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ABSTRACT 

Two species of green algae, Selenastrum· capricornutum and 

Scenedesmus ~· were evaluated for phosphorus removal from wastewater. 

Phosphorus-starved algae were used. The cells were exposed to varied 

levels of phosphorus in K2HP04 solution, clarified effluent and mixed 

liquor. Affect of variables such as cell concentration, contact time, 

light and temperature on P removal were also evaluated. 

Scenedesmus was capable of removing larger amounts of phosphorus 

per cell compared to Selenastrum. The-rate of phosphorus removal was 

directly related to the concentration of orthophosphate in the substrate. 

Scenedesmus removed 99% of the phosphorus from a domestic wastewater 

{approximately 2.0 mg P/1) in less than 2 hours. Increased cell numbers 

and increased contact time resulted in greater phosphorus removal. 

There was no significant affect of light on the rate of phosphorus removal 

over a 24 hour period. Uptake efficiency decreased with a decrease in 

temperature. In a settling test, after phosphorus removal, 99% of 

Scenedesmus cells settled out by gravity compared to only 50% of Sele­

nastrum cells. 
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INTRODUCTION 

For many years, the main focus of wastewater treatment was on 

public health problems. Initially, the objective of most treatment 

processes was to remove solids and eliminate pathogenic o.rganisms. 

By 1974, eighty-one percent of municipal plants employed secondary 

treatment. At that time, less than five percent of the plants prac­

ticed tertiary treatment for the removal of essential plant nutrients 

(Metcalf & Eddy, Inc., 1975). 

The passage of Public Lav1 92-500 in 1972, has undoubtedly had an 

impact on the number of plants practicing tertiary treatment. This 

law calls for the elimination of pollutants discharged into navigable 

waters from point sources, by 1985. If this law is enforced, munici­

palities will be forced to adopt treatment methods which remove 

nutrients such as nitrogen and phosphorus. 

Nitrogen and phosphorus are required by algae for growth. When 

discharged into lakes and streams, these nutrients allow algal popula­

tions to overcome natural nutrient limitations. This results in 

explosions in algal populations, often referred to as blooms. These 

are unsightly, may create taste and odor problems and generally make 

the receiving waters less desirable for industrial, recreational and 

domestic use. In addition, continued loading of excess nutrients 

speeds up the eutrophication or aging process in lakes (Wetzel, 1975). 

~1any studies indicate that phosphorus is more important than 

nitrogen in limiting algal growth (Fitzgerald et al, 1975; Sawyer, 1968). 

Since the Cyanophycophyta (blue green algae) possess the ability to fix 

nitrogen, limiting nitrogen discharge will not reduce blooms of these 
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organisms. Since phosphorus is the limiting nutrient in many aquatic 

situations, it would seem that phosphorus removal should be the focus 

of efforts to remove nutrients from wastewater •. The objective of 

this study is to investigate a biological method of achieving 

phosphorus removal. 



OBJECTIVES 

The overall objective of this study is to determine the potential 

for phosphorus removal during tertiary treatment of wastewaters by use 

of phosphorus-starved algae. 

Specific objectives are: 

1. To compare two species of algae, which effectively remove phosphorus 

from wastewater, which are easily cultured and which are tolerant 

to sewage conditions. 

2. To determine the best stage for incorporation of the phosphorus 

removal step into existing treatment facilities. 

3. To detennine the feasibility of separation of the cells from the 

sewage effluent. 

3 



LITERATURE REVIEW 

Phosphorus in Wastewater 

Phosphorus enters the municipal wastewater treatment system from 

various sources. Primarily, it originates in the by-products of human 

metabolism, food wastes and household detergents. Communities which 

receive the wastes of certain industries, such as slaughter houses or 

dairies, may have higher phosphorus loads. 

Phosphorus in wastewater can be divided into two major categories: 

organic and inorganic. Each of these categories can be further sub­

divided into soluble and particulate phosphorus. The soluble inorganic 

forms are largely orthophosphates and polyphosphates. In a wastewater 

treatment plant, these forms are constantly interchanging. The poly­

phosphates are converted to orthophosphates which may then be changed 

into organic particulate phosphates by incorporation into microorganisms. 

A breakdown of dead microbial cells results in release of soluble 

organic and inorganic phosphates (Black & Veatch, 1976). 

The average concentration of total phosphorus in domestic waste­

water has been found to be 10 mg/1 (Black & Veatch, 1976). In recent 

years, bans on phosphate detergents have resulted in a 50% reduction 

of this figure in some communities (Barth, 1978). A community which 

does not utilize phosphate detergents and with no specific P removal 

step in the wastewater treatment process, would allow approximately 

2 mg/1 of phosphorus to enter the receiving waters in the final 

effluent (Bouck, 1978). A community with a flow of 3 MGD and a dis­

charge of 2 mg/1 total P would discharge approximately-53 pounds per 

day into the receiving water. Under ideal conditions, this could 
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result in the production of over two tons of algal biomass for each 

day's discharge (Azad & Borchardt, 1970). These figures demonstrate 

the importance of phosphorus removal from wastewater. 

As of June 1971, (prior to passage of Pl92~500) sixteen states 

had effluent phosphorus standards. The range of limitations ran from 

0.1 to 2.0 mg/1, with 1.0 mg/1 being the limitation in many cases 

(Black & Veatch, 1976). As a result of these phosphorus reduction 

requirements, technology in this area has been expanding. 

Current. Phosphorus Removal Methods 

Wastewater treatment facilities remove some phosphorus from 

wastewater whether or not phosphorus removal is the goal. As with 

most wastewater treatment processes, phosphorus removal techniques 

fall into three main categories: physical, chemical and biological. 

In most treatment plants, all three types play a role to some degree. 

In a conventional waste treatment plant, approximately 10 percent of 

the influent phosphorus (that portion corresponding to the insoluble 

particulate phosphorus) is removed by gravity in the primary settling 

tank (Metcalf & Eddy, 1979). Secondary treatment processes result in 

the removal of 20-40 percent of the influent phosphorus. This task 

is accomplished by bacteria which utilize some of the orthophosphate 

in the wastewater for growth and metabolism •. At the same time, bacterial 

breakdown of organic constituents of the wastewater converts a large 

portion of the organic phosphorus to orthophosphate (Black & Veatch, 

1976). The phosphorus which is incorporated into these cells is 

removed ~'lhen the ce 11 s sett 1 e in the fi na 1 c 1 a ri fi er. 
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The discussion in the previous paragraph dealt with the fate of 

phosphorus in the secondary treatment systems. In order to achieve 

phosphorus removal which is more in line with effluent phosphorus 

standards presently adopted by many states, ·it is necessary to employ 

additional treatment techniques. These techniques are referred to 

as advanced or tertiary treatment. They may be employed as part of the 

primary or secondary treatments or may follow the secondary treatment 

processes. The exact sequence depends upon factors such as the nature 

of the wastewater, the method of sludge disposal and the type of 

secondary treatment. 

Physical Phosphorus Removal 

Physical processes used for phosphorus removal are largely the 

same as those used for other types of wastes. They are based on the 

separation of insoluble particulate phosphorus from the wastewater. 

Often these processes are used following a chemical or biological step 

which converts soluble phosphorus into an insoluble or particulate 

form. Gravity or settling is the most common physical method. Other 

examples include centrifugation, vacuum filtration, sand filtration 

and on-1 and di sposa 1 (t-1etca 1 f & Eddy, 1979). 

On-land disposal is a method which is becoming popular with small 

conmunities. In this method, effluent is irrigated onto soil, where 

phosphorus is adsorbed onto soil particles and later taken up by 

plants. This type of treatment usually follows either a primary or 

secondary treatment method and can reduce phosphorus levels in the 

effluent to 1 ess than 0 .1 mg/1 ( Metca 1 f & Eddy, 1979) • The major 
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, 
drawback of this type of treatment is the large acreage required to 

treat the wastewater. For instance, Paw Paw, Michigan, a community 

of 3500 residents has a flow of 0.6 MGD. That cotm1unity utilizes an 

aerated lagoon-crop irrigation process. The total facility covers 

406 acres (Bush, 1979). Municipalities m~ have difficulty locating 

enough land of suitable soil type that is also affordable. In addition, 

care must be taken, with this type of system, to avoid nitrate contami­

nation of the ground \'later. 

Chemical Phosphorus Removal 

Most chemical removal .methods are based on the add"ition of a 

compound which reacts with the orthophosphates in the wastewater to 

form precipitates. Ionic forms of aluminum and iron as well as calcium 

in the form of lime have been found to be useful agents for this 

reaction. There are, however, several drawbacks to chemical removal 

methods. The greatest problem created by this method is the handling 

and disposal of the resulting sludge. A treatment plant with a flow 

of 1 MGD and an influent phosphorus level of 10 mg/1, which uses lime 

to remove phosphorus, could expect a sludge mass increase of 650 kg/d 

and a fivefold increase in sludge volume over the amount of sludge 

that would be produced by the activated sludge process alone U1etcalf 

& Eddy, 1979). Plants which treat phosphorus with alum can expect a 

sludge weight increase of 2.1 times the weight of the sludge from the 

biological processes in the plant (WPCF, 1977). These sludges are 

becoming incr.easingly hard to dispose of due to more stringent landfill 

limitations and a decrease in the number of landowners willing to 
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allow the spreading of sludge on their farm lands. 

The second major drawback to chemical treatment is the cost of 

the chemicals. For instance, the current cost of alum is $100.00 

per ton. The cost of lime is approximately $60.00 per ton, while 

liquid ferric chloride costs nearly $140.00 per ton {Posthuma, 1979). 

The amount of chemical required to treat the wastewater depends upon 

the characteristics of the vJastes and climatic conditions. In addition, 

it is costly to handle the sludge, transport the chemicals, and fnstall 

and maintain dosing equipment. 

Pickle liquor is a liquid form of ionic iron which is sometimes 

available to municipalities at no charge. It is a waste product of 

the steel industry. Hhile the price is right, there are still the 

factors of transportation and sludge handling to deal with. In 

addition, the material is corrosive and may cause the carryover of an 

iron floc into the effluent, which may be undesirable {Posthuma, 1979). 

Biological Phosphorus Removal 

Biological treatment requires the action of living organisms. 

Phosphorus is needed by organisms for metabolic activities. The 

organisms take up phosphorus, which becomes chemically bound within 

the cells. Then the cells must somehow be harvested to remove the 

phosphorus from the treatment system. 

One method which utilizes a biological-chemical process is called 

PHOSTRIP {Matsch and Drnevich, 1979). This process uses bacteria in 

the conventional activated sludge process to concentrate phosphorus. 

The sludge from the mixed liquor is then subjected to anaerobic condi­

tions for a short period of time. When exposed to anaerobic conditions, 
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most of the phosphorus is released into solution. The solution is 

then treated with lime to precipitate the phosphorus. The phosphorus­

stripped bacteria are then recycled into the aeration basins. The 

stripped condition allows the organism to take up an excess amount of 

phosphorus, which accounts for the high degree of treatment obtainable. 

This method can produce an effluent with concentrations of less than 

0.5 mg/1 total P. 

Another process known as 11Activated Algae 11 employs algal cells for 

tertiary removal of phosphorus. A concentrated mixed liquor made up 

of photosynthesizing algal cells is used to remove phosphorus. It has 

been found that over 90 percent of the phosphorus removed by this method 

is actually precipitated in the form of apatite, ~Jhen photosynthesis 

raises the pH of the mixed liquor. The major drawbacks to this system 

are the hydraulic retention time required; eight hours to remove 90 

percent of a 10 mg/1 concentration, and the cost of providing light 

to power the photosynthesis process (Doran, 1975). If a way could be 

found to remove phosphorus using less algal cells in a shorter retention 

time, perhaps this method would be more attractive. This requires a 

complete understanding of the parameters affecting algal utilization 

of phosphorus. 

Algal Uptake of Phosphorus 

Phosphorus is essential to the growth and metabolism of all cells. 

Cells store energy in the form of adenosine triphosphate (ATP) through 

a process known as phosphorylation. The splitting off of a phosphoric 

acid molecule from ATP releases a tremendous amount of energy to power 
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other metabo 1 i c processes (Giese, 1969). The only fonn of phosphorus 

which is directly ~sable by algae ts the orthophosphate fonn, although 

some species produce the alkaline phosphatase enzyme, which hydrolyzes 

organic phosphates and allows indirect utilization of organic phosphorus 

by algal cells (Fogg, 1973). 

There are Many intracellular and extracellular factors which 

influence algal uptake of phosphorus. It is necessary to remember 

throughout the following discussion that there are two types of phos­

phorus uptake which need to be considered: growth related uptake· 

which is that uptake required to support growth and metabolism and non­

growth related uptake which is that uptake which occurs regardless of 

any increase in biomass. The second type, non-growth related uptake, 

is the one which will be emphasized in this study. 

Since the process of photosynthesis requires the presence of 

intracellular phosphorus, it is not unreasonable to assume that light 

intensity has an effect upon growth related phosphorus uptake. The 

initial absorption of phosphorus has been found to be greater in the 

light (Wetzel, 1975). Conversely, it has been found that when P­

starved Anacystis nidulans cells were exposed to P containing medium, 

in the darkness, that the phosphorus uptake was not significantly 

different in the dark than in the light (Batterton & Van Balen, 1967). 

However, this would only be true for non-growth related uptake, since 

light is required for photosynthesis. These results were also found to 

be true for Scenedesmus and Chlorella (Borchardt & Azad, 1968). 

The effect of temperature on phosphorus uptake is a more complex 

situation. It has been found that more phosphorus is required to 

produce a given biomass at lower temperatures (Borchardt & Azad, 1968). 
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It is also reasonable to assume that growth related phosphorus uptake 

rates are depressed at lower temperat~res due to a decrease in kinetic 

energy and a decrease in the rate of intracellular reactions (Giese, 

1969). How temperature affects the uptake of phosphorus-starved algae 

is not clear. Little work has been done in this area. 

Other factors also play a role in the growth related uptake of 

phosphorus. · It has been found that an increase in soluble salts results 

in facilitation of the use of phosphorus by Microcystis aeruginosa 

(Shapiro, 1968). Studies indicate that the pH of the external cell 

medium may also affect the uptake of phosphorus (Kuhl' 1962). 

Cell concentration also affects the uptake of phosphorus in 

growth related situations. Phosphorus uptake is increased as organism 

density increases, until density causes light to become a limiting 

factor (Borchardt & Azad, 1968}. Phosphorus uptake is also affected 

by competition by other organisms. ~lhen phosphorus is assimilated 

into bacterial cells, it is not available for algal utilization. 

Bacteria have been found to outcompete algae for phosphorus in situa­

tions where phosphorus is limited (Rhee, 1973). 

Phosphorus uptake velocity by algal cells is also a function of 

both internal and external phosphorus concentrations, while growth 

rate is controlled by the concentration of intracellular polyphosphates 

(Rhee, 1973). When algal cells reproduce by fission, the store of 

phosphorus within the cell is also divided. When the concentration of 

phosphorus in any given generation of daughter cells reaches a certain 

critical level, cell division ceases (Fogg, 1973). This critical level 

seems to be quite species specific and is widely discussed in the 

literature (Kuhl, 1974). When cells reach this critical level, they are 
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said to be phosphorus-starved and have been found to display certain 

characteristics including: increases in mean cell volume, increases 

in ce 11 carbon, and a decrease in both ce 11 nitrogen and ce 11 protein 

(Fuhs et al, 1972). 

In addition, algal cells possess the ability to absorb more 

phosphorus than they can use and store the excess in the form of poly­

phosphates. This phenomenon is referred to as 11 luxury uptake" (Fogg, 

1973). When algal cells are starved for phosphorus and are suddenly 

exposed to an oversupply, a very rapid absorption of phosphorus occurs. 

The cells have the ability, under these conditions, to absorb up to 

20% of their weight in phosphorus (Borchardt & Azad, 1968). It is 

this characteristic which may make algae an efficient vehicle for 

phosphorus removal from wastewater and is the principal used in this 

investigation. 

Selection of an Algal Species 

Since it is not within the scope of this project to investigate 

a large number of algal species as to their phosphorus absorbing 

capabilities, heavy reliance must be made upon the literature. Criteria 

for selection of the test organisms include the following: ease of 

culture, tolerance to northern climates and sewage conditions, ability 

to absorb the necessary levels of phosphorus and non-interference with 

treatment plant activities. 

Chlorella and Scenedesmus are the most common members of the 

Chlorophycophyta found in association with se\'o~age treatment facilities 

(Fair, Geyer, & Okun, 1968). Scenedesmus usually grows in colonies of 

four cells or less and theref~re should present none of the problems 
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associated with filamentous growth in treatment facilities. Scenedesmus 

has been found to possess the ability to remove up to 20% of its 

weight in phosphorus from culture media (Borchardt & Azad, 1968}. These 

characteristics make it an interesting prospect for further investiga­

tion. 

It has been reported that Selenastrum capricornutum, another 

species of green alga, is able to deplete phosphorus in solution below 

3 ug/1, when exposed in the P-starved condition (Brown, 1975). This 

species is easily cultured ~nd readily available due to recommendation 

of its use in algal bioassays (APHA, 1976}. 

Certain of the Cyanophycophyta also possess the ability to take 

up large amounts of phosphorus. They have not been investigated in 

this undertaking for several reasons. Many of these organisms are 

multicellular, often forming large colonies or filaments. This charac­

teristic would present problems in laboratory measurement of growth. 

In addition, filamentous or floating colonies would present problems 

in actual treatment plant facilities. Another drawback to the blue­

greens is their ability to fix nitrogen. Green algae might reduce the 

nitrogen content of the sewage effluent, as a bonus to the phosphorus 

removal process. Lastly, the blue-greens are noted for production of 

toxic substances, which if released to the receiving water might be 

detrimental. 

Summary of.Literature Review 

It has been demonstrated in the above discussion that phosphorus 

is present in the effluent of most municipal treatment systems in 

quantities that can adversely affect the quality of the receiving water. 
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It is probable that federal legislation will mandate upgrading of 

treatment facilities to include nutrient removal. Many of the 

treatment processes currently used are unsatisfactory due to economics 

or quality of the treatment. It has been shown that algae possess the 

potential for extremely high uptake rates. Selenastrumand Scenedesmus 

genera have been shown to meet selection criteria for investigation 

in the treatment process, mainly a high potential fo.r phosphorus uptake. 

It is the purpose of this study to investigate this potential with 

regard to wastewater. 



MATERIALS AND METHODS 

Culturing Techniques 

Unialgal cultures of Selenastrum capricornutum and Scenedesmus ~· 

were grown in 3000 ml Erlenmeyer flasks. The flasks contained 2 liters 

of PAAP medium (Bartsch, 1969)(Table 1), The cultures were incubated 

in an environmental chamber at 24 t 2 degrees C and 400 foot-candles 

of 11 cool-white 11 flourescent light. Cultures were aerated with water­

saturated air. When cultures reached late log/early stationary phase, 

they were transferred to P-free PAAP medium. This was done by 

centrifuging the cells and decanting the supernatent. The concentrated 

cells were then resuspended in 2 liters of P-free medium. Cultures 

were then reincubated until they reached late log/early stationary 

phase. Cell growth was monitored by direct cell count, using a Petroff­

Hauser counting chamber. Three replicates were counted for each sample. 

When growth ceased in the P-free medium, cells were considered to be 

P-starved. No further growth occured when cultures were transferred to 

P-free medium for a second time, because of a lack of phosphorus in 

the medium (Sagher, 1976). P-starved cells were stored at 4 degrees C 

until needed for experimentation. 

Phosphorus Analysis 

All phosphorus analysis was done using a Technicon Autoanalyzer II. 

This apparatus analyzes for phosphorus using the ascorbic acid method 

(APHA, 1976). The instrument was calibrated to accept samples between 

.500 mg/1 and .005 mg/1. Samples were diluted with acidified distilled 

15 
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Table 1. Constituents of PAAP medium. 

Nutrient Reagent Source Amount of Nutrient 

mg/1 mg/1 

N NaN03 85.00 14.00 

p K2HP04 3.48 0.62 

K K2HP04 1.56 

Mg MgS04.7H20 9.68 

--- t<1gC 1 
2 

19.00 

s MgS04.7H20 49.00 6.37 

Ca CaC1 2.2H20 14.70 4.01 

c Na2co3 50.00 

Fe FeC1 3 0.32 0.11 

B H3Bo3 0.618 0.11 

Mn MnC1 2 0.880 0.38 

Zn ZnC1 2 0.109 0.05 

Co CoC1 2 0~0026 0.0012 

Cu CuC1 2 0.00003 0.00001 

~10 Na2Mo04.2H20 0.0242 0.0096 

Na2EDTA.2H20 7.44 ---------

) 
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water in order to meet these requirements (Hammenneister, 1978). Two 

replications of each sample were analyzed for phosphorus and errors 

were calculated to be less than 6% on the average. 

Phosphorus Uptake Experimentation 

Uptake From K2HP04 Solution 

Experiments were carried out in 500 ml Erlenmeyer flasks, at 21 

degrees C. The cells required for a given experiment were concentrated 

into a 230 ml aliquot, to which was added 20 ml of a K2HP04 solution to 

achieve the desired overall phosphorus concentration and a tota.l 

volume of 250 ml. Samples were taken initially and at intervals, 

over a period of four hours, to determine uptake of the phosphorus from 

solution. This was done by swirling the flasks and by filtering a 

portion of the cell suspension through a 24 mm diameter glass fibre 

filter (Reeve Angel 934AH) with a pore size of .45 microns diameter. 

Two dilutions of the filtrate were made using acidified water. Acid;~· 

fied water is prepared using 955 ml distilled water and 5 ml sulfuric 

acid (Hammermeister, 1978). The diluted samples were stored in 5 ml 

polystyrene vials and refrigerated at 4 degrees C until analyzed. 

Various treatments were used within these experiments using Selenastrum 

capricornutum and Scenedesmus ~· as test organisms: 

A. Variation of phosphorus concentration 

B. Variation of cell numbers 

C. Comparison of uptake in light and dark 

D. Comparison of uptake at high and low temperatures 

• 
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Phosphorus Uptake From Clarified Effluent 

A 2 liter sample of unchlorinated, clarified effluent was obtained 

from the sewage treatment plant at Stevens Point, Wisconsin, an activated 

sludge facility. A 1230 ml sample of P-starved ~· capricornutum culture, 

having a cell concentration of 1.3 x 107 cells/ml was centrifuged and 

concentrated to 50 ml. These cells were added to 200 ml of clarified 

effluent. The cell concentration at the start of this experiment was 

6.4 x 1010 cells/1 and the initial phosphorus concentration was 2,88 

mg/1. Samples were taken and prepared for analysis using the above 

procedure. The same experiment was run using 1.5 x 109 cells/1 of 

~· capricornutum. Scenedesmus ~· was also tested in the clarified. 

effluent. Those cells were used in two concentrations: 5.9 x 109 

cells/1 and 4.0 x 108 cells/1. 

Phosphorus Uptake From ~1i xed Liquor 

Samples of mixed liquor from the aeration basin (final basin) 

of the Stevens Point facility were obtained. Experiments similar to 

those described above were run using 900 ml aliquots of mixed liquor 

and 100 ml of concentrated cells. In order to test the potential of 

the system for handling higher phosphorus loads, K2HP04 \'las added to 

some of the experiments. The normal orthophosphate level in the mixed 

liquor at the Stevens Point facility was around 2 mg/1. Experiments 

were also run in the 13 mg/1 and 24 mg/1 ranges. The uptakes were 

conducted in 2 liter Erlenmeyer flasks at 21 degrees C, in the dark. 
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Constant aeration was necessary to duplicate conditions in the treat­

ment faci 1 i ty. 

It was felt that cells ad~erl to the mixed li~uor would have a 

lonner contact time, if aided to the first aPration hasin. In order 

to deterJlline the potential of the al'lae for tr·eatment, samplPs t~tere 

obtained from the first tank and various cell levels were exnosed 

to this mediun. Sal'lplin~ and analysis :'rncedures '-'/ere the sa".'le as 

for the above exreriments. This experiMent 1·1as conducted at 21 and 

10 dearees C to tP.st the effects of c0H ''leather nn urtake efficienc.~'· 

Cell Separation Experiments 

The mixed 1 i quor fran tvto untake experiments was used to deter:.. 

mine hoH well settling v>tould work as a Means to remove alQal cells 

froM the sewa0e effluent. Three Ifll!lOff en nes \'l'ere set up and fi 11 ed 

with 1 liter sanoles. 0ne contained mixed liquor. nne contained 

Selenastrun capricornuttJr.l and Mixed lir:uor and the third contained 

Scenedes"lus sr. and Mixed liquor froM the untake exneriment. Oetermi­

natior:s ·:rere fllade for t0tal nixed lir:ruor susnended solids, suspended 

solids, suspended solids in the surernatent after a thirty minute 

settlinn time, sludne voluMe index and number of al~al cells in t~e 

supernatent. Procedures wer~ used which ~re descrihed in Standard 

Methods (APHA, 1976). 

ft.nother experiment ~·tas conducted tr. detemin0 tfle potential of 

a se~inermeahle membrane as a means of senarating the cells fro~ the 

P-containing solution durinq the uptake nrocess rather than after the 

P-uptake was completed. A cellulose acetate tuhinq was used. In 



some experiments t~e cells were outside the tubing anrl in some t~e 

cells were inside the tubing. Experimental conditions were the same 

as in the direct contact experi~ents ahove. 

Sludqe f1i0estion 

In orrler to rlet~rmine the fate of the nhosphorus in the sludge 

digester, a larorator.v diqestion was set ur. Tvto flasks, each 

containina 100 nl of the sludqe fro~ each of the above Imhoff cones 

was innoculated with anaerobic nr~anisms, sealed and vented with 

rubher tubinq. The tuhing vtas immerserl in a beaker of I·Iater. The 

flasks 1-1ere incubated at 37 degrees C and samol es were removed for 

analysis at 14 and 21 days. The samnles t·Jere filtered and the 

filtrate \'/as analyzed for total and orthophosphate. 



P.ESULTS AND f'ISCtJSSION 

This study, ~tthich was aimed at deterMining the potential of 

P-starved al ~ae for removal of ohosphorus from •·raste..rater, ~ttas sub-

divided into the followinQ smaller studies: 

I. The effect of ohosphorus concentration and 

other related conditions on algal ohos~horus 

uptake in nan-\•msteo,-Jater conditions. 

2. T'le effect of wastet·rater environments on algal 

untake of nhosphorus. 

3. Incorporation of the algal uptake process· 

into existinn secondary ~"'astewater nlants. 

4. Physical separation of the algae from the 

vtaste~;1ater during or after P uotake. 

5. Release of absorbed phosphorus durinQ anaerobic 

diqestion of sludge containin~ the al~ae. 

Phosohorus Uotake Rv Alqae _ ___, ___ ~~~-- . 

Several factors affect algal ohosphorus uptake from solutinn. 

Some of these factors include: the nhosohorus content or physioloQical 

21 
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state of cells that are actively involved in rhosnhorus uptake; the 

phos[lhorus concentration in the sol uti on that the ce11 s are exposed 

to; the number of cells actively involved in removina ohosphorus from 

solution; whether or not light is available; temnerature conditions 

and severa 1 ot'1er en vi ronmenta 1 factors such as nutrient ava i 1 a hi lity; 

pH and nresence of toxic substances. 

In actual practice, the orqanisms in a \'/astewater treatment plant 

are exnosed to a range of environmental conditions, such as varying 

concentrations of nutrients, variations in light availability, and 

fl uctua ti nrt ter.merature conditions. It is necessary to study each 

one of these factors usinq the test organisms, in order to determine 

suitability of the or~anisr.1s in a ttJastel'/ater situation. 

Phosphorus Content of Al0al Cells - Effect on P Uptake 

It is well documented in the literature that non-qrov1th relaterl 

P uptake is a function of cellular P levels (Borcharrlt and Azad, J06R). 

The rate of untake is inversely related to t~e phosphorus level of the 

cells, all other parameters ~eino equal. Since only cells with a 

very 1 ovt P content ( P-starved) \1/ere used throughout this studv, 

exreriments v1ere not Cf'ncucted to evaluate this factor. 

Usin0 P/\AP media and culturin0 techniques described in the 

methods section, Se 1 enastrum carri cornutum ce 11 s were nroduced which 

had an internal cell P level of approximately 1 x 10-8 ug P/cell. 

For similar media conditions, Scenedesmus so. cells \'Jere produced 

which had an internal cell P level of 4 x lo-7 ug P/cell. Algal cells 

with such low rhosl")horus levels are referred to as P-starved algae. 

The cell phosphorus levels of P-starved aloae are near the minimum 
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anount necessary for the maintenance of normal cellular functions. 

These low cell phosphorus l~vels allm·t very rapid uptake of phosphorus 

from solution. This rapid uptake rate continues for at least a short 

period (4 hours) before an increase in cell phosphorus levels retards 

the Phosphorus uptake rate (Sagher, 1976). The use of P-starved algal 

cells allows enough time for a continued rapid rate of removal of 

phosphorus from v~astewater. 

Phosnhorus Concentration In Solution - Effect On P Uotake 

/\n untake experiment \•Jas conducted hy exrosinf"J 6.4 x 1010 cells/1 

of Selenastrum capricornutum to two different levels of K2YPf14 in 

distilled water, 1.72 mg/1 P and 8.62 ma/1 P. The reaction vessels 

were incubated in the light at 22 degrees C. 

rigure 1 shm11s that the cells were able to absorb a high percent­

a0e of the phosphorus in the hiqh as well as the lm., concentrations 

within a short period of time. The relatively hiqh concentrations of 

phosphorus initially resulted in a very rapid uotake. Later in the 

incubation period, the rate of renoval levels off 1-)ecause of a lower 

concentration of phosphorus renaining in solution. 

''otake data for this exneriment are sho~:m in Tahl~ ?. The 6.4 

x 101~ cells/1 level of Selanastrum was ahle tn reduce the level of 

nhos,!:orus in sol uti on from 1. 72 mg P/1 to ':lelo~>l the detection 1 imit 

( .nns ma,/1) in ninety minutes. In the SaJ'le period of time, tile cells 

were able to remove 99.4% of the R.6? m~/1 ° in the high concentration 

solution. After 15 minutes, the cells in the low concentration solu­

tion increased their cellular P level hy f4%, as compared to 194~ in 
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Phosphorus removal from K HPO solution by 6.4 x 1010 cells/1 
of Selenastrum capricornufum 4exposed to varying phosphorus 
concentrations and incubated in the light at 22 degrees C. 
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Table 2. Phosphorus removal from K?HP04 solution by 6.4 x 1010 ce11s/1 of.Selenastru~ capricornutum 
exposed to varying phosphorus concentrations and incubated in the light at 22 degrees C. 

-----------------------------------------------------------------------------------·-----------------

Low Phosphorus Concentration High Phosphorus Concentration 
------------------~------------

Time P concentration P removed Increase P concentration P removed Increase 
in solution from solution in cell P in solution in cell P 

-------------------------------------------------------------------------------------.--------------~-
Minutes mg/1 % % mg/1 % % 

0 1. 72 0 0 8.62 0 0 

15 0.08 95.4 64 3.65 57.6 194 

60 0.02 98.9 66 0.52 94.0 316 

90 BDL* 99 66 0.05 99.4 345 

120 0.03 98.2 66 1.00 88.4 298 

180 0.04 97.7 66 0.95 89.0 298 

1200 0.03 98.2 66 1.08 88.0 298 
--------------------------------------------------------~--------------------------------------------

*Below Detection Limit 

N 
0'\ 
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the high concentration P solution. The increase in cellular P level 

was as high as 345% over the original level, at the end of 90 minutes. 

in the high P concentration solution. 

~.t the higher concentrntion, after t~e ninety minute incui:Jation 

period, the cell P levels began to decrease. Some of the phosohorus 

that •·tas absorbed by the cells appears to seer> hack out of the cells 

into solution. 1\fter two hours, an equilibriur~ ,_,tas maintained for. 

20 hours. This finding is consistent 1·1ith other studies that found 

that a 1 ga 1 cells tend to excrete/release '1hosphorus into sol uti on to 

maintain an equilibrium level· between external and interna.l cell P. 

This equilibrium level depends upon cell phosphorus levels (Fuhs, 1972) 

and the type of alga used. Such leaching coUld also occur at the low 

P concentration but may not be detectable by the analytical procedure 

used in this study. 

There ~'las no change in cell numbers over a 24 hour period o-F time, 

indicatin0 that phosphorus uptake, in t~is case, is not related to 

qrov1th. This \'Jas found to he true in other studies as v1e 11 ( San,her, 1976). 

An exneriment similar to the one descri~ed ahov~ was conducted 
0 

hy using P-starved Scenedesmus sp. at a cell concentration of 2.9 x 10.1 

cells/1. These cells were exposed to two different levels of P: 

1.38 ma/1 and 10.4 mq/1. ~eaction vessels were incubated in the 

liaht at 22 degrees C. 

Figure 2 demonstrates that the Scenedesmus cells ':Jere fl. I; 1 e to 

remove nore than 95?(, of ~oth levels of r in less than II hours. The 

uptake in t~e lower P concentration solution was much r~ore qradual, 

as miqht be expected if ~'ichaelis-~~enten kinetics '-'tere consid~red. 

~ lower concentration of substrate results in a lower rate of untake 

(Giese, 1C}6C}). 
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Figure 2. Phosphorus removal from K2HP04 solution by 2.9 x 109 cells/1 
of Scenedesmus ~- expo$ea tp varying phosphorus concentrations 
and incubated in the light at 22 degrees C. 
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Table 3 presents the upta~e data for the Scenedesmus experiments. 

The "P Removal" columns show that the cells removed 95% of the P in 

the lower concentration solution and 99% of the P in the higher concen­

tration solution. The cells in the hiqher concentration solution showed 

an increase in cell P of ur to 888ot, over the initial level. Other 

studies have shown that Scenedesmus is capable of increasinq its cell 

phosphorus by even greater amounts, if it is exposed to hiqh~r nhosphorus 

levels, showing "luxury uotake 11 (norchardt andAzad, 107n). The phos-

phorus concentration remaininq in solution at ~oth high and lov1 initial 

P levels was n.I mn/1. This aonears to be the equilihrium concentra­

tion for Scenedesmus. ~· Hovtever, other studies inrlicate that Scene­

desrnus, at very low cell P levels, equilibrates at external concentra-

tions of 0.01 mg/1 (Brown, 1975). 

~nth Selenastrum and Scenedesmus studies show that the rate of P 

uotake is related to the concentration of phosphorus in solution. ~s 

the concentration of P in solution declines, the rate of uptake declines. 

For the P concentrations used in this study, Selenastrum '•Jas ahle to 

deolete the phosphorus in the ~edia to a much lower level than 

Scenedesr~us. 

The data froM these experir.ents indicates that either soecies is 

capable of taking up levels of phosphorus commonly found in municipal 

\·taste~tJater, vtith a 0reater than ')I')~~ reMoval in 4 hours, a time \•Jell 

within the contact/detentio~ of the waste in the aeration stages of 

a se\·Jage treatment plant. Other factors ,_..,hich affect phosohorus uotake 

must be examined in order to detemine vthich species is more suitahle. 



Table 3. Phosphorus removal from K2 HPO~ solution by 2.9 x 109 cells/1 of Scened~smus_ ~- exposed to 
varying phosphorus concentratTons and incubated in the light at 22 degrees C. 

Low Phosphorus Concentration High Phosphorus Concentration 

Time P concentration P removed Increase P concentration P removed Increase 
in solution from solution in cell P in solution from solution in cell P 

--------------------------------------------------------------------------------------------------------
Minutes mg/1 % % mg/1 % % 

0 1.88 0 0 10.4 0 0 

60 .69 63 102 1. 74 83 746 

120 .21 89 144 .64 94 841 

180 .10 95 153 .10 99 888 

240 .09 95 154 .12 . 99 886 

i . .A) ..... 
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Effect Of Cell Numbers On P-Uptake 

To determine the effect of cell numbers on P removal rate, P­

starved Selenastrum capricornutum at three different cell levP.ls 

(1.3 x 1010 ,. 3.9 x 1n1°, 6.4 x 1010 cells/1) was exposed to approxi­

mately 1.74 mg P/1, in t~2HP04 solution. The cells. \'/ere incubated at 

22 degrees C, in the light, during the course of the experiment. 

Fiqure 3 and Table ~ demonstrate a very rapid utilization of 

most of the available phosphorus at the higher cell concentration. 

The slope of P uptake is more qradual for the lm·1er cell numbers. 

The above experiment was repeated using 4 x 108 cells/1, 2.9 x 

109 cells/1 and 6.4 x 1f19 cells/1 of P-starved Scenedesmu.s ~· 

Figure 4 and Table 5 shm'l the same type of trends that \'tere displayed 
( 

by Selenastrum. The higher the cell nu~hers, the more rapid the 

depletion of phosphorus. This results in a decline in uptake rates 

and a levelinq of the graoh. 

Scenedesmus cells in the lm·1est concentration were able to 

increase their phosphorus from 4 x Io-7 uq P/cell to 3.9 x 10-f. U9 

P/cell in four hours. That is almost a six hundred percent increase 

over the next higher cell level. 

The amount of P that was absorbed re~ cell at each of the three 

cell levels was nearly the same at the end of fifteen minutes. This 

indicates that for P-starved cells (identical P levels) P uptake is 

controlled by the concentration of P in the media and not the num~er 

of cells. The absolute amount of phosphorus removed per unit time, 

ho~t~ever; is expected to he greater for a larger population of cells 

hecause of an increased surface area availahle for ahsorption. This 
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Figure 3. Phosphorus. removal from 1.74 mg P{l K2HP04 solution by varied 
cell levels of Selenastrum capr·kornutum, incubated in the 
light at 22 degrees C. 
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Table 4. Phosphorus removal from 1.74 mg P/1 K2HP04 solution by varied cell levels of Selenastrum 
capricornutum, incubated in the light at 22 degrees C. 

1.3 x 1010 cells/1 3.9 x 1010 cells/1 6.4 x 1010 cells/1 

Time P in solution P removed/cell P in solution P removed/cell P in solution P removed/cell 

Mi~~~~~---------;~~,-----------~-ia=s~~--------;~;;------------~-ia=8~~-------------;~;;------------~-ia=s~~--

0 1. 74 0 1. 75 0 1.72 0 

15 1.47 2.1 1.2 1.9 .07 2.5 

60 1.18 4.3 .10 4.2 .02 2.6 

120 0.58 8.9 .03 4.4 .03 2.6 

180 0.18 12.0 .04 4.4 .02 2.6 

240 0.06 13.0 BDL* BDL 

------------------------------------------------------------------------------.---------~--------------------

*Below Detection Limit 

w 
U'l 
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Figure 4. Phosphorus removal from 1. 75 mg P /1 KzHP04 so 1 uti on by varied 
levels of Scenedesmus ~., incubated 1n the light at 22 
degrees C. 
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Table 5. Phosphorus removal from 1.75 mg P/1 K2HP04 solution by varied cell ievels of Scenedesmus ~ 
incubated in the light at 22 degrees C. 

----------------------------------------------------------------------------------------------------------

4 x 108 cells/1 
9 2.9 x 10 cells/1 

9 
6.4 x 10 cells/1 

Time P in solution Premoved/cell P in solution Premoved/cell ~ in solution P removed/cell 
. --------------------------------------:g---------------------------:g-------------------------------------

Minutes mg/1 x 10 ug mg/1 x 10 ug mg/1 x 10-8ug 

0 1. 70 0 1.88 0 1. 73 0 

15 1. 50 50 1.00 30 .11. 25 

60 1. 26 110 .69 40 . 15 24 

120 .68 260 .21 57 .08 26 

180 .44 310 .10 61 .10 25 

240 .30 350 .09 61 

w 
()) 
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would be true only if the level o-F P in soluti·on 1•1as not limitinq. 

The increased P removal at higher cell levels results in a rapidly 

diminishinq P concentration in solution, •·thich results in a retarded 

rate of P uptake hy these cells. In i\ wastewater treatment plant, 

nhosrhorus is less likely to l)ecome linitinq ':lecause o-f fl continuous 

input of phosphorus in the influent. A ~iqher al~al cell level in a 

\'Jastewater treatment plant is likely to remove qreater ar.10unts of 

P ~er unit time and yet maintain a lov1 e0uilihrium P concentration in 

the effluent. 

At the lower cell levels, thP. amount of P reMoved/unit time hy 

all the cells in a flask is much lower than that of the higher cell 

numbers. This leaves a relatively high D concentration in solution, 

which the algae respond to. This exposure to hig~er concentrations 

of P, for a long~r period of time, results in higher rates of P uptake/ 

cell, coMpared to cells in high cell count flasks. This increased 

uptake rate, coupled with more available P/cell results in a hiaher 

P/cell in the low cell flasks than in the high cell flasks. This 

increased cell P level could offset the increased rate of P uotake, 

due to exposure to higher P concentrations, if the cells ':Jere to '"'e 

actively grovJing. This increased cell P level may not be a factor for 

at least 2tl hours. Use of low cell concentrations in a vJastel'mter 

treatment olant could adequately remove P, if contact tine were lonq 

enouqh, but sliqhtly higher equili~rium P concentrations would be 

exnected because of the hiqhe~ cell P levels. 
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Phosphorus Uptake In The Dark 

Research by Brown (1975) has shown that P-starved Selenastrum 

is capable of removing P from solution, in the dark, at a rate 

compa_rable to cells exposed to P in the light. However, this study 

\'Jas carried out over a short period of time. In order to use algae 

in the dark to remove P from wasteNater, it \'"as necessary to compare 

the ability of these cells to remove P over extended periods of 

continuous darkness. 

T\'10 experiMental flasks were set up. Each contained 3.58 x 1010 

cells/1 of P-starved Selenastrum capricornutum and 9 mg/1 P. One 

flask was incubated ~t 22 de0rees C in the darkness and the other was 

incubated at 22 degrees C in the liqht. 

Figure 5 shows the remova 1 results from the t\.'Jo flasks. The 

graph shO\'IS cormarable uptake between the light and dark flasl<:s, over 

a period of 2n hours. Ho~t~ever, there is a slightly l011er rate of 

uptake in the dark in the later stages of incubation. This would he 

expected if the P uptake is not related to growth. Cells which are 

incuhated in the li~ht will continue to remove P, hecause of grm<~th 
; 

initiated by photosynthesis. In the dark, where photosynthesis and 

therefore 9r0\'tth is nonexistent, P uptake does not continue. 

In a v1astewater treatment plant, lioht is not always available. 

During hours of darkness and when the density of solid~ in the mixed 

liquor is high, photosynthesis would he limited by light availahility. 

Based on these results, use of P-starved algae for phosphorus removal 

would be aprlicable if the organisms used display uptake characteristics 

similar to Selenastru~. 



Figure 5. 
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Effect of lig~t vs. dark on the uptake of phosphorus from 
K2HP04 solution by 3.58 x 1010 cells/1 of Selenastrum 
capricornutum. 
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Table 6. Effect of temperature .on phos~aorus removal from K2HP04 solution by Selenastrum capricornutum 
and Sc_ene_desmu~-·-~· at 1 x 10 cells/1 and 9 mg P/1, 1n the dark. 

--------------------------------~-------------------------------------------------------------------------

Selenastrum Scenedesmus 

10 degrees C. · 22 degrees C. 10 degrees C. 22 degrees C. 

Time P in P/cet1 P in P/cell P in P/cell P in P/cell 
solution removed solution removed solution removed solution removed 

----------------------------------------------:g-------------------:g-------------------------------------
Minutes mg/1 x 10-8ug mg/1 x 10 ug mg/1 x 10 ug mg/1 x 10-8ug 

0 

60 

120 

8.9 

7.9 

7.6 

0 

10 

13 

8.8 

7.6 

6.6 

0 

12 

22 

9.1 

7.6 

7.3 

0 

15 

18 

9.2 

6.9 

5.8 

0 

23 

34 
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Effect Of Temperature On P Uptake 

In order to determine Hhether or not this method of treatment 

would be adequate in winter months of northern climates, a set of 

experiments was conducted. 1.0 x 101° cells/1 of P-starved Selena­

strum capricornutum was exposed to n mg/1 of P in K2HP04 solution. 

One flask was incubated at 10 deqrees C and an identical flask was 

incubated at 20 degrees c. An identical experiment was set up 

using Scenerfesmus 2£.· The same number of cells ·of Scenedesmus 

(1.n x 101" cells/1) was used. 

Tab 1 e 6 and Figure 6 show the P remova 1 data for the t1·10 Sfleci es 

at the hiqh and lov1 temperatures. The qata indicates a depressed. 

treatment at 10 degrees C, for both Selenastrum and Scenedesmus. 

This is consistent with Van't Hoff's Rul~ (~iese, 1Q6~). The Qln 

factor for: both experiments appears to approach 2. The 010 factor 

is much lower in the first 60-90 minutes of treatment, probably due 

to the fact that the cells start out at a temperature warmer than 

10 degrees C, due to the mixing of 100 ml of cells at room tempera­

ture with 900 ml of substrate at 10 degrees C. These figures indicate 

that adequate winter treatment could he obtained hy increasing the 

nuMber of cells exposed. 



Figure 6. 
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Effect of temperature on phosphorus removal from K2HP04 
solution by Selenastrum capricornutum and Scenedesmus ~· 
at 1 x 1010 cells/l and 9 mg/1, in the dark.· 
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Phosphorus Removal From Haste\"'ater 

Removal From Clarified Effluent 

In the preceeding chanter, it 1t1as shown that both Selenastrum 

and Scenedesmus are capable of rapid removal of P from solution. 

These solutions did not contain any particulate material other than 

the alaae, nor did they have any "1aste products, competitive organisms 

or other substances that are likely to he present in domestic waste­

vJater. The effect of these variables needs to he investigated, in 

order to determine the feasabi 1 ity of incorporation of this method 

of P removal into existing treatment systems. 

If cells were introduced after the final clarifier, there would 

be a great advantage, in that a minimum of interference could be 

expected, due to a low suspenderl solids content. Also, algal cells 

would be much easier to ·recover and reuse at this staqe. The major 

disadvantages to adding cells at this staqe \•muld he an increased 

hydraulic retention time requiring construction of additional tanks. 

Tvm cell levels of Selenastrum capricornutum (1.5 x 1010 cells/1 

and 6.4 x 1olO cells/1 were added to the clarified effluent and 

incubated in the dark at 22 degrees C for two hours. In a separate 

experiment, two cell levels of Scenedesmus sp. (4 x 108 cells/1 and 

5.9 x 109 cells/1) were exposed to clarified effluent, under the same 

conditions. Th~ samples each contained 2.88 mq P/1. Samples were 

taken and analyzed for orthophosphates, over the tvto hour incubation 

peri or:!. 
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The results for both experiments are presented in Table 7 and 

Figure 7. Both cell levels of Selenastrum show a very rapid P removal, 

with greater than 96% reMoval in less than 60 minutes, for the low cell 

concentration and 99% removal in the same time reriod for the hiqh 

concentration. As might be expected, the removal rate l•tas mor.e 

rapid in the flask containing the higher cell concentration. 

Table 7 and Figure 7 shm.,r the results of exposinn. bto cell levels 

of Scenedesmus to clarified effluent. As 1·1ith Selenastrum, an increase 

in the cell numbers resulted in an increase in the rate of P removal. 

Both cell levels removed phosphorus below the .Smg/1 Mark in less than 

60 minutes. This demonstrates that both organisms could adequately 

treat the effluent at these cell levels, by increasing the retention 

time of the wastewater by 1 and 1/2 to 2 hours. Additional time 

would be necessary for separation of the cells. 

Removal From Mixed Liquor 

The next set of experiments \'Jas done to determine vthether or not 

algal cells could be added to the mixed liquor and still achieve the 

desired removal. Addition of cells to the aeration basins '.•tould 

eliMinate the advantage of recycling the algal cells, hut would also 

elininate the disadvantage of construction of additional treatment 

tanks. Also, treatment time might be increased vtithout any increase 

in hydraulic retention time. 

mxed liquor was spiked with various levels of orthophosphate 

(zero, 10.3, and 21.2 mg/1) and exposed to 5 x 1~ 10 cells/1 of 

Selenastrum caoricornutum. The cells and substrate were incubated in 

the dark at 22 degrees c. 



Table 7. Phosphorus removal from clarified effluent containing 2.88 mg P/1, using various cell levels of 
SelenastiUJT!. .~.Pr_icornutum and _?cenedesmus ~, incubated in the dark at 22 degrees C. 

---------------------------------------------------------------------------------------------~---·--------

Selenastrum Scenedesmus 

1010 cells/1 6.4 X 1010 ce 11 s/1 4 X 
8 

5.9 x 109 cells/1 1.5 X 10 cell s/1 

Time P in p Increase. P in p Increase P in p Increase P in p Increase 
solution Removal In cell p solution Removal in cell P solution Remo-val cell p solution Removal cell p 

------------------------------------------------------------------------------------------------------------------
Minutes mg/1 Ol 

!0 % mg/1 % % mg/1 % % mg/1 % % 

0 2.88 0 0 2.88 0 0 2.88 0 0 2.88 0 0 

15 .86 70 336 .10 96 108 2.10 27 487 .42 85 104 

60 .10 96 462 .03 99 111 .84 71 1275 .22 92 112 

120 .10 96 462 BDL * .23 92 1655 .12 96 117 

-----------------------------------------------------------------~----------~---------------------------------~---

*Below Detection Limit 

~ 
<..0 
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Figure 7. Phosphorus removal from clarified effluent containing 2.88 
mg P/1~ using various eel] levels of Selenasttum capticornutum 
and Scenedesmus ~., incubated in the dark at 22 degrees C. 
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Figure 8 and Table 8 depict the results of this series of uptakes. 

The cells absorbed 95% or more of the phosphorus from all three flasks 

in less than 2 hours. In three hours, Selenastrum was able to remove 

99.6% of 22.99 mg P/1, resulting in an 1100% increase in internal cell 

P. After ?.1 hours, a solution equilihrium was established at .16A mg/1 

P. 

The same experiment was run using 1.3 x 109 cells/1 of Scenedesmus 

~· Figure 9 and Table 9 show the results of this uptake. Scenedesmus 

was able to remove P down to the detection limit from the 1.71 mg P/1 

sample (unspiked activated sludge), in two hours. While the cells in 

the highest concentration, 22.99 mg P/1 were able to remove only 64% 

of the P, this resulted in an increase in cellular P of 2844%. Nine 

mq/1 of P were absorbed from that solution in 2 hours. This was more 

than twice the amount of orthophosphate found in average domestic 

wastewater. The cells removed P down to the detection limit, from the 

22.99 mg P/1 solution in 21 hours, with a 4400% increase in cell P 

over the initial level. 

The above data give some indication of the potential which these 

cells have for phosphorus removal. Selenastrum was able to remove 4.6 

x 1o-7 ug P/cell before stabilizing, while Scenedesmus removed 1.8 x to-5 

ug P/ce11 (40 times the amount absorbed by Selenastrum) and may be 

capable of more. Figure 10 demonstrates the actual P absorption per 

cell for the 22.99 mg P/1 mixed liquor study, for both species. 

In previous experiments, phosphorus removal from K2HP04 solution, 

clarified effluent and mixed liquor has been examined. Figure 11 is a 

summary of 2 hour uotake data for Selenastrum at 6.4 x 1010 cells/1 

and Scenedesmus at 4 x 108 cells/1, in the three substrates. In both 
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Figure 8. Phosphorus removal from mixed liquor by 5 x 1010 cells/1 
of Selenastrum capricornutums expo~ed to varying phosphorus 
concentrations and incubated in the dark at 22 degrees C. 
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Table 8. Phosphorus removal from mixed liquor by 5 x 1010 cells/1 of Selenastrum capricornutum, exposed to 
varying phosphorus concentrations and incubated in the dark at 22 degrees C. 

--------~-----------------------------------------------------------------~---------------------------------

1.71 mg P/1 12.13 mg P/1 22.99 mg P/1 

P in P Cell P P in P Cell P P in P Cell P 
Time solution Removed Increase solution Removed Increase solution Removed Increase 
-------------------------------------------------------------------------------------------------------------
Minutes mg/1 % % mg/1 % % mg/1 % % 

0 1.71 0 0 12.13 0 0 22.99 0 0 

60 .10 94 80 .28 97.7 592 11.49 50 575 

120 BDL* .12 99.0 600 1.13 95 1093 

180 .08 99.3 602 .10 99.6 1144 

240 .08 99.3 602 .09 99.6 1145 

1260 .168 99.2 71100 

------------------------------------------------------------------------------------------------------------

*Below Detection Limit 

01 
01 
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Figure 9. Phosphorus remova 1 from mixed 1 iquo; by 1. 3 x 109 ce 11 s/1 of 
of Scenedesmus ~· exposed to varying phosphorus concentrations 
and incubated i.n the dark at 22 degrees C. 
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Table 9. Phosphorus removal from mixed liquor by 1.3 x 109 cells/1 of Scenedesmus ~· exposed to varying 
phosphorus concentrations and incubated in the dark at 22 degrees C. 

------------------------------------------------------------------~------------------------------------~----

1.71 mg P/1 12.13 mg P/1 22.99 mg P/1 

P in P Cell P P in P Cell P P in P Ce 11 P 
Time solution Removed Increase Solution Removed Increase Solution Removed Increase 

------------------------------------------------------------------------------------------------------------

*Below Detection Limit 
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Figure 10. Phosphorus absorbed per cell of Se1enastrum and Scenedesmus 
from activated s1 udge with a phosphorus concentration of 
22.99 mg P/1, incubated in the dark at 22 degrees C. 
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Figure 11. Comparison of phosphorus removal from K2HP04 solution, 
clarified effluent, and mixed liquor, by Selenastrum 
and Scenedesmus, at equal initial phosphorus levels. 



62 

2.0 

...-

........... 
t:n 

:::E: 

s:: ..... 
Q) 
~ 
ItS s.. 1.0 
~ 
1/) 

..c 
:::1 1-

V') 

E 
0 s.. 

LL.. 

"'C 
Q) 
> 
~ 
Q) 

0::: 

z: 
LLJ 

0::: :::> z: _J 0 
0 LJ... :::> ....... 

LJ... 0 
1- LLJ. ....... 
:::> _J 
_J Cl 0 LLJ Cl 
V') ....... LLJ 

LJ... >< 
0... ....... ....... 

0::: ::E 
c::( 

~ _J 
u 

0 
Selenastrum 

~ 4 1 10 1 o. X 0 cells;l 

Figure 11 

1-
z: 
LLJ 

0::: :::> z: _J 0 
0 LJ... :::> ....... LJ... 0 
1- LLJ ....... 
:::> _J 
_J Cl 
0 LLJ Cl 
V') ....... LLJ 

LJ... >< 
0... ....... ....... 

0::: :::E 
c:x: 
_J 
u 

Scenedesmus 

4.0 X 1010 cells/1 



63 

cases, the clarified effluent substrate shows the most complete removal, 

while the removal in the mixed liquor appears to be slightly reduced. 

The increased removal in the clarified effluent compared to the P 

solution is probably due to the presence of ions which enhance 

phosphorus uptake (Fogg, 1973). The reduced removal in the mixed 

liquor may be due to interference by the mixed liquor suspended solids 

which may block the P absorbing surfaces in the cells. It should be 

pointed out that analysis in these studies were primarily restricted 

to inorganic orthophosphate in solution. In reality, the polyphosohate 

and also the organic phosphates would be hydrolyzed to release P. 

This study is therefore, probably an underestimate of the P uptake 

potential of the cells. Scenedesmus has a relatively high phosphatase 

activity (Fitzgerald, 1975) and these .enzymes could hydrolyze a fair 

amount of organic phosphorus, resulting in an increase in orthophosphate. 

The above experiments demonstrate that treatment is a function of 

cell type, cell numbers and exposure time. If a way could be found to 

increase the exposure time, fewer cells would be needed. Since cell 

production is the most expensive part of the process, due to enerqy 

costs, a reduction in cell numbers would be desirable. Cell numbers 

could be decreased if exposure time was increased. In an activated 

sludge plant, the average retention time in the aeration basins is 

4-6 hours. If the algal cells were introduced in the first aeration 

basin, the cells would be exposed to the ohosphorus for 4-6 hours, in 

addition to the time in the final clarifier. The following sets of 

uptakes were conducted by using lower cell concentrations than have 

been used in previous experiments and by increasing the contact time. 

P-starved Selenastrum capricor.nutum, at two different cell concen­

trations (1 x 1010 cells/1 and 5.9 x 109 cells/1) was exposed to 
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mixed liquor from the first aeration basin of the sewage treatment 

plant at Stevens Point. The reaction vessels were incubated in the 

dark at 22 degrees c. 
Table 10 and Figure 12 show the results of this uptake. The 1 x 

1010 cells/1 level of Selenastrum was able to achieve 96% removal in 

four hours, while the lower cell level was able to achieve only 89% 

removal in the same time period. This indicates that the lowest numher 

of cells for acceptable treatment probably lies somewhere in between, 

unless contact time was extended to six hours. 

The same experiment was conducted using two cell levels of P­

starved Scenedesmus 21!;· (2.5 x 108 cells/1 and 8 x 108 cells/1). 

Table 10 and Figure 12 depict the results of this experiment, as well. 

The lower concentration of cells {2.5 x 108 cells/1) removed only 60% 

of the orthophosphate, after four hours. This is not an adequate level 

of treatment, indicating tHat either the cell level must be increased 

or the contact time must be extended. The higher concentration of cells 

{8 x 108 cells/1) adequately removed 99% of the orthophosphate from the 

mixed liquor in four hours. 

The above studies confirm that it is possible to achieve adequate 

removal by a reduced number of cells of both species of algae at a longer 

contact time. 

The P uptake which has been discussed thus far has been in terms 

of orthophosphate. Since phosphorus effluent standards are in terms of 

total P, an experiment was done to determine how much organic P and 

polyphosphate would remain in the effluent after treatment by the P­

starved algae method. 

7.5 x 109 cells/1 of Selenastrum and 1 x 108 cells/1 of Scenedesmus 

were exposed to activated sludge for four hours, at 22 degrees C. 



Table 10. Uptake of phosphorus from mixed liquor from the first aeration basin by Selenastrum capricornutum 
and Scenendesmus ~· in the dark, at 22 degrees C. 

Selenastrum Scenedesmus 

1 x 1010 cells/1 
9 . 

5 x 10 cell s/1 2.5 x 108 cells/1 
8 

8 x 10 cells/1 
------------------------ ------------------- ----------------------------- ----------------------

P in P Cell P P in P Cell P P in P Cell P P in P Cell P 
Time Solution Removal Increase Solution Removal Increase Solution Removal Increase Solution Removal Increase 



Figure 12. 
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Uptake of phosphorus from mixed liquor from the first aeration 
basin by Selenastrum capricornutum and Scenedesmus ~.in the 
dark, at 22 degrees C. 
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Orthophosphate and total phosphate analysis was performed on samples 

taken initially, at two hours and at four hours. Figure 13 repre­

sents the data from these analyses. The organic fraction of the 

total P in the solution shows a doubling over the four hour time 

period, from .06 mg/1 to .12 mg/1, in the Selenastrum sample.· This 

is .Probably due to breakdown of b~cteria 1 or algal cells. 

The organic fraction of the total P in the Scenedesmus sample 

shows an increase at two hours and a decrease to the original level 

at four hours. The probable reason for this is that Scenedesmus 

displays phosphatase activity. When the level of orthophosphate in 

solution reaches a certain level, the cellular enzymes attack the 

organic P in solution. This feature of Scenedesmus may make it a 

preferable candidate over Selenastrum. 

It should be noted, however, that the organic fraction of the 

total P was quite small, in both cases. The lowest degree of treat­

ment still produced an end product with a total f of less than 0.3 

mg/1. This would probably be an acceptable degree of treatment in 

most communities. 



Figure 13. 
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Comparison between orthophosphates and organic P and polyphos­
phates remaining in solution after P uptake by Scenedesmus 
and Selenastrum from activated sludge. 
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Nitrogen Removal 

In order to determine whether or not algae would remove inorganic 

nitrogen from wastewater, anmonia and nitrate analysis was performed 

on samples from two of the phosphorus uptake experiments. 5 x 107 

cells/1 of P-starved Selenastrum was exposed to 22.22 mg/1 of ammonium 

nitrogen and .8 mg/1 nitrate nitrogen •. These were the actual amounts 

of nitrogen (inorganic) present in the activated sludge. ·After four 

hours of exposure, there was 3.96 mq/1 of ammonium N and .9 mg/1 of 

·nitrate N remaining in solution. After 21 hours of exposure, there 

was no detectable anmonium N and 0.10 mg/1 of nitrate N remaining in 

solution. 

1.3 x 109 cells/1 of Scenedesmus were exposed to the same levels 

of inorganic N in activated sludge as described ahove. After four 

hours of exposure, 8.03 mg/1 of ammonium N and 1.50 m~/1 nitrate N 

remained in solution. 

In the above uptakes the nitrate N increases after four hours. 

This is probably due to oxidation of the anunonium ions during aeration 

of the mixed liquor. It was found in the Selenastrum experiment, that 

all detectable ammonium nitrogen was used up after 21 hours. The 

nitrate N was reduced to 0.1 mg/1. This finding is consistent with 

the literature which reports that most algae preferentially utilize 

ammonium N and reduce nitrate N to ammonium N, which is then utilized 

only after all ammonium N ions are absorbed (Stewart, 1974). The 

results of this nitrogen uptake suggest that a bonus of the phosphorus 

removal process might be a reduction in nitrogen in the effluent. 
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Cell Separation Experimentation 

Having discovered that it is oossihle to remove phosphorus 

from wastewater using Scenedesmus and Selenastrum, the next step was 

to separate the algal cells from the wastewater. A series of measure­

ments was made to determine whether or not sedimentation was ati 

effective means of cell separation. Another experiment was set up 

to determine the feasability of ph_ysically seoaratinq the cells. 

Sedimentation of Cells-Activated Sludge 

Two phosphorus uptake experiments were set up. One exoosed 1 x 

108 cells/1 of Scenedesmus to activated sludge and the other exposed 

7.5 x 109 cells/1 of Selenastrum to activated sludge. The reaction 

vessels were incubated at 22 degrees C for four hours, in the dark. 

The orthophosphate in the Scenedesmus flask was reduced from 1.62 mg 

P/1 to 0.06 mg P/1. The Selenastrum cells reduced the orthophosphate 

from 1.62 mq/1 to .17 mq/1 in four hours. After the uotakes were 

completed, the algae and mixed liquor were mixed and samples analyzed 

to determine the mixed liquor suspended solids (MLSS). This analysis 

was also oerformed on a controlsamnle of mixed liquor which contained 

no alaae. Results of this analy~is are disolayed in Table 11 and 

Fioure 14. The mixed liquor susoended solids in the Scenedesmus sample 

was much higher than the control, due to the addition of a large number 

of relatively large cells. The ~LSS of the Selenastrum sampl~ was 

slightly less than the control. The samples and control were transferred 

to 1 liter Imhoff cones. Sludge Volume Index, Suspended Solids in the 

30 minute supernatant and percent of cells settled were determined. 
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Suspended Solids In The Supernatant 

After 30 minutes of settling, the suspended solids remainin9 in 

the supernatant of the control cone was 60 mg/l. The Scenedesmus 

sample had a residual suspended solids of 85 mg/1 while the Selenastrum 

sample displayed a susrenrled solids level of 220 mg/1. Since the MLSS 

of the samples were not equal at the start of the experiment, it is . 
better to compare percent suspended solids remaining in the supernatant, 

than to compare absolute numbers. This information is located on 

Table 11. The Scenedesmus sample settled 95% of the solids, while 

Selenastrum settled only 85% of the solids. The control cone showed 

96% settling. This indicates much poorer settling in the Selenastrum 

cone, than in the other two. 

The "% cells removed" column gives a good indication of what is 

not settling. More than 99% of the Scenedesmus cells settled, while 

only 53% of the Selenastrum cells settled. It is necessary to note 

that the object of all this is to remove phosphorus from wastewater. 

If only half of the Selenastrum cells settle, that means that half the 

absorbed phosphorus might enter the receiving water. This means that 

while Selenastrum is capa~le of adequate treatment, when incorporated 

into existing activated sludge systems, an additional step \Aiould be 

necessary for the complete removal of algal cells from the final 

effluent, in order to provide adequate treatment. Scenedesmus, however, 

is capable of adequate removal of P and settles out with the activated 

sludge. Based on this, Scenedesmus is probably a better choice for 

P removal methodology when incorporated into existing activated sludqe 

plants. 
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Sludge Volume Index 

The Sludge-Volume Index (SVI) is "the volume in milliliters 

occupied by one gram dry weight of activated sludge-mixed liquor 

solids; after settling in a lOOn ml graduated cylinder, for 30 minutes" 

(~1etcalf & Eddy, 1979). This volume is used to determine how much 

sludge to return and also as an indication of the settling character­

istics of the sludge. A qood quality sludge will have an SVI of 

40-150 (WPCF, 1977). 

Table 11 and Figure 14 demonstrate the SVI data for this settling 

exneriment. The svr•s for all three samples are quite low. This may 

be due to the aeration of the samples which may have allowed better 

floc formation than would occur· in an actual treatment plant. 

It would appear that the samples which contain Scenedesmus have a 

slightly reduced SVI. It is probably premature to make a statement to 

this effect based on one experiment, but at least the data indicates 

that the addition of the algal cells does not have a detrimental 

effect on the SVI. 

Sedimentation of Cells-Clarified Effluent 

Two Imhoff cones were set up, one containing 1 liter of clarified 

effluent and 8 x 108 cells of Scenedesmus. The other cone contained 1 

liter of clarified effluent and 7.2 x 109 cells of Selenastrum. After 

24 hours, only 6% of the Scenedesmus cells had settled and less than 

2% of the Selenastrum cells had settled. A time schedule of this type 

is just not practical, therefore, exoosure of the cells to the clarified 



Table 11. Data collected from cell settling experimentation. 
----------------------------------~-----------------------------------------------------~-------------------

SUPERNATANT 
Type of Alga Added MLSS mg/1 SS mg/1 % SS Remaining % Cells Removed· SVI 

Control 1550 60 4 N.A.* 61.3 
(none) 

"-J 
(.11 

Scenedesmus 
1 x 108 cell s/1 1700 85 5 99 55.8 

Selenastrum 
7.5 x 109 cells/1 1510 220 15 53 66 

---------------------~-------------------------------------------------------------------------------------

*Not Applicable 
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Figure 14. Characteristics of sludge and supernatant resulting from 
cell settling experimentation. 
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effluent might necessitate centrifugation or another means of 

separating the cells from the effluent. The probable' reason for this 

slower rate of settling, as compared to the activated sludqe samples 

is that the algal cells in the activated sludge attach to bacterial 

floes and gravity has a greater effect on the larger floes. 

Membrane Separation 

Another means of cell separation using a semipenneahle membrane 

was also used. The cells were enclosed in cellulose acetate· tubinq, 

which was immersed in a P-containing solution. Theoretically, the 

P ions would flow across the membrane and be absorbed by the cells, 

thus preserving the concentration gradient. The advantage would be 

that 100% of the cells would be separated from the effluent without 

the necessity of an energy-requiring mechanical seoaration step. 

Several variations were tried, including pre-soaking the membranes, 

reversing the membranes, and allowing a continuous flow of fresh cells 

to flow through the tubing. In all cases, a 10.4 mg P/1 solution was 

used. The maximum amount of P which crossed the membrane in any 

experiment was 6% or 0.62 mcj P/1. This represents an extremely poor 

removal. Even if a better removal rate had been obtained with the use 

of the membranes, it is prohable that this method of treatment is not 

practical for wide application. There would he many problems associated 

with the use of membranes, including: cloqqing by suspended solids and 

bacterial growth, tearing of membranes, replacement of memhranes and 

reduced treatment efficiency due to a low surface area exposed to the 

phosphorus. 
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Sludqe Oigestion 

In order to determine what would happen to the phosphorus when 

the algal cells undergo anaerobic digestion, the settled sludge from 

the Imhoff cones in the cell sedimentation experiment was digested 

anaerobically, for 24 days, in the dark~ at 37 degrees c. Samples were 

taken initially, at 7 days and at 24 days. The samples were filtered 

and the filtrate was analyzed for orthophosphates. 

The data from the phosphorus analysis is located in Table 12. The 

"initial solids" column represents the amount of solids which made up 

the sludge. In the case. of the activated sludge sample, it is largely 

made up of bacterial cells. In the cases of the other two samples, it 

represents the bacteria and that amount of algal cells which settled. 

The "P absorbed By Algae" column represents the amount of P which was 

absorbed by the algal cells and which then settled with the bacterial 

floc. If all the algal cells and bacterial cells digested, the 

Scenedesmus sample should contain 15 mg P/1 more after digestion, than 

the control sample and the digested Selenastrum sample should contain 

7 mg/1 more orthophosphate than the control samole. This was not the 

case. After 24 days of digestion, the Scenedesmus sample showed the 

lowest increase in orthophosphate, while the Selenastrum and control 

samples showed higher increases in orthophosphate. 

The "mg Ortho P Increase/mg Initial Solids'' column probably best 

represents what actually happen·ed. The control sample showed an 

increase of 3.4 x ln-3 mg P/mg solids. This is probably due to the 

decay of aerobic bacteria. The Selenastrum sample shows an increase of 

• 



Table 12. Seepage of orthophosphates from digesting sludge into sludge supernatant when sludge is digested 
anaerobically, at 37 degrees C, in the dark. 

Initial 7 Days 24 Days 

Ortho P Solids Absorbed P Ortho P Ortho P Net Increase Increase 
------------------------------------------------------------------------------------------------------------

mg/1 mg/1 mg mg/1 

A.S* 
(control) 2.94 1496 N.A. 35 

Scenedesmus 1.15 16150 1.54 24 

Selenastrum 1.62 14880 .72 40 

mg/1 mg/1 

54 51.06 

41 39.85 

56 54.38 

mg P/ mg solids 

3.4. X w-3 

-3 2.5 X 10 

·3.6 x w- 3 

--------------------------------------------------------------------------------------------------------------~ 

*activated sludge 

.. 

00 
0 



81 

only 6% over the control sample, while the Scenedesmus sample shows 

a decrease of 36% from the control sample. The Scenedesmus samples 

and the Selenastrum samples maintained a greenish color throughout 

the digestion, even though they were incubated in darkness. This 

indicates that the cells did not completely digest. It may be that 

the Scenedesmus cells did not digest and actually continued to absorb 

or adsorb phosphorus as it was released by the bacterial cells. 

l~hat this means to an actual treatment plant situation, is that 

supernatant from the sludge digester could be returned to the aeration 

basins, without causing a build up of phosphorus in the system. It 

also means that the digested sludge wnuld contain a higher pP.rcentage 

of phosohorus and would therefore IJe a more desirable conrnodity for 

agricultural use. 



CONCLUSIONS 

1. Selenastrum capricornutum and Scenedesmus ~· were 

both capable of removal of adequate amounts of 

phosphorus ·from wastewater. The following was 

found to be true for both spec1 es: 

a. The initial rate of P removal was directly· 

related to the concentration of orthophos­

phate in the wastewater. 

h. The rate of P removal by cells incubated in 

the dark compares favorably to cells incubated 

in the light. Tnis assures that adequate P 

removal would occur at night, with no additional 

lighting. 

c. No obvious problems exist in culturing the alqal 

species. 

d. Increased cell numbers and increased contact 

time resulted in a greater P removal. 

e. Pate of uptake was found to he reduced at lower 

temperatures. This could affect treatment 

efficiency in winter months. However, this 

could be overcome by increasing cell numbers in 

the winter. 
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2. Scenedesmus is capable of removing larger amounts 

of P/cell/unit time than Selenastrum. 

3. ~!hen the alqae are introduced in the aeration basins, 

the suspended solids and total P, after settlin~, {in 

the resultinq effluent) was much lower when Scenedesmus 

was used than when Selenastrum was used. 

4. Greater amounts of orthophosphate appear to have been 

removed from clarified effluent as compared to mixed 

1 iquor. The increased contact time without need for 

increased plant hydraulic retention time made possible 

by introduction of the cells into the aeration basin 

compensates for the more rapid treatment possible in 

the clarifier effluent. 

5. Digester supernatant, which would be recycled, does 

not release absorbed P. This results in increased P 

in the sludge. 

6. Considering the ahove findings to~ether, it can be 

concluded that Scenedesmus is the prpferred soecies 

over Selenastrum. Best treatment is achieved by 

introducing Scenedesmus into the first aeration basin 

of activated sludge facilities. This allows increased 

contact time and also complete removal of cells, 

resulting in a better Quality effluent. 



FUTURE RESEARCH 

This project is an indication of the potential of the P-starved 

algae for phosphorus removal from wastewater. There are several areas 

which need more intensive research before this method could actually 

be put "on-line." The following is a list of some suggested future 

pro.iects: 

1. Investigation of P removal efficiency when cells 

are exposed to wastes from different types of 

treatment plants. 

2. Construction of a pilot plant, possibly in tonjunc­

tion with an existing treatment plant to: 

a. Investigate methods of culturing Scenedesmus 
to increase cell production. 

b. Determine the rate and extent of P removal in 
a continuous flow system. 

c. netermine costs involved in production of 
P-starved algae and P remnval. 

d. Study the effect of the treatment on settling 
properties and quality of the settled sludge. 

e. Study the affects on sludge digestion and the 
resulting supernatant. 

3. A lahoratory anrl pilot plant study to determine rates 

and extent of nitrogen removal. 

4. Examine the effects of P-starved algae on the resul­

tant BOD in the activated sludge process, in the lab 

as well as in the pilot plant. 
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