSBR. The PAOs require anaerobic and aerobic cycle inside the 

PSBR which was not observed during the study period. Since aerobic-anoxic cycle 

prevailed. The anoxic cycle in the PSBR can be converted to anaerobic cycle by dosing 

sodium acetate to provide enough organic carbon source to denitrify the nitrates in PSBR. 

This will led to operational complexity and lower efficiency as dosing overestimated sodium 

acetate will increase COD in PSBR. This will increase the oxygen requirement and also 

increase the bio mass inside the reactor. Thus reducing the light availability inside the 

reactor. 

  



69 

 

 

CHAPTER  

 

5. Conclusions and Recommendations 

 

5.1. Conclusions 

 

The experiment conducted during the entire study period presented valuable data in 

removing phosphorus via chemically and biologically induced precipitation of calcium 

phosphate from synthetic wastewater (Modified BG-11) similar to the effluent of anaerobic 

digester.  

 

The nitrogen removal was successfully carried out in algae bacteria consortium using red 

LED light as illuminating source. There was no decrease in nitrification rate observed in the 

reactor when the pH was increased biologically for phosphorus precipitation to occur as 

calcium phosphate. Illuminating the photo bioreactor with red led light to oxygenate the 

reactor using the high 600-700nm spectrum dependency of Chlorophyll-a in an energy 

efficient manner. An ammonium removal rate of 2.25 to 2.5 mg N-NH3/L/hr was observed 

on an average in the both the reactor. There was no negative effect observed in the nitrifying 

biomass when in the previous cycle the pH was increased to 8.5-9 for the phosphorus 

precipitation to occur. The pH was increased biologically by switching off pH controller 

after maintaining a controlled pH for 7hrs in Reactor 1. At the end of react period a pH of 

8.5 was achieved, after dosing calcium chloride, phosphorus removal efficiency of 25.64% 

±7% was observed. The increase in led light intensity from 35-30 μmol/m2/sec to 95-100 

μmol/m2/sec after 7hr of react time led to biological pH increase of 9.At a pH of 9, the 

phosphate removal efficiency was 74.31% ±19% indicating a significant increase in removal 

efficiency. However, the removal efficiency should still be increased if the calcium chloride 

was dosed when pH controller was switched off. This would led to higher contact time of 

phosphate with calcium hence with the same removal rate, higher calcium phosphate 

precipitation could occur. 

 

Maintaining a high calcium concentration at the start of reactor meant high calcite formation 

occurring due to significant alkalinity in the influent, thus less removal efficiency of 

phosphate as calcium phosphate was observed. The use of LED light as oxygenating source 

in photo bioreactor make is very suitable for its submerged usage, thus negating the PSBR 

surface area constraint for light requirement. Also it will consume less electricity as 

compared to air blowers used in typical SBR processes. 
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5.2. Recommendations 

 

The objectives of the research study were achieved, however there can be several 

improvements which can be implemented to effectively remove the nutrients in the PSBR 

with less control required in the pH and lower operational cost. Some of the 

recommendations are suggested below: 

 

1. Step feeding the reactor for 6hr in the initial 11hr of react time to control the pH in 

the nitrification range without the use of acid will be an efficient way of utilizing 

the bicarbonates in the mixed liquor. 

2. The reactor could be illuminated with blue light and red light in 4(red):1(blue) to 

increase the system efficiency to oxygenate the mixed liquor.  

3. Possibilities should also be explored to come up with less energy intensive methods 

for mixing the PSBR. The solution which can be explored could be the step feed of 

the reactor from bottom thus agitating the sludge intermittently.  

4. The algae used in the PSBR could be inoculated with pure culture of algae with low 

growth (species such as Nannochloropsis ) enough to ensure oxygenation of PSBR. 

This could lead to higher concentration of nitrifying biomass as high SRT could be 

achieved and lower operation cost arising from less sludge wastage. 

5. Machine learning could be implemented in engineered ecosystem such as PSBR to 

understand and operate the system. 
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7. APPENDIX 1 

 

Alkalinity consumption in Phase 1 of Reactor 1 and 2 

 

ID Time 
Vol of 

0.1 
HCL, Vx 

Measured 
Alkalinity, 

Alkmeas 

Alkalinity 
Consumed, 
(Vx . Cab)*50 

Actual 
Alkalinity of 
the Sample, 

Alkact 

   (mg CaCO3/L) 

Alkalinity 
Consumed  

Alkalinity 
Consumed 
per Hour 

R1-B1-0 0 0 480 0 480     

R1-B1-3 3 8 270 40 310 170 56.67 

R1-B1-6 6 4 65 20 85 225 75.00 

R2-B1-0 0 0 515 0 515     

R2-B1-3 3 10 315 50 365 150 50.00 

R2-B1-6 6 5 135 25 160 205 68.33 

R1-B2-0 0 0 535 0 535     

R1-B2-2 2 20 250 100 350 185 92.50 

R1-B2-4 4 15 110 75 185 165 82.50 

R1-B2-6 6 10 50 50 100 85 42.50 

R2-B2-0 0 0 405 0 405     

R2-B2-2 2 5 210 25 235 170 85.00 

R2-B2-4 4 5 130 25 155 80 40.00 

R2-B2-6 6 3 80 15 95 60 30.00 

R1-B3-0 0 0 880 0 880     

R1-B3-2 2 60 280 300 580 300 150.00 

R1-B3-4 4 30 260 150 410 170 85.00 

R1-B3-6 6 20 130 100 230 180 90.00 

R2-B3-0 0 0 830 0 830     

R2-B3-2 2 30 440 150 590 240 120.00 

R2-B3-4 4 20 160 100 260 330 165.00 

R2-B3-6 6 10 80 50 130 130 65.00 
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Alkalinity consumption in Phase 2a of Reactor 1 and 2 

 

ID Time 
Vol of 

0.1 HCL, 
Vx 

Measur
ed 

Alkalinit
y,Alkmeas 

Alkalinity 
Consumed, 
(Vx . Cab)*50 

Actual 
Alkalinity 

of the 
Sample, 

Alkact 

   (mg 
CaCO3/L) 

Alkalinity 
Consumed  

Alkalinty 
Consumed 
per Hour 

R1-C1-0 0 0 420 0 420     

R1-C1-2 2 10 110 50 160 260 130.00 

R1-C1-4 4 5 50 25 75 85 42.50 

R2-C1-0 0 0 380 0 380     

R2-C1-2 2 15 150 75 225 155 77.50 

R2-C1-4 4 5 70 25 95 130 65.00 

R1-C2-0 0 0 570 0 570     

R1-C2-2 2 10 240 50 290 280 140.00 

R1-C2-4 4 5 100 25 125 165 82.50 

R1-C2-6 6 3 50 15 65 60 30.00 

R2-C2-0 0 0 610 0 610     

R2-C2-2 2 25 240 125 365 245 122.50 

R2-C2-4 4 20 100 100 200 165 82.50 

R2-C2-6 6 10 70 50 120 80 40.00 

R1-C3-0 0 0 460 0 460     

R1-C3-2 2 5 280 25 305 155 77.50 

R1-C3-4 4 5 200 25 225 80 40.00 

R1-C3-6 6 3 70 15 85 140 70.00 

R2-C3-0 0 0 470 0 470     

R2-C3-2 2 10 370 50 420 50 25.00 

R2-C3-4 4 5 170 25 195 225 112.50 

R2-C3-6 6 3 120 15 135 60 30.00 
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Alkalinity consumption in Phase 2b of Reactor 1 and 2 

 

ID Time 
Vol of 

0.1 HCL, 
Vx 

Total 
Alkalinity, 

alkx 

Alkalinity 
Consumed, 

Vx . Cab 

Actual 
Alkalinity 

of the 
Sample, Ve 

.Ca   (mg 
CaCO3/L) 

Alkalinity 
Consumed  

Alkalinity 
Consumed per 

Hour 

R2-D1-0 0 0 920 0 920     

R2-D1-1 1 20 740 100 840 80 80 

R2-D1-2 2 15 650 75 725 115 115 

R2-D1-4 4 11 550 55 605 120 60 

R2-D1-6 6 10 370 50 420 185 92 

R2-D2-0 0 0 920 0 920     

R2-D2-1 1 14 740 70 810 110 110 

R2-D2-2 2 15 650 75 725 85 85 

R2-D2-4 4 7 550 35 585 140 70 

R2-D2-6 6 9 370 45 415 170 85 

R2-D3-0 0 0 920 0 920     

R2-D3-1 1 19 750 95 845 75 75 

R2-D3-2 2 15 680 75 755 90 90 

R2-D3-4 4 10 360 50 410 345 173 

R2-D3-6 6 7 290 35 325 85 42 

R2-D5-0 0 0 820 0 820     

R2-D5-1 1 16 730 80 810 10 10 

R2-D5-2 2 16 580 80 660 150 150 

R2-D5-4 4 10 390 50 440 220 110 

R2-D5-6 6 12 300 60 360 80 40 

R2-D6-0 0 0 890 0 890     

R2-D6-1 1 20 780 100 880 10 10 

R2-D6-2 2 14 550 70 620 260 260 

R2-D6-4 4 11 410 55 465 155 77 

R2-D6-6 6 6 350 30 380 85 43 

 


