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SYNOPSIS 

The p~inciple objective of this investigation was to enquire 

in what measure calcium phosphate precipitation and luxury 

biological uptake contributes to excess removal of phosphorus 

in activated sludge systems, i.e. re~oval in excess of the 

basic biological requirement for metabolic purposes. This 
objective was pursued by imposing conditions in which one 

or the other of the two mechanisms had negligible influence. 

From the series of batch and continuous activated sludge 

experiments the following conclusions are made regarding 

excess phosphorus removal. 

Phosphate Precipitation Removal 

Precipitation of calcium phosphate is a function of the cal­

cium, phosphorus, pH organic content and seed crystals in 

the sludge. 

The form of the 

it appears that 

4:1 is formed. 

precipitated crystal was not identified but 

a crystal with a Ca/P (in mg/1) of about 
++ For pH ~ 7,0 ca = 40 mg/1 and P = 10 

mg/1, approximately 1,0 to 1,5 mg/1 phosphorus can be ex­

pected to be removed. The contribution to phosphorus re­
moval is therefore'quite small. At pH< 7,0 precipitation 

decreases and at about pH= 6,5 and below the precipitate 

that has formed can redissolve. 

By batch precipitation and dissolution studies it was esta­

blished that in the ranges pH 6,5 to 7,5 the disappearance 

of soluble calcium is always associated with the disappear­

ance of phosphorus in the ratio mentioned above. Therefore 

in this pH range the precipitate of calcium as calcium car­
bonate (Caco3) did not take place. 

The removal of phosphorus by precipitation is independent 



of whether the condition is anoxic, anaerobic or aerobic, 

provided the pH > about 6,8. 

carbon dioxide has an effect on precipitation only in pos­

sibly reducing the pH and thereby causing dissolution of 

some form of calcium phosphate. 

Excess (Luxury) Biological Uptake 

The exact conditions for triggering off the biological re-

moval mechanism are not yet established. There is conclu-

sive evidence that the organism must be placed in a form 

of anoxic stress but the condition under which the anoxic 

stress is created is'not yet defined. The two current 

hypotheses were tested to determine which is valid. 

One hypothesis suggested {Barnard, 1975) is creating the 

anoxic stress by using a primary anoxic reactor. It receives 

the recycle sludge from the settling tank together with the 

influent waste stream. These flows are retained in the pri-

mary anoxic reactor until. a nett release of phosphorus is 

observed (i.e. the effluent soluble phosphorus concentration 

is greater than the average concentration in the influent 

due to the total phosphorus in the influent waste stream 

plus the soluble phosphorus in the recycle stream. The 

release of phosphorus (as defined above) is considered a 

necessary condition for phosphorus removal and will occur 

only when no nitrates are present. 

The second hypothesis is that based on the works of Fuhs 
and Min Chen (1975) as implemented by Osborn and Nicholls 

{1977) • The basic element in this hypothesis ·is that the 

organism must be stressed under anoxic condition with no 

· nutrients and nitrates present.· 

Experimental plants operating in accordance with the condi­

tions required by each of the two hypotheses has given in­

conclusive results. 



It is concluded that there are other factors that must be 

satisfied in addition to the requirement for anoxic state, 

and phosphorus release for optimum removal. It is suggested 

that a possible additional requirement is that the return 

sludge to the primary anoxic reactor must be completely 

depleted of stored COD before entering the anoxic zone for 

phosphorus removal to be optimised. The nitrate concentration 
and presence in the anoxic zone.also appears to be important, 

but quantitative description of their effects is not yet 

possible. 
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CHAPTER 1 

INTRODUCTION 

It is a well attested observation that in certain activated 

sludge plants very efficient phosphorus removal has been 

attained without the addition of chemicals. Because of 

the increasing importance of phosphorus removal in the con-

. trol of eutrophication problems and because biological phos­

phorus removal witho~t the addition of chemicals has major 

economic implications, a concerted research effort into iden­

tifying the mechanism and the conditions for optimum opera­

tion is being undertaken in South Africa. 

Two mechanisms have been proposed .to account for the excess 

removal of phosphorus. The first is the biological luxury 

uptake hypoth~sis, the second the calcium phosphate precipi­

tation hypothesis. 

Barnard (1975a, 1975b, 1975c), on observing high phosphorus 

removal in nitrification-denitrification activated sludge 

plants has put forward a biological excess uptake hypothesis 

with regard to the mechanism of phosphorus removal. He 

proposes that to obtain excess phosphorus removal two con­

ditions must be fulfilled. First the organisms must be put 

into a state of anoxic stress in the presence of a high 

nutrient supply. second, the anoxic stress condition must 

be such that the organism is deprived of any source of oxy~ 

gen, either dissolved or chemical bound in the form of ni.-

trates. The second condition will induce~ biological re-

lease of phosphorus and trigger off a mechanism which induces 

the organis·ms to take up both the released and excess phos­

phorus when subsequently placed under aerobic conditions. 

Barnard's experimental investigation appears to support his 

hypothesis. 

1 



A biological excess uptake hypothesis slightly different 

from that of Barnard has been proposed by Fuhs and Min Chen 

(1975). They propose that the organisms must be stressed 

anoxically in the absence of nutrient in order to induce 

the uptake of excess phosphorus. During the anoxic state 

phosphorus is released and when the sludge is subsequently 

aerated in the presence of high nutrient concentrations ex­

cess phosphorus is shunted into storage to bring about phos­

phorus removal. Experimental plant investigations based on 

this storage mechanism has been undertaken principally by 

research workers in the Johannesburg City Council and their 

results appear to support it (Osborn and Nicholls, 1977). 

Martin and Marais (1,975), following the hypothesis of Barnard, 

endeavoured to identify more precisely the conditions neces­

sary to induce phosphorus removal and to establish kinetic 

relationships for the removal. Their work supports Barnard's 

hypothesis that removal is biological and is induced by a 

state of anoxic stress of organisms in the presence of 

nutrient. They find that anoxic conditions in the absence 

of nutrient apparently does not initiate excess biological 

uptake. _ They differed from Barnard in that they do not 

find it necessary that the anoxic condition must be free 

of nitrates or that release of phosphorus is necessary. 

They developed a biological kinetic theory by means of 

which it is possible to calculate the phosphorus removal 

to be expected under these conditions. This work was ex­

tended by Marsden and Marais. {1977) who attempted to esta­

blish the conditions in the primary anoxic zone which would 

lead to optimum removal of phosphorus. They found that 

the actual anoxic retention time is quite critical; too 

long or' too short retention times leading to reduced phos­

phorus removal. 

In contrast to some of the results above, McLaren and Wood 

(1976) found that long primary anoxic retention times are 

necessary, that there must be phosphorus release in the 

anoxic zone for .excess phosphorus removal and that the 
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nitrates must be zero in the primary anoxic zone. 

From the investigations reviewed above, it appears that 

plants designed to operate on one or the other of these 

two hypotheses have given both good and bad results. This 

appears to indicate one of three possibilities: 

1. In plant• giving good phosphorus removal, although the 

plants·may have been designed to conform specifically 

to the requirement of one hypothesis, the conditions 

for the other has in fact also been fulfilled. 

2. In plants giving poor removal the conditions in one or 

the other hypothesis has not been fully satisfied due 

to a lack of knowledge of the precise conditions 

necessary. 

3. A different hypothesis is operative. 

These contradictory results indicate that the condition for 

biological excess uptake is not yet precisely understood. 

The hypothE::sis on .the physical-chemical removal of phospho­

rus finds its chief support from research workers in America 

(Menar and Jenkins, 1970r Ferguson and McCarty, 1969). 

They endeavoured to explain phosphorus removal by precipi­

tation of a form of calcium phosphate. The magnitude of 

precipitation depends on the chemical constitution of the 

liquid, i.e. calcium, magnesium, carbonate and phosphorus 

concentration, and pH. 

The problem with the chemical precipitation theory is that 

the type of phosphate crystal that precipitates has not 

been positively identified so that the models proposed by 

the proponents of this theory are not reliable. Further­

more, their experimental results appear contradictory and 

does not definitely support their models, so that it is 

not possible· to state categorically that their hypothesis 

3 



is solely responsible for excess phosphorus removal. 

When one examines the physical-chemical and the biological 

uptake approaches it would appear that there is a likeli­

hood that both mechanisms, biological and chemical preci­

pitation may be responsible for phosphorus removal, but 

that the conditions conducive to optimum removal and the 

extent each contributes to phosphorus removal may be 

different. Up to the present time, no specific attempt 

has been made to determine whether both mechanisms contri-

.. bute to phosphorus removal or not. Furthermore, despite 

the ccnsiderable research effort it is not yet clear exactly 

what conditions must be imposed on the system for optimum 

removal of phosphor~s, both biological and physical che­

mical. This, in part, is probably due to the fact that 

the mechanism/a responsible for phosphorus removal have 

· not been. completely identified, so that it is not possible 

to evaluate the mechanism performance or establish the 

conditions for optimum removal. 

With these considerations in mind it was decided to in­

vestigate the contribution of the two mechanisms, i.e. 

calcium phosphate precipitation and biological luxury up-

take to excess phosphorus removal in activated sludge plants. 

Chapter 2 deals with a critical review of literature of the 

biological uptake and the chemical precipitation mecha­

nism. In Chapter 3 a theoretical model for calcium phos­

phate precipitation is presented. In Chapter 4 the ex­

p~rimental investigation undertaken to identify the calcium 
phosphate ~recipitation mechanism is reported. In Chap­
ter 5 consideration is given to the biological luxury up­

take mechanism. 

4 



CHAPTER 2 

LITERATURE REVIEW 

INTRODUCTION 

The normal requirement of phosphorus for microorganisms to 

metabolize the organic matter in the activated sludge is 

expressed as a P/VSS ratio where bothP and VSS is in (mg/1). 

This ratio has been reported to range from 0,02 to 0,03. 

However, data has been reported from a number of activated 

sludge systems in which the ratio is in excess of these 

quoted figures. Hypotheses proposed to account for the 

excess concentration of phosphorus in the sludge can be 

divided into two categories: 

1. A physical-chemical precipitation mechanism whereby a 

solid species of calcium phosphate is precipitated 

out of solution, and 

2~ A biological mechanism whereby excess phosphorus is 

incorporated by the active fraction of the sludge, the 

so called "luxury uptakeli. 

Both hypotheses have found support from a number of inves­

tigators but from the literature it is not possible to 

definitely conclude which mechanism is operative or if, 

in fact, both mechanisms contribute to the excess phospho­

rus in the sludge. The two hypotheses will now be brief­

ly reviewed. 

PHYSICAL CHEMICAL PRECIPITATION OF PHOSPHORUS 

Menar and Jenkins (1970, 1972), Ferguson and McCarty (1969, 

1971), Ferguson, Jenkins and Eastman (1973), Ferguson, 
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Jenkins and Stumm (1970), and Morgan and Fruh (1972), have 

conducted extensive work on the physical-chemical precipi­

tation phenomena in waste water systems. Fran their work 

it appears that theoretically the forms of calcium phos­

phate most likely to precipitate in waste waters are (i) 

dicalcium phosphate (CaHP04 ); (ii) hydroxyapatite 

(ca
5

0H (P0
4

)
3

) and (iii) beta tricalcium phosphate 

(ca
3 

(P04 ) 2 ). Apparently the formation of a particular 

~alcium phosphate mineral is affected by the pH, carbonic 

Alkalinity, magnesium concentration and the presence of 

organic material in the system. These factors can in­

fluence the kinetics of removal of phosphorus, inhibit the 

formation of a particular calcium phosphate mineral or 

cause a mineral to precipitate different from the three 

listed above. 

For activated sludge systems, Menar and Jenkins (1970) 

postulated that phosphorus removal in excess of that pre­

dicted by biological growth requirement (2 - 3 percent of 

MLVSS) is caused by chemical precipitation. The phosphate 

precipitate is physically entrapped in the matrix of the 

activated sludge floe and is removed via the wasted sludge. 

According to them the_pH of the mixed liquor is governed 

by an equilibrium set up between the metabolically produced 

carbon dioxide and the alkalinity of the system. The pH 

of the system must be high enough to exceed the calcium 

phosphate solubility of the precipitating mineral so that 

precipitation can take place. The mass of phosphorus 

removed depends on the initial concentration of calcium, 

phosphorus, alkalinity and pH and the form of calcium phos­

phate precipitated. Laboratory batch tests, pilot plant 

and full scale plant studies by them seem to show that en­

hanced phosphate removal by activated sludge in hard water 

sewage can be explained by calcium phosphate precipitation. 

The work of Menar and Jenkins is particularly comprehen­

sive and will now be considered. 

Menar and Jenkins (1970) conducted three batch tests on 
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identical activated sludge samples to test the precipita­

tion hypothesis. One sample was aerated with air, the 

second sample was aerated with air plus 0,5 percent co2 
and the third sample was aerated with air plus 5 percent 

co2 for three hours. The [Ca]/(P] molar ratios of lica 

and liP taken up or released are given in Table 2.1. 

TABLE 2.1 : Release and uptake of phosphorus from 
activated sludge 

pH [LiCa ] [ LiP] [ Li Ca ] / . [ !iP) Condition 
mM mM 

8,17 ' Initial 

8,43 + 0,13 + 0,08 1,63 Aeration with Air 

7 

7,60 - 0,23 - o,18 1,28 Aeration with Air+, 5% co2 
6,85 - 0,96 - 0,71 1,35 Aeration 

+ Uptake of P or Ca by the sludge 

- Release of P or ca by the sludge 

with Air+ 5% CO2 

The average (Ca]/[p] ratio obtained from the three experi­

ments is 1,42. From their results there appears to be a 

constant relationship between the soluble calcium and phos­

phorus increase a.nd decrease. The mineral having this 

ratio of [Ca]/[P] is either beta tricalcium phosphate with 

[Ca]/[P] = 1,5 or hydroxyapatite with [Ca]/[P] = 1,67, or, 

some unknown form. 

Menar and Jenkins (1970) then conducted a continuous pilot 

plant experiment to determine whether the pH of the in­

coming sewage can be ~aised by preaeration to such a degree 

that phosphate precipitation will take place in the acti­

vated sludge aeration basin. The operating conditions 

and relevant results are shown in Table 2.2. 



TABLE 2.2 : Operating condition and results of pre­
aeration experiment at pilot scale level. 

Pre aeration 
Parameter Influent Basin Activated Sludge 

pH 7,7 8,3 8,3 

COD mg/1 217 78,0 41,0 

P mg/1 15,3 11,0 10,l 

Ca mg/1 64,4 62,0 58,8 

MLVSS mg/1 - 589 

Rs = 2,3 days R = 0,36 day 

It is apparent that there is a reduction in calcium between 

the total influent and effluent concentrations. This re-

duction in all probability can be attributed to the preci­

pitation of some insoluble form of calcium phosphate. 

With regard to the change in concentration of the phospho­

rus this can be ascribed to two causes: (1) the require­

ment for metabolism, and (2) that for precipitation of a 

calcium phosphate mineral. Assuming that luxury uptake 

did not take place (due to the fact that the whole system 

was aerobic), the.metabolic requirements can be evaluated 

as follows. 

Assume the metabolic phosphorus requirement is 0,025 with 

respect to the MLVSS. 

Pmet 

where = 

= 

= 

= 

= 
2 1 5 ., Xv.R 

100 Rs 

total volatile solids concentration (mg/1) 

hydraulic retention time (day) 

sludge age (day) 

change in influent phosphorus due to normal 
metabolic requirements (mg/1) 
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= 2,5 
100 

= 2,3 

. 589 
2,3 

8,7 
24 mg/1 

mg/1 

The total overall removal of phosphorus from the system is 

(15, 3-10, 1) = 5,2 mg/1 as P. Subtracting the phosphorus 

~~quirement for metabolism from this value gives (5,2 - 2,3) 

= 2,9 mg/1 as P. Provided there is no biological luxury 

.uptake of phosphorus it can now be considered that the ex­

cess uptake of phosphorus (i.e. 2,9 mg/1 as P) is due to 

calcium phosphate precipitation. The change in calcium 

concentration is (64,4 - 58,8) = 5,6 mg/1 as Ca. Conse­

quently the [Ca]/[P] molar ratio for precipitation is 

(5,6/40)/(2,9/31) =,1,50. This value compares favourably 

with the Ca/ P molar ratios obtained for the batch ex­

periments. 

There is some doubt as to the values of the parameters re-

ported by Menar and Jenkins. For example, they report the 

influent COD= 217 mg/1, MLVSS = 589 mg/1 and sludge age 

= 2,3 days, hydraulic retention time= 0,36 days. These 

values indicate that the equivalent COD in the wasted sludge 

and effluent should be 

Equivalent COD = _COD in wasted sludge and effluent 

R R. (MLVSS) . 1,42 + 4l·mg/l = 
s 

= 172 mg/1 

where 
COD 
vss = 1, 42. 

The COD for normal energy requirement, i.e. (217-172) = 

COD 

45 mg/1 is only 21 percent of the total influent COD. 

Normally the total COD equivalent, i.e. the wasted sludge 

and effluent should be at least 50 percent of the influent 

COD. It would seem that either the sludge age was longer, 

or, the MLVSS value was too high. This incompatability in 

the data is apparent in all the pilot and full scale studies 

reported by Menar and Jenkins. 
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They do not report how the sludge age was controlled and 

hence the reliability of their data cannot be assessed. 

Later in this chapter this matter is considered further. 

Menar and Jenkins also conducted a comparative study on a 

pilot plant and full scale plant (VCSD}. The operating 

conditions and results relevant to this analysis are shown 

in Table 2.3. 

TABLE 2.3: Operating condition and results for compa­
rative study 

.. 
Pilot plant VCSD Plant. 

Parameter ' 
Influent Effluent Influent Effluent 

pH 7,7 8,3 7,7 7,2 

COD mg/1 267 30 264- 23 

MLVSS mg/1 - 2196 . - 2500 

P mg/1 16,6 11,8 16,8 14,1 

Ca mg/1 69,6 56,0 68,0 58,0 

R = 12,6 days Rs = 12, 9 days s 

R = 0,33 day R = 0,38 day 

A;pplying the same method of analysis to the results from 

the two plants as for the pilot-p;l~Qt study considered 

previously, gives the values reported in Table 2.4. 

TABLE 2.4: [Ca]/[Pl uptake ratios in pilot and full 
scale plants 

Plant p 
met [Ca] I [ P] 

Pilot Plant 1,4 mg/1 3,1 

VCSD Plant 1,84 mg/1 9,0 

[ J indicates molar concentration 

10 



The (CaJ/[P] uptake molar ratio obtained in this compara­

tive study {Table 2.4) is significantly different to that 

listed in Table 2:.. 1. The results definitely indicate 

that more calcium is taken up than predicted by any of the 

calcium phosphate minerals. The concurrent removal of 

calcium and phosphorus again indicates that a calcium phos­

phate mineral is being precipi.tated. 

,Two additional pilot plant experiments were then conducted 

- at long and short sludge ages respectively, to give a high 

MLVSS concentration {i.e. 3727 mg/1) and a low MLVSS con­

centration (i.e. 1343 mg/1) respectively. The operating 

conditions and results relevant to the analy$is are re­

ported in Table 2. 5,. 

TABLE 2.5: Operating conditions and results of pilot 
scale study at long and short sludge ages 
respectively 

Long sludge age Short sludge age 
Parameter 

Influent Effluent Influent Effluent 

pH 7,5 8,1 7,7 8,1 

COD. mg/1 273 33 232 36 

MLVSS mg/1 - 3272 - 1343 

P mg/1 17,7 11,1 15,8 10,4 

Ca mg/1 64,3 55,5 62,8 56,0 

Rs = 14,5 days Rs = 4,0 days 

R = 0,28 day R = 0,25 day 

Again the-total phosphorus removed can be subdivided into 
· two fractions, for (1) normal metabolic requirement of· 

2,5 percent of MLVSS and {2) phosphorus precipitation. 

Analysing the two ·experiments the results are given in 

Table 2 .6. 
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TABLE 2.6 : [ca]/ [p] uptake ratios for the two pilot 
experiments at long and short sludge ages 

Plant p 
met [Ca]/ [P] 

Long sludge age 1,6 mg/1 1,36 

Short ~ludge age 2,1 mg/1 1,60 

(] indicates molar concentration 

These results are very similar to the [ca]/[P] ratios ob­

tained for the batch experiments on activated sludge. 

Considering all pilot and full scale plant results the 

[Ca]/[P] molar ratios show such a wide variation that no 

conclusion can be drawn as to the form of calcium phosphate 

mineral precipitating. One problem is that in the analy­

sis the removal of calcium was assumed to be due solely 

to the formation of a calcium phosphate mineral, whereas 

the possibility of some other cation precipitating with 

phosphorus is also possible. 

It is difficult to assess the value of the results calcu­

lated from the analysis of the data obtained by Menar and 

Jenkins. The principle uncertainty arises from their 

reported values of the MLVSS, which appears to be incom­

patible with their reported values for the sludge age. 

Accepting their values for the sludge age, calculation of 

MLVSS from the activated sludge theory as given by Marais 

and Ekama (1976) indicate that the MLVSS reported are far 

too high. Mass balances of the COD in and out of the 

systems tend to support the conclusion that there is. some 

error in the parameters reported. 

as follows. 

This can be illustrated 

Accepting the measured parameters for COD and MLVSS, the 

actual sludge age value can be calculated from the acti­

vated sludge theory as given by Marais and Ekama (1976). 

12 



Using primary effluent (Mener and Jenkins) 

= 

where xv 
y 

b 

Rs 
R 

y ( I\ S) 
H bRs 

= total volatile solids concentration 

= growth yield coefficient 

= endogenous mass loss rate constant 
VAS/day) 

= sludge age (day} 

= hydraulic retention time (day) 

(mg/1) 

(mg VAS/mg 

Substituting in this equation the values for the constants 

at 20°c, i.e. Y = 0,43 and b = 0,24 and the values of the 

measured parameters'of the pilot plant, i.e. COD= 176 

mg/1 and MLVSS = 589 mg/1, gives a sludge age of 5 days. 

This value is considerably higher than the value reported 

by Menar and Jenkins, i.e. 2,3 days. Accepting the value 
of R = 5 days and assuming that 2,5 percent of the MLVSS 

s . 
is the metabolic requirement of phosphorus, the phosphorus 

removed can aga{n be calculated as follows: 

Pmet = 2,5 X:y:.R 
100 R 

s 
mg/1 

= b2. 2§2. 0,36 100 . 5 . mg/1 

= 1,1 mg/1 

Now from Table 2.2 the total overall removal of phosphorus 
is 5,2 mg/1 as P. Subtracting the phosphorus requirement 

for metabolism from this leaves (5,2 - 1,.1) = 4,1 mg/1 as 

P. Accepting that this value (i.e. 4,1 mg/1 as P) is 

13 

due to calcium phosphate precipitation the [Ca]/[P] molar ratio 

is (5,6/40)/(4,1/31} = 1,06, this molar ratio is signi-fi­

cantly lower than the molar ratio obtained by accepting 

Rs = 2, 3 day, i.e. 1,06 versus 1~ 50 (see Table 2 .• 7). 

This anomaly is apparent in all pilot and full scale.plant 



investigations reported by Menar and Jenkins. The compari­

son between the reported sludge ages and calculated sludge 

ages with the relevant results are shown in Table 2.7. 

TABLE 2.7 Comparison of analyses for reported and 
calculated sludge ages 

Analyses from calculated 
Analyses from reported Rs Rs .. .. 

R
8

(days) . ,Psyn (mg/1) [t.P]/ [t.Cc1] R p (t,P]/ [t,Ca] 
s syn 

2,3 2,30 1,50 5,0 1,1 1,06 

12, 6 1,40 3,10 20,0 0,9 2,70 

. 12,9 1,84 9,00 33,0 o, 7 . 3,88 

14,5 1,60 1,36 30,0 0,8 1,18 

4,0 2,10 1,60 8,5 1,0 1,20 

[ J indicates molar concentration 

Due to the uncertainty in connection with the reported data 

no conclusions can be made regarding the type of precipi­

tant. The only conclusion possible is that some calcium 

phosphate did precipitate. 

Ferguson, Jenkins and Eastman (1973) investigated the pre­

cipitation of calcium phosphate from chemically defined 
solutions, containing only cacl2 , NaH2Po4 and Naeco3 • 

They conducted steady state experiments with an influent 
containing phosphorus of 0,3mM, calcium of 2,0mM and eco3 
of l,lmM. Keeping phosphorus and calcium concentrations 
constant for the next four experiments, the bicarbonate con­

centration was increased incrementally up to 7,0mM. 

The results are given in Table 2~8. 

The uptake rca]/LP J molar ratios of the first three experi­

ments are very similar but at the high bicarbonate concen-
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TABLE 2.8: [Ca]/[PJ uptake molar ratios for batch ex­
periments at different bicarbonate concen­
trations 

R{hrs) pH HC03mM (6Ca] {mM) [j\P] (mM) [l\ca ]/(l\p] 

7,5 7,2 1,1 0,27 o, 2 1,32 

6,0 7,78 1,2 0,36 0,24 1,51 

6,8 8,08 1,3 o, 34 0,25 1,38 

5,9 7,95 7, 0 0,39 0,20 1,94 

tration more calcium was removed, indicating that.maybe 
' some calcite is formed. X-ray diffraction patterns for 

the precipitate showed decreasing calcium phosphate crys­

tallinity with increasing bicarbonate concentrations. 

Some calcite formation at the high bicarbonate concentration 

was identified. 

The [ca]/[P] molar ratios for the three sets of results can 

now be compared in Table 2.9. 

TABLE 2. 9 : Comparison of [ Ca]/[ P] ratios for the three 
systems analysed 

Pur~,,System Batch Activated Pilot and full scale** 
. ,,,, ( .. ) Sludge Experiments Plant Results _·,=- .. esTR. 

·-. t •.• • ·. 

pH (caJ/,{P] pH [ca] I [p ] pH (ca]/[P] 

7,2 1,32 8,43 1,63* 8,3 1,45 

7,78 1,51 7,60 1,28* 8,3 3,00 

8,08 1,38 6,85 1,38* 7,2 8,30 
' 7,95 1,94 8,1 1,30 

8,1 1,55 

Release of ca and P by the sludge * 
** Our analysis using the reported values of VSS, etc. 

See Table 2.7. 
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From the analysis it is still not clear which mineral will 

precipitate. In chemically defined solutions at pH values 

between 7,5 and 8,5 a number of investigators seem to 

support the precipitation of hydroxyapatite (Ferguson, 

Jenkins and Eastman, 1973) and others beta tricalcium phos­

phate (Menar and Jenkins, 1972; De Boice and Thomas, 1975). 

The occurrence of a particular calcium phosphate crystal 

in waste water has not been identified due to the influence 

of many organic and inorganic species which may directly 

affect the calcium phosphate precipitation process. In 

continuous flow activated sludge systems, to determine 

which mineral precipitates, it is essential to consider 

the metabolic activities of the organisms since they 

alter the concentrations of the free species (e.;. Po4
3-). 

Ferguson, Jenkins and Stumm (1970) also noted the complex­

ity of a waste water system and were not able to identify 

the mineral precipitating from activ~ted sludge systems. 

Stumm and Morgan (1970) suggested the formation of a re­

placed apatite, i.e. ca11 (Po4co3) 4F2 , in areas of high or­

ganic productivity and in eutrophic lakes. It is possible 

that the formation of a replaced apatite takes place in 

high bicarbonate concentration systems and in activated 

sludge systems, giving a [ca]/[p] molar ratio of about 

11/4 = 2,75. 

From all the investigations conducted on chemical precipi­

tation, it can be summarized that calcium is shown to be 
capable of precipitating phosphorus in the pH range and 

concentration of calcium and phosphorus encountered in 

waste waters. It is also apparent that predicting the 

precipitation of calcium phosphate in activated sludge is 

a complex problem. There are a.number of parameters (i.e. 

pH, Mg, Alkalinity, phosphorus and organic material) that 

can significantly affect the solubility of the calcium 

phosphate mineral. However, it can be concluded that a 

physical-chemical mechanism is in all probability partly 
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responsible for the excess uptake of phosphorus in activated 

sludge systems •1 

From the work conducted on chemical precipitation of phos­

phorus with a [ca]/(p] molar ratio of about 1,5, it would 

appear that the mineral precipitating from chemical defined 

solutions is either beta-tricalcium phosphate or hydroxy­

apati.te • 

. The results above indicate that it would be worth while 

to investigate the possible removal of phosphorus by pre­

cipitation in activated sludge plants, as the contribution 

to phosphorus removal could be significant in the_many high 

calcium and alkalinity waste waters encountered in South 

Africa. 

BIOLOGICAL REMOVAL OF PHOSPHORUS 

Martin and Marais (1975) have exhaustively reviewed the 

literature pertaining to the biological luxury uptake of 
phosphorus and it is felt that there is little merit in 

repeating their review •. However, one may summarise the 

earlier work as follows: 

Investigations conducted prior to Barnard's (1975a, 1975b, 

1975c) work on biological phosphorus removal indicated that 

little quantitative work has been accomplished to e~tablish 

a predictive model. Many investigators were primarily 
concerned in emperically establishing the factors influen­

cing, and the conditions necessary, for phosphorus removal. 
Factors influencing the uptake of phosphorus in the acti­

vated sludge process were reported to include dissolved 
oxygen, length of aeration time, mixed liquor solids, pH, 

nitrogen concentration and substrate concentration. The 
principle experimental methods employed were to aerate 

return slup.ge in a flask under the various conditions. 

Although the results from these batch tests often indicated 
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very good phosphorus removal, their relationship with res­

pect to continuous process removal was difficult to esta­

blish. Continuous flow systems showing good removal of 

phosphorus usually served as the source of sludge for 

batch tests. When the batch tests also showed good re­

movals, conclusions were made regarding the mechanism of 

phosphorus removal. However, reporting is often not 

clear as to the exact conditions existing within the acti­

vated sludge plant. Furthermore, the pre-handling of the 

sludge in the batch test-differed from the conditions it 

is subjected to in the main plant; as a consequence the 

behaviour under batch test.conditions is different and 

therefore it is impossible to relate it to the behaviour 

under continuous flow condition. 

The justification for the conclusion above can be found 

by examining the work of Barnard. Barnard found that a 

factor of major importance effecting the removal of phos­

phorus is the presence of an anoxic zone somewhere in the 

plant. This zone forms an essential part in his system 

of denitrification and is therefore built into the plant. 

See Figure 2.1. In the reporting of full scale plants by 

other investigators, it is never clear whether such anoxic 

zones were not perhaps inadvertently formed in some part 

of the plant, particularly at the head end of the aeration 

chamber operating .under more or less plug flow conditions. 

This could in fact create the condition for biological 

phosphorus removal as hypothesized by Barnard. With re­

gard to the batch tests of these earlier investigators the 

sludge c::ollected often underwent a period of anoxia or 

anaerobiasis prior to conducting the test, thus creating 

the required condition for triggering off the biological 

luxury uptake mechanism in accordance with the Barnard 

hypothesis. For these reasons it is usually impossible 

to pin-point from the earlier investigations the causes 

for excess phosphorus removal. 

Barnard not only proposed an anoxic state but a particular 
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anoxic state which he termed a 'deep' anoxic condition. 

This condition, he maintains, is obtained when no nitrates 

are present in the anoxic reactor. He also maintains 

that there must be a release of phosphorus to stimulate 

phosphorus uptake in the aerobic reactor. Now Levin and 

Shapiro (1965} and Levin, Tapol, Tarnay and Samworth (1972) 

have also been interested in phosphorus release by allowing 

an .'anaerobic' condition in a side recycle stream. Their 

objective is to enrich the supernatant by means of the 

phosphorus release and then separate the sludge from the 

supernatant by settling. The densified sludge is returned 

to the plant and the supernatant treated with lime to pre­

cipitate the phosphorus. They consider it impo:r:tant to 

deplete phosphorus in the sludge so that the depleted 

sludge will more readily take up excess phosphorus in the 

reactor. In contrast Barnard considers release of phos­

phorus as an important prerequisite to stimulate excess up­

take of phosphorus in the aerobic re~ctor, the phosphorus 

thus taken up by the sludge is removed from the system in 

the sludge wasted daily from the plant. Whereas the 

Levin and Shapiro system requires chemical addition to 

precipitate the enriched supernatant phosphorus, the Bar­

nard system requires no addition. 

In one aspect the two systems may in fact not be so dif-

ferent. By inducing the sludge to go anaerobic, Levin 

and Shapiro may in fact create the condition necessary 

for excess uptake in the main reactor. From this point 

of view the conditions for uptake is specifically recog­

nized as such by Barnard but occurs 1 fortuitously 1 in the 

Levin and Shapiro system - they do not appear to have re­

cognized the triggering-off function of the anaerobic 

state. It would seem that they ascribe the phosphorus 

uptake phenomenon to the fact that phosphorus in the sludge 

is depleted when it enters the aerobic reactor from the 

secondary settler. As Barnard found that the phosphorus· 

adsorbed onto the organism mass is not significantly re­

leased (if aerobic conditions are maintained before the 

sludge passes through to the secondary settling tank), 
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the physical-chemical precipitation unit process in the 

Levin and Shapiro system may in fact not be required. 

This does not, of course, reject the possibility that by 
depleting the phosphorus under anaerobic conditions, su­

perior uptake of excess phosphorus subsequently will not 

take place in the Levin and Shapiro system. 

Martin and Marais (1975) and Marsden and Marais (1977) 

accepted a biological mechanism and carried out a series 

of experiments first to establish the conditions for in­

duction of optimum phosphorus removal and secondly to es­

tablish a biological theory to model the removal. From 

their work the following conclusions wer.e drawn: 

1. Luxury uptake of phosphorus is induced by the presence 

of a primary anoxic zone, i.e. anoxic conditions in 

the presence of high nutrients. The secondary anoxic 

zone was found to have little influence on the induc­

tion Of phosphorus removal; this observation, however, 

may have been valid only because the actual retention 

time in the secondary anoxic zone was not long enough 

and did not fulfil Barnard's contention that phosphorus 

must be released to trigger-off phosphorus removal. 

However, in one experiment they obtained release in the 
secondary anoxic zone (with N03-N still present) but 
this did not improve overall phosphorus reduction from 

the system. Here again in accordance with the Barnard 
hypothesis phosphorus removal may have been inhibited 

because nitrates were still present. 

2. There is an optimum actual retention time in the pri­

mary anoxic reactor for maximum removal.. At shorter 

and longer retention times the removal of phosphorus 
by the system decreases. The optimum value appears 

to coincide with the condition where there is no net 
release of phosphorus in the anoxic zone. Marsden 

and Marais (197.7) observed optimum phosphorus removal 

at an actual anoxic retention time of 30 minutes. 
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3. Increasing the influent ammonia-nitrogen and hence the 

reactor nitrate concentration enhances phosphorus re­

moval. This conclusion is in direct opposition to 

Barnard 1 s conclusion, for as the nitrate concentration 

increases the possibility of 11 anaerobic11 conditions 

decreases. 

4. An increase in aeration reactor pH to between pH 7 - 8 

enhances phosphorus removal. The increase was not 

substantial and possibly can be accounted for by some 

precipitation mechanism. 

5. The mechanism of phosphorus removal does not appear to 

be precipitatione Although an increase in pH through 

the anoxic reactor was observed due to denitrification, 

phosphorus was released into solution. This conclu­

sion does not necessarily follow from their work when 

one considers it in the light of the precipitation re­

moval mechanism reviewed in the first part of this 

report. If biological removal takes place conjointly 

with precipitation removal then in the anoxic zone 

where the biological removal of phosphorus is again 

released, the mass released may be in excess of the 

mass precipitated giving an observed apparent biologi­

cal release only. 

6. The degree of phosphorus removal appears to be indepen­

dent of the influent phosphorus concentration. This 

will be true if the removal is only biological. If 

precipitation can take place then the mass of phos­

phorus removed will increase as the concentration of 

phosphorus increases in order to satisfy the chemical 

equilibrium equation. However, chemical precipitation 

will only be evident if the pH is 7,0 artd above. It 

will not be so evident in waste water plants in Cape 

Town as the average pH in denitrifying plants ranges 

from 6,8 to 7,2, so that the phosphorus precipitation 

will tend to be of a minor nature. Plants operating 
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on the Reef, where the pH tends to be between 7, 5 and 

8,0, may very likely show increased phosphorus removal 

due to precipitation as the influent phosphorus in­

creases. 

7~ Anoxic stripping of phosphorus is not a prerequisite 
. for luxury uptake of phosphorus as implied by Levin and 

Shapiro (1965) and Barnard (1975). This conclusion 

of Martin and Marais (1975) and Marsden and Marais (1972) 

is probably the most contentious. The results ob-

. tained by different investigators are frankly contra-

dictory. This aspect will be discussed later. 

8. The concentration of phosphorus removed is a function 

of the COD utilized. The ratio of phosphorus removed 

to the COD utilized is constant at a particular sludge 

age, so that as the ,concentration of COD utilized in­

creases, the concentration of phos~horus removed in­

creases. If the removal is biological this conclusion 

is not unreasonable. 

9. The concentration of phosphorus removed is a function 

of the sludge age. For a fixed biodegradable influent 

COD, the longer the sludge age, the less phosphorus 

is removed. This conclusion also follows rationally 

from the biological uptake hypothesis. 

In a configuration where the actual anoxic retention time 
is fixed, the concentration of phosphorus removed from the 

effluent may be described by the equation: 

p 

where 

Y(Si - S) (S. - S) 
l. =-----

1 + bRs 0,82 

p 

s. 
l. 

s 

= 

= 
= 

reduction in phosphorus in the influent 
total P04-P, i.e. (Pinfluent-Peffluent) 
biodegradable influent COD (mg/1) 

unmetabolized biodegradable COD in effluent 
(mg/1) 
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y 

b 

a 

= sludge age {day) defined by mass of sludge 
in reactor/mass of sludge wasted/d 

= growth yield coefficient - mass of orga­
nisms synthesized per mass of COD utilized 
{mg/1) 

= endogenous mass loss rate constant {mg 
VAS/mg VAS/day) 

= the fraction of phosphorus relative to 
the mixed liquor volatile active suspended 
solids (MI.VASS) 

Martin and Marais found that the value of a is approxi­

mately 0,15 for conditions where the removal is apparently 

optimal in their system at 20°c. This value for a has 

been obtained a number of times with different configura­

tions and for sludge ages ranging from lo - 30 days at 20°c. 

However, the system of Martin and Marais does not appear 

to be stable. Some series of experiments give a value 

for a very much less than O, 15. The value of a = O, 15 

appears to be a optimum value. Values obtained for a 

from many series of tests are all shown plotted in Figure 

2.2 . 

. Fuhs and Min Chen (1975), in a very comprehensive review of 

phosphorus removal in the activated sludge process, claim 

that luxury uptake of phosphorus is essentially due to a 

single organism (acinetobacter) or several closely related 

forms, which differ from other bacteria in their ability 

to store large quantities of polyphosphates. Requirements 

for optimal performance appears to be that the MLVSS must 

be exposed to an anaerobic condition where no nutrients 

are present thus releasing phosphorus. Bacteria that 

have been subjected to this condition are then capable of 

taking up excess amounts subsequently in the aerobic zone. 

Liss and Langen (1962) referred to this phenomena as 'poly­

phosphate overplus' or as generally known, 'luxury uptake'. 

Harold (1966) and many other researchers have investigated 

the transportation of phosphorus within the bacterial cell, 

but the precise mechanism does not appear to be fully 
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understood. Evidently, the requirements stipulated by 

. Fuhs and Min Chen (1975) that no nutrients must be present 

in the anoxic phase is not supported by the work of Martin 

and Marais (1975) who concluded that optimum removal is 

obtained by having a primary anoxic reactor, receiving the 

influent flow energy. As Barnard requires only that 

there must be an anaerobic condition somewhere in the sys­

tem his results will be contradictory to Fuhs and Min Chen 

_if high removals are obtained where his secondary anoxic 

zone does not lead to a release of phosphorus. 

Research workers in the Johannesburg City Council (Osborn 

and Nicholls, 1977) are at present investiga_ting the 

'overplus' mechanis~ and the results obtained from pilot 

plant and batch studies tend to support this hypothesis. 

They suggest that a primary requirement is to establish a 

process which will induce the excess uptake of phosphorus 

by polyphosphate storing bacteria. They propose the 

configuration in Figure 2.3 for optimal phosphorus removal. 
This system is principally based on the Bardenpho process 

except that the second anoxic reactor is separated from 

the system and serves the function of a 'deep' anaerobic 

zone. According to Osborn and Nicholls the deep anaero­

bic zone (Reactor 3, Figure 2.3) is the region devoid of 

nutrient and nitrates which serves to starve the bacteria, 

thus reaeasing p~osphorus. On coming into contact with 

nutrients and nitrates in the primary anoxic zone (which 
receives the high nitrate recycle from the main aeration 

tank) the organisms can rapidly adsorb soluble phosphorus 

according to the 'overplus' mechanism. Their hypothesis 
therefore implies that (N03-N) oxygen serves the same 

function as o2 oxygen in the Fuh~ and Min Chen proposal. 

Osborn and Nicholls' hypothesis deviates from that of Fuhs· 

and Min Chen in that the latter hypothesis removal only 
takes place in the aerobic zone whereas the former accepts 

phosphorus removal in both the 'anoxic' and the aerobic 

zone. Osborn and Nicholls also do not appear to support 
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Fuhs and Chen who claim that acetic acid only is the nutrient 

necessary for stimulating the growth of the acinetobacter. 

The investigations of Osborn and Nicholls indicate that 

other organisms besides acinetobacter are capable of storing 

excess amounts of phosphorus. 

The theory of Fuhs and Chen implicitly requires that the 

acinetobacter be established, i.e. removal of phosphorus 

will develop as the organism accumulates. This is not 

in conformity with observations where plants have been 

changed from pure aerobic to anoxic-aerobic an immediate 

increase in removal has been observed (Martin and Marais, 

1975: Davelaar, Davies and Wiechers, 1977). 

Comparing the optimal results obtained by Osborn and Nicholls 

(1977) with the predicted values from the kinetic theory 

of Martin and Marais (1975) the results are almost identical. 

For example, run (d) of pilot plant investigation (Table 

2) by Osborn and Nicholls. 

where 

(S. 
1 

where 

so 

5xii 

5eff 

-: S) 

p = 

= 823 mg COD/1 

= 0,09.1,42.823 mg COD/1 

= 105,2 mg COD/1 

= 40 (say) mg COD/1 

= (823 - 105 - 40) 

= 678 mg COD/1 

Y(Si - S} 

1 + bR
8 

. 

0,0027 (Si - S) 
( a + 0,03.0,2.bRs) + O 82 I 

Rs = 20 days, a = 0,15, b = 0,24 and Y = 0,43 
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= 11,22 mg/1 as P04-P 

The removal obtained by Osborn and Nicholls is 11,3 mg/1 

as P04 -P. 

Osborn and Nicholls also state that if release of phospho­

rus is too excessive in the anaerobic zone then the removal 

in the aerobic zone is reduced. 

McLaren and Wood also investigated the effect of phosphorus 

release on subsequent excess phosphorus uptake. Their 

pilot scale plant is shown in Figure 2.4. This is a 

standard Bardenpho process except that the primary anoxic 

zone was a series system of tanks. The recycle from the 

settling tank was always to the first anoxic reactor, but 

the internal recycle irom aerobic zone could be directed 

into the first, second or third primary anoxic tank. 

They found that directing the flow into the first anoxic 

tank gave poor phosphorus removal with little improvement 

when directed into the second anoxic tank, but good re­

sults when directing the flow into the third anoxic reactor. 

They found that the rate of phosphorus removal coincided 

with observed release of phosphorus in the second primary 

anoxic tank and concluded that phosphorus release was a 

prerequisite for excess uptake. Although anaerobic con­

ditions, i.e. absence of nitrates, was found to be a pre­

requisite for phosphorus release, it was not a sufficient 

condition, for when anaerobic conditions were establishe~ 

with no phosphorus release was observed, the removal of 

phosphorus was poor. 

Their results are contradictory to the hypothesis of Fuhs.· 

and Min Chen (and hence contradictory to the system of 

Osborn and Nicholls) since Fuhs and Min Chen maintain that 
\ 

release of phosphorus must take place under no nutrient 

condition. The results of McLaren and Wood show that 

good phosphorus removal can be maintained with.release of 

phosphorus in the presence of nutrients. 
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McLaren and Wood repeated their tests on a laboratory 

scale plant in which the secondary anoxic zone was omitted 

but the aeration zone was subdivided into six compartments, 

(see Figure 2.5). Considerable release, i.e. 8,66 mg/1 

of phosphorus occurred in the anaerobic zone, a small uptake 

in the anoxic zone and massive uptake in the aeration zone. 

The system removal was 7,84 mg/1, i.e.~ of 0,15. This 

work further establishes that good phosphorus removal can 

pe obtained while not conforming to Fuhs and Min Chen's 

requirement, i.e. anoxic stress in the absence of nutrients. 

With regard to the data presented by McLaren and Wood, it 

should be noted that differences in concentration between 

the different react~rs give completely misleading descrip­

tions of the removal of phosphorus, because the internal 

and external recycles cause dilutions so that the apparent 

removal often is completely different with the actual re-

moval in the units. The only rational method for deter-

mining the behaviour of the system is to evaluate the 

systems removal or release of phosphorus in each reactor, 

i.e. removal obtained by doing a mass balance on a particu­

lar reactor. 

As an example, the calculation of the system's release and 

uptake of the laboratory unit is presented below: (McLaren 

and Wood) 

Release in anaerobic reactor 

= (11,4.1;5 - (8,24.1 + 0,4.0,5)) 

= 

Uptake in anoxic zone 

= (11,4.1,5 + 0,1.4,0 - 3,1.5,5) 

= 0,45 mg/1 as P04 -P 
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Uptake in aerobic reactors 

Reactor 1 £\pl = (3,1 - 2,0).5,5 = 6,05 mg/1 

Reactor 2 £\P2 = (2, 0 - 1,3) .5,5 = 3,85 II 

Reactor 3 £\P3 = (1, 3 0,8).5,5 = 2,75 II 

Reactor 4 8P4 = (0, 8 0,3).5,5 = 2,75 ti 

Reactor 5 8P5 = (0, 3 0,3).5,5 = 0,00 II 

Reactor 6 6P6 = (0, 3 - 0,1).5,5 = 1,10 II 

:~ Total uptake of phosphorus 

= 6PAX + 

= 16,95 mg/1 as P04-P 

Release in settler 

.(\PS = 1,5.0,4 - 0,1.1,5 

= 0,45 mg/1 as P04-P 

Doing a balance between influent and effluent including 

the settler 

= 

= (8,24 + 0,2 + 8,6& + 0,45 - 16,95 - 0,2) 

= 

. 33 

as P04 -P 

11 

II 

II 

II 

II 
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Overall removal = 

= (Total system uptake - Total system release} 

= (16,95 - 0,45 - 8,66) 

= 

Evidently the anoxic reactor gave very little uptake where­

as the aerobic reactor gave enormous uptake. 

If one compares the concentrations only a mistake can easily 

be made by c·rediting most of the removal to the anoxic zone 

and minor removal to the aeration zone. For example, the 

uptake of phosphorus in the anoxic reactor is reported as 

8,3 mg/1, whereas the system uptake is o,45 mg/1. 

In McLaren and Wood's paper it is also difficult to assess 

whether any calcium phosphate precipitation took place in 

the laboratory scale units as the soluble calcium values 

are not reported for each reactor. There also appears to 

be some doubt as to the influent calcium reported, i.e. 

34,9 mg/1 as ca. This value seems to be an inordinately 

. low value for Reef sewage and is possibly due to the method 

of measurement. Appreciable calcium in the precipitated 

form is on the volatile solids in the influent and in test­
ing it, it is necessary to acidify the sample to solubilize 

the calcium ions. 

Taking an overview of the results from the systems examined 

above, the following observations can be made: 

(a} The presence of an anoxic zone in the system is cru­

cial to the removal of the phosphorus in the system. 



(b) Good phosphorus remova~ has been reported for systems 

with an anoxic zone in the presence or absence of 

nutrients. 

(c) Very good and very poor systems removal of phosphorus 

has been attained with high nitrates, low nitrates 

and zero ni~rates in the primary anoxic zone receiving 

the influent waste water. 

(d) Very good removals have been obtained with phosphorus 
uptake, no phosphorus uptake and phosphorus release 

in the primary anoxic zone. 

(e) Very good and yery poor release of phosphorus has 
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been reported with short and long actual primary anoxic 

retention times. 

Considering the different hypotheses that have been pre­

sented in this review, the one positive conclusion that 

can be made is that there is as yet no certainty as to 

precisely what are the conditions that lead to optimum 
biological removal of phosphorus. Only one conclusion 
appears to be well substantiated, that an anoxic state in 

the sys~em is necessary to induce excess phosphorus removal. 
The evidence as to the characteristics of this state 

(No3-N present or not; length of anoxic retention time, 

release of phosphorus in the anoxic state as against uptake 

of phosphorus in the anoxic zone and anoxic state in the 
presence or absence of nutrients) are contradictory and 

confusing. 

OBJECTIVES 

It is clear from the literature review that no general 

· conclusion can be drawn to specifically identify the mecha­

nism (s) responsible for the excess uptake of phosphorus 

in activated sludge systems. From the investigations of 



Barnard and Martin and Marais, it appears that the condi­

tions imposed by them on the activated sludge system en­

hanced the biological removal of phosphorus, whereas in­

vestigations of Menar and Jenkins tend to indicate that a 

physical-chemical mechanism is also possible. In both 

fields of investigations the authors were primarily con­

cerned with one particular excess removal mechanism and· 

no attempt was made to enquire whether a combination of the 

two mechanisms is in fact responsible for excess uptake of 

phosphorus. The work of Menar and Jenkins definitely 

indicates that the physical-chemical mechanism can be part­

ly responsible for excess uptake of phosphorus and may 

account for some of the removal observed by aarna~d and 

Martin and Marais. , 

Menar and Jenkins did not impose anaerobic. conditions on 

their plants whereas Barnard and Martin, Marsden and Marais 

did. If Menar and Jenkins 1 hypothesis is sustained, then 

phosphorus removal by precipitation could also take place 

in the biological removal system as the physical-chemical 

removal can take place in anoxic conditions if the pH, 

Alkalinity and calcium values are favourable. 

It is, therefore, necessary to investigate whether a bio­
logical cum chemical mechanism is in fact responsible for 

the excess removal of phosphorus. To observe this pheno­

menon it is proposed that firstly the physical-chemical 

mechanism is identified by removing the biological luxury 
uptake mechanism and, secondly~ to identify the biological 

luxury uptake mechanism by removing the physical-chemical 

mechanism. 

The first part of the investigation constitutes the theo­

retical development of calcium phosphate precipitation 
from pure systems. Two phase conditioning diagrams for 

the various calcium phosphate minerals were developed so 

that they can be subsequently applied to experimental 

work to identify the form of calcium phosphate mineral 
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precipitated. Due to the complex inter-relationships of 

the various parameters within the activated sludge system 

it was impracticable to develop a good predictive model, 

but a theoretical model could perhaps indicate new lines 

of approach in this ~nd other investigations. 

The second part of the investigation entails the experi­

mental work into the chemical precipitation of phosphorus 

from biologically treated wastewaters. It is desirable 

to identify the precipitation of a calcium phosphate 

mineral in batch experiments and to obtain the condition 

required for precipitation to take place in activated 

sludge systems. 

The third part of the investigation is concerned with the 

conditions required for optimum phosphorus removal and 

the mechanism(s) responsible for this removal. It is 

desired to first identify the two me~hanisms separately 

under conditions that would allow only one excess removal 

mechanism to operate at a time. Having identified the 

two mechanisms it is then possible to operate the systems 

configuration in accordance with Barnard and Martin and 

Marais' proposal and thereby induce optimum phosphorus 

removal due to the combined mechanisms, i.e. biological 
cum chemical mechanism. 
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CHAPTER 3 

PHOSPHORUS REMOVAL BY CHEMICAL PRECIPITATION 

- THEORETICAL CONSIDERATIONS 

INTRODUCTION 

In the literature survey it was shown that phosphorus pre­

cipitates in three forms in natural waters, as (i) beta 

tricalcium phosphate ca3 (P04) 2 , (ii) hydroxyapatite ca5 
(OH} (P04 ) 3 , and (iii) dicalcium phosphate CaHP04 •. 

For pH values greater than about 7,0 hydroxyapatite (pKs 

= 55,6) is thermodynamically the least soluble of these 

minerals followed by tricalcium phosphate (pKs = 25,46) 

and then by dicalcium phosphate (pK ~ 7,0). However, . s 
the least soluble mineral need not necessarily precipitate 

as the presence of foreign ions, notably Mg, may signifi­

cantly alter the stabilities of the solids and cause the 

precipitation of a more soluble phase (Ferguson, Jenkins 

and ,Stumm, 1970) • From their observations, it appears 

that hydroxyapatite is a mineral whose growth sites are 

poisoned in wastewater when the magnesium concentration 
is high (i.e. for ca/Mg ratio less than 5). This inhibits 

. precipitation of a apatite crystal. 

The presence of the carbonic weak acid system may cause a 

co-precipitation problem by the formation of caco3 or some 
3-other calcium salt. Also P04 can be adsorbed onto the 

charged caco3 surface; this will result in the poisoning 

or reduction of growth sites. The degree of adsorption 
of Po4

3- depends on the phosphorus concentration in solution. 

From these remarks it is evident that to predict the form 

and existence of calcium phosphate crystals in a particular 
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water is a complex problem. To find some solution, an 

approach is first to investigate pure system precipitation 

phenomena. The investigation is then extended by replac­

ing the pure liquid by treated effluent. Thereafter, to 

utilize the activated sludge mixed liquor. 

APPROACH TO THEORETICAL SOLUTION 

The ct+_ PoJ-- HPo4= - H2Po,i - H3Po4 is a complex one 

involving a number of ionic equilibrium equations which 

are subject to restriction by the solubility equations of 

beta - tricalcium phosphate, dicalcium phosphate_and 

hydroxyapatite where supersaturated conditions exist. 

Numerical methods of solution involving the ionic phase 

only, or, the ionic and solid phases are not for general 

use due to the complex inter-relatio~ship between the 

variables defining the equilibrium conditions. However, 

practical methods of solution are possible, using graphical 

plots called conditioning diagrams which link the equili- · 

bria inter-relationship in terms of certain basic variables 

39 

(i.~. P-Alkalinity, P-Acidity and PT). This approach has 
been extensively investigated for the ct+_ co; - Hco; - H2co3 
system by Loewenthal and Marais (1976). It can be extended 
quite readily to the phosphoric system. The application 

to the phosphoric system will closely follow the concepts 
of Loewenthal and Marais (1976). 

Loewenthal and Marais (1976} set out in detail the deve­

lopment of the basic concepts utilized in the development 
of their conditioning diagrams. , It is, therefore, not 

necessary to give extensive exposition of their basic ideas 

as these can be found in their monograph. 

In our development we shall presume that the definitions 
of the basic parameters are understood. Consideration 

will be given to the basic definitions only where these 



require adaption to our particular system. 

equilibrium diagrams will be developed. 

The following 

1. Single aqueous phase equilibrium between phosphoric 

acid species and water species, and 

2. Two phase equilibrium between solid calcium phosphate 

and aqueous species. 

Equilibrium of Orthophosphate in Pure Water 

All natural waters are governed by the carbonic weak acid 

system. However, the presence of dissolved· orthophosphate 

results in the formation of another weak acid system. 

As for the carbonic system, the single phase equilibrium 

conditions for the phosphoric species will be considered 

in pure water (i.e. presence of dissolved orthophosphate 

species only) • 

The pH in a water containing only phosphoric species and 

·associated ions is governed by 

the phosphoric species (H3Po4 , 
. '( + -water species H and OH). 

equilibria reaction between 
- = 3-H2PO4, HPO4 and PO4 ) and 

The equilibrium equations for the orthophosphate species 
are: 

[H+] [H2Po4]/[H3Po4 ] = K' 
1 . . . . . . . . . . . . . ( 3 .1) 

[ H + ] (HPO; ]/ [ H2 PO 4 ] = K' 2 . . . . . . . . . . . . . (3.2) 

[ H + ] [PO!- ]/ [ HPO; ] = K' 3 . . . . . . . . . . . . . (3.3) 

[H+) [OH-] = K' . . . . . . . . . . . . . ( 3. 4) w 
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where [ J indicates molar concentration 

K' indicates an equilibrium constant which 
has been adjusted for ionic strength effects. 

The total phosphoric concentration (PT) must equal the 

sum of the concentration of its ionized species in solu­

tion. 

For a value of PT the logarithim of each of the ortho­

phosphate species concentrations are plotted against pH 

(see Figure 3.1). 

The pH values of the equivalence points for H3Po4 , 

H2Po4, HPo; and Po!- solutions are marked 1, 2, 3 and 4 

respectively on the log species pH diagram. 

Alkalinity and Acidity 

The alkalinity of a solution implies the concentration 

of H+ ions which must be added to water to change the 

pH from an initial value to some selected lower final 
value. The acidity implies the concentration of OH­

ions which must be added to change the pH of a water from 

some initial value to some higher final value. 

Phosphoric Alkalinity 

Alkalinity for a particular equivalent solution (say 
H3Po4 ) is best explained by an example. 

If, say, PT mole/! of H3Po4 is added to pure water an 

equivalent H3Po4 solution is obtained and the pH is de­

fined by the_equivalence point of H3Po4 . 

Using the concept of proton balance the H3Po4 equivalent 
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solution is derived as follows: 

species gaining H+ 

zero proton condition 

. 1 . H+ species osing 

H+ 

I 

Sum of species formed by gaining ·a+- = sum of species formed 
by losing H+. 

Referring to Figure (3.1) the intersection of the a
3
Po; and 

H+ line (i.e. pt. 1) defines the pH of an equivalent phos­

phoric acid sorution and h~nce the above equations reduces 
+ -to [H ] = [ H

2 
PO 4 ] • 

Note: Other species negligible. 

It is now possible to derive a definition for the total 

Alkalinity in terms of the species of the phosphoric acid 

system. 

Supposing PB moles/t of nett strong base (BOH) is added 

to the solution, a relationship linking the nett strong 

base to the weak acid species can be developed from the 

concept of proton balance. 

species gaining a+ 

zero proton condition 
. l . H+ species osing 
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The sum of the proton charges must equal sum of the nega­

tive charges. 

[B+] + [H+] = [H2P04] + 2[HPO;] + . 3 [Po!-] + [OH-] 

i.e. [B+] = [H2Po4J + 2[HPO;] + 3[PO:-] + [OH-] - [ H+] 

but PB = [B+] = [OH-] added 

Titrating the solution using a strong acid to the H3Po4 
equivalence point one must supply H+ ions to balance the 

OH- ions added from the alkalinity definition. This con­

centration of H+ is.expressed as the total P-Alkalinity, 

hence 

44 

•••••• (3.6) 

Using similar methoos of solution as above, the equation for 

the H2PO~, HPO!- and Po!- Alkalinities can be developed 

giving: 

H2Po4 Alk = 2[ PO!-]+ [HP04] + [OH-] - [H3Po4 ] + CH+] •• (3. 7) 

HP04 Alk = [Po!-] + [OH-] + [H+] - [H2Po4] .;_ 2 [ H3Po4 ] •• (3.8) 

Po!- Alk = [OH-]- (H+]- [HPO~] 2[H2Po4J - 3 [H3Po4] ••• (3.9) 

Phosphoric Acidity 

Equations for total Acidity, HPo; Acidity, H2Po4 Acidity 

and H3Po4 Acidity are derived by a similar m~thod as that 
used in developing the alkalinity equations giving: 
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(3 .10) 

H Po ~ 'd1.'ty -- [H3Po4 ] + [H+] 2 4 .nCl. 

(3.11) 

.: . • ~-· .•. (3 .12) 

H3P04 Acidity= [H+] - [H~P04] - 2 [HPO~] - 3 [Po!-1 - [OH-] 

DEVELOPMENT OF SINGLE PHASE MODEL 

The single phase model assumes that no calcium phosphate 

precipitation occur~ from the water and that no co2 exchange 

occurs between the water and the air in contact with the 

water. It considers only changes in equilibrium between 

the dissolved orthophosphate species in aqueous phase due 

to chemical conditioning. 

This model is based on the Loewenthal and Marais (1976) single 

phase model for the carbonic system, where the behaviour of 

the system is described in terms of the parameter Alkalinity, 

Acidity and pH. 

Equations governing the single phase model are as follows: 

The equilibria equation for the phosphoric systems are: 

[ H+] 

[ H+] 

. [ H+] 

[H+] 

where 

[a
2

po4 ]/ [H3Po4] = K' 1 . . . . . . . . . . 

[ HPO~ ]/ [H2 PO~] = K' 
2 

. . . . . . . . . . 

[PO:~]/ [HPO~ ] = K' 3 . . . . . . . . . . 

[OH-] = K' w . . . . . . . . . . 

[ J indicates molar concentrations 

Ki, K2, K3 and K~ = equilibrium constants which 
have been adjusted for ionic 

strength effects. 

(3.14) 

( 3. 15) 

(3 .16) 

(3.17) 



Equations (3.14 to 3.17) are a-:set of 4 independent equations 

with 6 unknown, i.e. H+, OH-, H3Po4 , H2Po4, HPO~ and POi-

To define the initial ionic state of the water completely, 
it is necessary to obtain experimental values of at least 

two parameters. It is not possible to determine separate-
+ ly any of the phosphate species. However, H can be 

calculated by measuring pH and including Equation (3.18), 

i.e.: 

••....••••• (3.18) 

in the system. Hence one more parameter needs to be 

determined. The mass parameters, PT, P-Alkalinity and P­

Acidity are in terms of the basic parameters and if it is 
possible to measure one of them, the system will be com­

pletely defined. 
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i.e. (3.19) 

P-Alkalinity = 3 [po!-J + 2[ HPO~-] + [H2P04] + [OH-] - [H+] (3.20) 

P-Acidity = 3[H3Po4] + 2[H2Po4] +[HPO~] + [H+] - [OH-] ... (3.21) 

where 

PT = sum of concentration of its ionized species in solution 

P-Alkalinity = moles of H+ to change the pH of a water to that 
of a phosphoric acid solution. 

P-Acidity = moles of OH- to change the pH of a water to that 
of a phosphoric solution. 

In practice it is difficult to obtain P-Alkalinity and P­

Acidity experimentally because of the low concentration 
present. 

accurately. 

However, PT can be ·measured experimentally very 

Hence Eq. (3.19) is included in the system. This increases 
the.number of independent equations to six and the number of 



. 41 

PHOSPHORIC SYSTEM (AQUEOUS) 
IONIC STRENGTH :0.015 Ta.PERATUREa 25'C 

1.0-t----+------+-----+----....,,.,.,,.,...,....,.....,....,r--,--..---,.-+--,-....-___...,.-----,+----.--+lO 

a 

08 

0.7 

02 

/ 

0.1 02 . 0.4 0.5 0.6 0.7 0.8 

((P)ALKALINITY) mM 

l: 
E 
,... 

. > 
. 1-

, 04Q 

~ 
It ..... ..... 

Figur>e 3.2 P-Alka.linity - P-Aaidity - pH equilibrium diagram 



PHOSPHORIC SYSTEM (AQUEOUS) 
IONIC STRENGTH a0.015 TEMPERATUREs25•C 

05 , 1 / 5 
.. /} /· /. 

I/Ill 

0.4 

/11; 
/2~0 • 

l&f/jf/ f ~~~ 
'llfl?t:I/ /qi'~ 

·l f\\a 

~ ./ ~i~. 

~ ~ . / . d. 
0.1 ·> --:,,;.• 

/ I~ 

{{P)ALKALINITY) mM 

%> 

,,."'I_. 
9'<.' '\~ 

;4:-x,.'o" 
/29 ~'o'1 

Figur-e 3.3 P-Alkalinity - P-Aaidity - pH equilibriwn diagram 

01 

..... . 

>-
1-
0 
~ 

48 



unknowns to 8, but the parameters pH and PT can be measured, 

hence the remaining six unknowns were found by solving the 

Equations (3.14 to 3.19). 

In conformity to Loewenthal and Marais (1976) the single 

phase conditioning diagram makes use of the parameters P­
Alkalinity and P-Acidity. As .the system is completely de­

fined, these parameters can be calculated from Eq. (3. 20) 

a,nd Eq. ( 3. 21) respectively. 

In water conditioning the only practical method of solution 

is by using graphical aids which comprise graphical plots 

linking Alkalinity, Acidity and pH. Choosing Alkalinity 

and Acidity as carte~ian co-ordinates, pH can be writtep in 

terms of these parameters (by applying equilibria relation­

ships) and plotted as a series of constant pH lines in 

the co-ordinate diagram (see Fig. 3.2). This plot consti­

tutes an ionic equilibrium or single phase diagram for the 
\ 

phosphoric system. 

A family of straight lines representing constant values of 

PT can also be plotted in the single phase diagram using 

the relationship between the mass parameters PT, P-Alkalinity 

and P-Acidity as follows: 

P-Alkalinity + P-Acidity = 3PT 

This equation indicates a linear relationship between the 
three mass parameters so that a particular value for PT plots 

as a straight line in the diagram and intersects both P­
Acidity and P-Alkalinity axes at the values.PT/3 (see Fig. 

3 .2} . 

The .theoretical relationship between Alkalinity, Acidity 

and pH ~or plotting the single phase diagram for the phos­

phoric .system is developed as follows: 
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so 

From Eq. (3.15) 

= ........•... (3.22) 

Substitute Eq. (3.22) into Eq. (3.20) 

Fro.m Eq. (3 .16) 

(3.24) 

Substituting Eq. (3'.24) and Eq • ( 3 • 1 7) in to Eq • ( 3 • 2 3 ) 

• P-Alkalinity = 
_ [ H+ ][ HPO~] 

2 [HP04] + K' 
2 

• • • • • • • (3.25 

Solving for [HP04] : i.e. 

P-Alkalini ty 
= 

••••• (3.26) 

From Eq. (3.14) 

= ............ (3.27) 

Substituting Eq. (3.22) into Eq. (3.27) 
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[H+] [H+] [HPO~] 

K' * K' 1 2 
................. (3.28) 

Substituting Equations (3.17), (3.22) and (3.28) into Eq. (3.21) 

2 [ H+] [HPO~] 3 [H+] 2 [ HPO~ ] 
Acidity= K' + [HP04] + K' * K' 2 1 2 

Solving for [ HP04] 

= 

K' * K' 1 2 

Equating Eq. (3.26) and Eq. (3.29) the general equilibrium 

equation in terms of Alkalinity, Acidity and H+, is obtained: 

K' 
= Acidity - [H+] + w [Ht-] 

A graphical plot of Eq. (3.30) with Alkalinity and Acidity 

as co-ordinate axis can now be determined using a high speed 

digital computer ;(see Appendix D for computer programme). 

For some chosen fixed value of pH ~nd hence some fixed value 
+ of H) there is a-line~r relationship between Alkalinity and 

Acidity (see Figs. 3.2 and 3.3). 

(3.29) 



EQUILIBRIUM CONDITIONING DIAGRAM FOR THE TWO PHASE MODEL 

Introduction 

In the two phase equilibrium model the objective is to des­

cribe the inter relationships between the equilibria ionic 

phases and the equilibria solid phase. Three solid phases 

can be in equilibrium with the ionic phase (i.e. beta tri­

calcium phosphate, dicalcium phosphate and hydroxyapatite). 

After various attempts to develop a diagram including all 

three solid phases, it was decided that the simplest approach 

is to develop the two phase diagram for each of the solid 

phases separately. By joint utilization of all three dia­

grams .it is possible to readily determine which is the 

significant precipitation phase applica~le under the parti­

cular conditions existing or imposed on the solution. 

It should be noted that besides the calcium phosphate sys­

tem a number of other cations (Mcj+, Fe 3+ and Na+) can form 

precipitants and complexes with the ortho-phosphate ,ion. 

However, the cation of major importance is calcium due to 

its higher concentration in terrestrial waters. Therefore 

consideration was restricted to the calcium phosphate 

system only. 

The forms of calcium phosphate precipitants in an aquatic 

environment in order of decreasing solubility are: 

(i) mono calcium phosphate - Ca(H2Po4 ) 

(ii) dicalcium phosphate - Ca HPO4 

{iii) beta tricalcium phosphate - ca 3 (PO4 ) 2 , and 

(iv) hydroxyapatite - ca 5 (OH) (PO4 ) 3 

Mono calcium phosphate is unlikely to precipitate from 

natural terrestt:i.al waters .as the conditions for precipitation 
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are low pH (pH < 6) and high calcium and phosphorus concen­

trations. For this reason a conditioning diagram including 

this mineral was not developed. 

Development of Two Phase Model 

In order to develop a two phase conditioning diagram for a 

par.ticular calcium phosphate mineral· it is assumed that the 

concentration of the species in solution is governed by 

that calcium phosphate crystal and the acqueous species. 

The model is based on the weak acid-base parameters similar 

to those used in the three phase model for the·calcium car­

bonate system (Loewenthal and Marais, 1976). Their model 

describes the behaviour of the system in terms of the para­

meters Alkalinity, Acidity and pH. 

Equations governing the phosphoric syst€m are: 

(1) The equilibrium equation for the or tho-phosphate species 

[H+] [H2Po4]/[H3Po4] = Kl 
1 . . . . . . . . . . (3.31) 

[H+] [HPO~ /[H2Po4] = K' . . . . . . . . . . (3.32) 2 

[ H+] [PO:-]/ [HPO~] = K' 3 . . . . . . . . . . (3~33) 

[H+] [OH-] = 'Kl 
w . . . . . . . . . . (3.34) 

(2) The equations defining the saturated state for the par­
ticular calcium phosphate mineral, i.e. one of the 

following: 

C (po ) · 1 K • = [ca++.] 3 [Po
4
3-.J 2 a3 4 2 minera sl ••••• (3.35) 

CaHP04 mineral Ks2 
+ 3-++ [H ][ P04 ] 

= [Ca ] K1 

3 
• • • • • (3. 36) 
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or 
[ca++] 5 [po~- J3 

[H+ ] 
K' 

w 
••• (3.37) 

where Ksl' Ksi and Ks3 = the solubility products of the 

three calcium phosphate minerals, adjusted for ionic 

strength effects; 

K1, K2, K3 and¾= thermodynamic equilibrium constants 

adjusted for ionic strength effects. 

[ ] indicates molar concentration. 

For equilibrium, Eqs. (3.31 to 3.34) and one of- the Eqs. 

(3.35), (3.36) or (3.37) must be simultaneously satisfied. 

These equations constitute a set of 4 independent equations 

containing 7 unknown parameters, i.e. H+, OH-, H3Po~, HPO;, 
3- ++ P04 and ca • 

++ The parameters Ca can be found by experimental determina-

tion of CaT. If there is no significant ion pairing CaT 

= Ca++ This leaves two more unknown parameters to be de-

termined. It is not possible to determine separately any 
+ of the phosphate species. However, H can be determined 

by measuring pH and including Eq. (3.38), i.e • 

. . . . . . . . . . . • . . . . (3.38) 

in the system. 

Hence one more parameter needs to be determined. The only 

possibility that remains, is to investigate if one of the 

mass parameters P-Alk, P-Acid or •total phosphoric species 

can be experimentally found. The mass parameters are in. 

terms of the basic par~meters and hence if it is possible 

to measure one of them, the system will be completely de­

fined. 
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i.e. PT= [H3Po4 J + [H2Po4 J + [HPO~] + [PO!-J 

~-Alkalinity= 3[Poi-] + 2 [HPO~] + [H2P04] + [OH-] - [H+] 

(3.39) 

where 

PT = sum of concentration of its ionized species 

in solution. 

P-Alkalinity = is defined as moles of H+ to change the pH 

of a water to that of a phosphoric acid 

solution. 

P-Acidity. = is d~fined as moles of -OH to change the pH 

of a water to that of a phosphoric acid 

solution. 

In practice, it is difficult to obtainP~Alkalinity and P­

Acidity experimentally because of the low concentration pre­

sent. However, PT can be.measured experimentally very ac­

curately. Hence Eq. ( 3. 39) is included in the sys tern. 

This increases the number of independent equations to six 

and the number of unknowns to nine, but the parameters pH, 

PT and CaT can be measured, hence the remaining six unknowns 

were found by solving the set of Eqs. (3.31 to 3.34) and 

Eq. ( 3. 38) and ( 3. 39) • This set will be valid whether the 

water is undersaturated, saturated or supersaturated with 

respect to one of the calcium phosphate minerals provided 

neither dissolution nor precipitation of the calcium phos­

phate mineral occurs. 

( 3. 40) 

In conformity to Loewenthal and Marais (1976) the conditioning 

diagrams make. use of.the parameters P-Alkalinity and P­

Acidity. As the system is completely defined these can be·· 

calculated from Eq. (3.40) and Eq. (3.41) respectively. 

Loewenthal and Marais (1976) proposed an additional mass para­

meter for the carbonic weak acid base system (i.e. Ca-Alk) 



and used as the basic co-ordinate system (Ca-Alk) and Aci­

dity. They then transformed the systems of equations to 

solve pH, Alk and ca in terms of the basic co-ordinates 

{Ca-Alk) and Acidity: 

pH = fl (Ca-Alk I Acidity) 

Alk = f2 { II II ) 

ca = f3 ( II II ) 

The definitions of the mean parameters Alkalinity and Aci­

dity are applicable to any weak acid base system (Loewen­

thal and Marais). The mass parameters Alkalinity and 

Acidity for the particular phosphoric acid base system are 

listed in Eqs.(3.40} and (3.41) respectively. These 

parameters are expressed in moles/litre which gives a 

different algebraic expression than when expressed as 

equivalent or as ppm caco3 • 

The conditioning diagram for the phosphoric weak acid sys­

tem graphically presents equilibria inter-relationships 

between Alkalinity, Acidity, pH and calcium in a plot with 

the parameters Acidity and (Alk-2Ca) as co-ordinates. 

The co-ordinate system selected for the two phase condition 
diagram is shown in Fig. (3.4). 

,....., 
8 
N 

I 
X: _, 
~ ACIDITY + . 

+ 

Figure 3.4 Co-ordinate system for the two phase conditioning 

diagram 
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Note (Alk - 2Ca) increases in the positive X direction and 

acidity increases in the negative Y direction. 

i.e. 

X = - Acidity 
X = [QH_]_ [H+] 

and Y = (Alk - 2Ca) 

To represent saturated calcium equilibrium values for each 

of the parameters Alkalinity, calcium and pH the solubility 

and ionic equilibria relationships are used to derive equi­

libria equations for each of the three parameters in terms 

of the co-ordinate parameter (Alk-2Ca) and (Acidity). 

i.e. pH = fl (Alk-2Ca I Acidity) 

Alk = f2 
II II 

ca = f3 
II II 

To plot the particular parameter in the diagram, say pH, 

in terms of (Alk-2Ca) a fixed value is given to the pH 

and assuming values for (Alk-2Ca), the Acidity is calculated. 

By this means, the constant pH line is plotted on the dia­

gram. The method -9f ·'~olution for constant Alkalinity and 

calcium lines are similar. 

The mathematical development for calculating the above re­

lationships are set out in Appendix Band the corresponding 

computer programme is listed in Appendix E. 

The two phase conditioning diagrqm for beta-tricalcium 

phosphate is shown in Fig. (3.5) for dicalcium phosphate 

in Fig. (3.6) and for hydroxyapatite in Fig. (3.7). 
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·APPLICATION OF SINGLE AND TWO PHASE CONDITIONING DIAGRAMS 

The two phase conditioning diagram developed for the three 

calcium phosphate minerals are used for estimating: 

1. The initial state of a water with respect to one of 

the calcium phosphate minerals with and without species 

of the carbonic system present. This problem is the 

usual one and must be solved before any further calcu­

lations can be made. The calculation will give the 

initial ionic state of the water with respect to the 

phosphoric system. 

2. Dosage to effect a certain phosphorus removal., again 

with and without species of carbonic system present. 

This calculation follows subsequently to (1) above. 

1. Initial State 

(i) Without the presence of carbonic species 

Depicting the initial condition of the water on a two 

phase diagram is done as follows: 

Assume you have a pure solution (i.e. no carbonic species 

) . ++ 3-. present with ca and P04 ions and it is desired to 

estimate whether the solution is undersaturated, saturated 

or supersaturated with respect to the minerals ca3 (P04 ) 2 , 

Ca HP04 and ca 5 (0H) (P04 ) 3 . The initial state on the 

2-phase diagram is obtained by the intersection of the 

pH and P-Alkalinity lines. P-Alkalinity is difficult 

to measure experimentally because of its low concentra­

tion. However, parameters PT, CaT and pH can be mea­

sured experimentally very accurately. 

To obtain P-Acidity and P-Alkalinity the single phase 

diagram is used. Plot the PT and pH lines on the dia­

gram and the intersection of these lines given the ini­

tial P-Acidity and P-Alkalinity of the solution. 
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Accepting the P-Alkalinity (or P-Acidity) value, plot 

these parameter values versus pH on the two phase dia­

gram. The intersecticn of the P-Alkalinity and pH 

lines gives the ionic state of the water. To determine 

if the solution is undersaturated, saturated or supersa-

turated compare the experimental value Ca with the . exp 
theoretical value Cath (found from the Ca intersection 

at the ionic point). If Caexp > cath the solution 

is supersaturated, if Ca = Cath' the solution is exp 
saturated and if Caexp < Cath then the solution is 

undersaturated with respect to one of the three calcium 

phosphate minerals. 

The procedure described above is best illustrated by 

solving the following example: 

Example 3.1: Consider a solution.with only phosphoric 

species present where the following parameters are 

measured: 

i.e. pH= 7,0, PT 

moles. Plot pH and PT 

shown in Fig. (3.8). 

> 
t--C -
~ 
d.. 

= 0,3 m mole and ca = 1,0 m 

on single phase diagram as 

0,43 
P-ALK 

Figure 3.8 Estimation of initial P-Alkalinity from single 
pha.se diagram 
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From Fig. (3.8) P-Alkalinity = 0,43 m moles. 

Plot P-Alkalinity and pH on three phase diagram shown 

in Fig. (3.9). Consider the ca5 (OH) (P04 ) 3 two phase 
diagram. 

........ 
0 
u 
~ »:· 
...J 

5 
TV 

Figu:I"e 3.9 InitiaZ state of ~ater in the ca5(0H)(P03)3 
diagram 

Point 1 gives initial ionic state. Ca line passing 

through this point gives Cath = o,27. 

But ca = 1,0 m moles. exp 

The solution, therefore, is supersaturated with respect 

to the ca5 iOH) (Po4}3 mineral. 

(ii) The presence of carbonic species: 

. The difficulties of obtaining the initial state of the 

phosphoric system is increased when species of the car­

bonic system are present as the solution now contains 

two weak acid-base systems. However, a practical method 
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of solution is by jointly using the single phase con­

ditioning·diagrams for the phosphoric and carbonic sys­

tems. The procedure for determining the initial car­

bonic and phosphoric Alkalinity is best explained by 

an example. 

Example 3.2: Analysis of a water gives total phosphoric 

acid species concentration, PT, of 0,4 m moles/Q, and 

pH 7,8. The pH of the water is adjusted to pH 7,0 by 

addition of o, 6 m moles/ Q, of strong acid. 

Referring to single phase phosphoric syst~m diagram 

the values of PT,= 7,8, and pH 7,0 are plotted in Fig. 

(3.10). 

> 
t--0 
u 
1 
Q. 

0,59 0,74 
P-ALK 

Figure 3.10 Estimation of initial and final P-Alkalinity 

The difference in Alkalinity between the intersection 

of the pH lines and the constant PT line is the frac­

tion of acid -taken up by the phosphoric acid system. 
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From Fig. (3.10} the fraction of phosphoric acid 

= 0,74 - 0,59 

= 0,15 m mole. 

The fraction of acid taken up by the carbonic acid sys­

tem is hence (0,6 - 0,15) = 0,45 m moles. 

~lot pH 7,0 and pH 7,8 on the single phase carbonic 

diagram. The vector of 0,45 m moles is then moved 
between the pH lines until nose and tail just touch, 

the pH 7,0 and pH 7,8 lines respectively. The initial 

carbonic Alkalinity is given by the intersection of the 

vector tail and the pH 7, 8 line (see Fig •. (3. ~1)) • 

> 
1--C 
0 
1 u 
~ 
m 
a: -c 
u 

170 
CARBONIC - ALK 

Figw:>e 3.11 Estimation of initial aarbonia Alkalinity 

From Fig. (3.11) the initial carbonic-Alkalinity is 
.L'lO ppm as caco3 = 3,4 m moles. Referring to the 
single phase phosphoric diagram (Fig. 3.10) the inter-

section of pH 

Alkalinity • 

. the . two phase 

= 7,8 and PT= 0,4 gives the initial P­
Plot, as before, this value versus pH on 

phosphoric system diagram and obtain the 

state of the water (i.e. undersaturated, saturated or 

supersaturated) • 
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2. Chemical Conditioning 

(i) No carbonic species present: 

If an undersaturated solution of ca 5 (0H) (P04 ) 3 is seeded 
with calcium phosphate crystals no precipitation will 

occur, but dissolution of the calcium phosphate seed 

occurs until a saturated state is obtained. 

Example 3.3: Analysis of water gives total phosphoric 

acid species, PT = O, 3 m moles/ i pH = 7, O and Ca = 

O, 15 m moles/ i . 

Considering the ca5 (0H) (Po4 ) 3 mineral, the initiai ionic 

state plots at pt. 1 on the two phase conditioning dia­

gram (Fig. 3.9). 

The solution is undersaturated and.dissolution of cal-

cium phosphate results. When dissolution occurs the 

P-Acidity remains constant and pt. 1 moves horizontally 

to, say, point 2 (see Fig. 3.12). The intersection of 

the horizontal co-ordinate (Acidity) and vertical co­

ordinate (Alk-2Ca) defines the final saturated condition. 

a 
u 
N 

I 
X: _, 
< - ACIDITY 

pH7,0 

Figuz>e 3.12 Estimation of final satuPated aondition 
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'· 

From Fig. (3.12) the saturated state gives: 

.. New Alkalinity = Alki + I:, Alk 

= 0,43 + 0,05 

= 0,48 m moles/R. 

New Calcium = ca. + !:,Ca 
l. 

- 0,15 + 0,025 

= 0,175 m moles/ R. 

and New pH = 7,10 

Note that 2 I:, Ca = Ca5 (OH) (P04) 3 dissolved. 

Accepting that the solution is saturated and it is re-

quired to reduce the PT concentration by 0,05 m moles/.Q. 

no.)precipitation will occur unless it is chemically 

conditioned. Depending on the type and mass of chemi­

cal added~ the point will move in a. direction of the 

v-ector sh~~ in Fig. (3.13). 

( ALK-2Ca) 
X 
Ca(OH)i 

ACIDITY 

Figure 3.13 Direction ·10:r-mat diagram 

In this example line, Ca(OH) 2 is used to reduce PT, of 

0,3 rq moles/R, to 0,25 m moles/,R. 
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At saturation 

(Alk-2Ca) = 0,14 m moles/litre 

This value stays constant since the vector moves verti­

cally. 

The equivalent mass of calcium removed when ca5 (0H) (P04) 3 
precipitates is 0,05. (S/3) m moles/1. = 0,083 m moles/1. 

Hence new calcium value· 

= (Ca. - L\Ca) 
l. 

= (0,175 - 0,083) 
' = 0,09 m moles/1. 

New Alk 

= (Alki - 2Ca) 

= (0, 48 - 0,166) 

= 0,314 m moles/1. 

LK0,314 

I 
I 
I 
I 

I• ACIDITY 

· Figux>e 3.14 Mass of lime required (i.e. 0,11 mM/111 
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The intersection of the new Alkalinity value and the 

vlrtical co-ordinate (Alk-2Ca), point 3, de.fines the 
I • 

final saturated state of the water. The Acidity 

difference between point 2 and point 3 gives the mass 
of lime required to effect the desired phosphorus re­
moval •. See Figure 3.14. 

lime required = 

= 

Acidity 
2 

0,21 
2 = 0,11 m moles/litre. 

From Fig. (3.14) final saturated pH= 7,5. 

(ii) carbonic species present: 
' ~ 

Example 3.4: Considering that carbonic acid species 

are also present in the above phosphoric system and we 

require to reduce PT by the desired amount of 0,05 mm/1 

assuming no caco3 precipitation, the procedure is the 

same as in the example above to give a final pH and 

_hence dosage of lime, as far as the phosphoric system 

.is concerned • 

For the carbonic acid system, CT stays constant provided 
no caco3 precipitation or co2 is lost. Assume that 
CT is 2 m moles/litre. CT can also be obtained from 

Example 3.2. Referring to the carbonic two phase dia­
gram pH= 7,1, pH= 7,5 and CT= 2 mm/litre are plotted 

in Fig. {3.15). 
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> 
1--0 
0 
ct. 

I u -z 
f6 a: 
<( 
u 

40 45 
CARBONIC-ALK 

F.igu,Pe 3.15 Initial and final aarbonia Alkatinity 

Initial carbonic Alkalini'~Y = 40 
50 m moles/litre 

m moles/litre Final carbonic Alkalinity = 45 
50 

/. change in Alkalinity = Q,1 m moles/litre 

:. lime dosage for.carbonic system = Oil m moles/litre 

Total dosage of lime required is the sum of the separate 

dosages for the phosphoric system and the carbonic sys­
tem. 

i.e. Ca(0H)
2 

dosage = 0 11 + 0,1 
I 2 

= 0,16 m moles/litre 

The method of application and the solutions are the 
same for the other two calcium phosphate minerals, i.e. 

beta tricalcium phosphate and dicalcium phosphate. 
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. CHAPTER 4 

PHOSPHORUS REMOVAL BY CHEMICAL PRECIPITATION 

- EXPERIMENTAL INVESTIGATIONS 

PHOSPHORUS PRECIPITATION FROM TREATED WASTE WATER 

In the previous chapter the theoretical behaviour of a 

pure system in two phase equilibrium was analysed. In 

order to investigate if this system does in fact apply to 
' . . 

solutions made up with treated waste waters, it was neces­

·sary to inaugurate experimental precipitation tests. 
I 

To induce precipitation of calcium phosphate minerals, a 

series of batch tests on a. filtered effluent were con­
ducted. The phosphorus and calcium concentrations in 

the effluent were those normally encountered in domestic 

raw sewage at Cape Town, i.e. P = 5-10 mg/litre and ca= 

40 mg/litre. The objectives of these tests were to: 

1. Obtain the solubility product for the particular cal­
cium phosphate mineral in order to compare these 

values to those noted for the pure system. 

2. Define the conditions necessary for calcium phosphate 
precipitation. 

The range of pH over which the precipitation was .measured 

· was selected such that caco3 precipitation was not theo­
retically possible when based on pure caco3 solubility 

product. This product forms the lower concentration 
bo.un:i to Cq..++ and co; for caco3 precipitation; with P in 

the solution the solubility product usually increases, 
i.e. the caco3 becomes more soluble and less likely to 

precipitate. 
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The batch precipitation tests were conducted on the fil­

tered effluent samples from an activated sludge unit in 

the following sequence: 

1. Calcium phosphate seed is prepared as follows: an un­

known quantity of .sodium bicarbonate (NaHC03) followed 

by calcium chloride (cacI2) and then disodium hydrogen 

phosphate (NaHP04 ) is added to a continuously stirred 

effluent sample in a flask and allowed to mix for 8 

hours. Phosphorus precipitation commences. This 
procedure is repeated using the same sample until a 

slurry is formed. The sample is then centrifuged,. 

the supernatant discarded and the precipitat~ ~ashed 

with distilled water. The concentrated slurry is 

then.dried at 100°c and crushed into a powdered form. 

2~ A sample from the activated sludge effluent (Total P 

= 3 mg/litre) is aerated to establ~sh equilibrium be­
tween co2 in the air and molecularly dissolved co2 • 

This is necessary to assure the same conditions from 

test to test. 

3. The calcium and phosphorus concentrations in the sample 

are increased to values representative of waste water 
(i.e. Ca= 80 mg/litre as ca and P = 10-15 mg/litre 

as P). 

4. Alkalinity (in the form of NaHco3) is added to the 
sample, then alkalinity is added incrementally increas­

ing with each test from 50 to 300 mg/litre as caco3• 

5. Calcium phosphate seed is added - 200 mg/litre. 

6. The sample is vigorously aerated and continuously 
stirred until the pH attains a steady value ~fter 
approximately 5 hours). The mixture is then filtered 

and the following parameters, pH, calcium and total 
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soluble phosphorus, are measured experimentally on the 
filtrate (see Appendix A for procedures and test methods 

employed). 

Twelve tests in all were conducted. In Table (4.1) the 

final saturated conditions attained for each test are 
listed. In Table (4.2) the soluble calcium and phosphorus 

removed in each test are listed. 

Table 4.1: Final saturated (ca] and (p] values in 
calcium phosphorus batch precipitation 
tests using treated sewage 

. pH caT M PT M pKsl pKs2 
' 

I 

10-2 10-3 8,280 0,150 * 0,337 * -29,62 -6, 785 

8,380 0,183 -2 * 10··· 0,330 * 10-3 -29, 20 -6,735 

8,440 0,140 * 10-2 0,333 * 10-3 -29, 15 -6, 805 

8,480 0,162 * 10-2 
0,280 * 10-3 -29, 14 -6,812 

8,690 0,151 * 10-2 
0,230 * 10-3 -29, 04 -6,987 

8,690 0,135 * 10-2 o,·240 * 10-3 -29,11 -6, 987 

8,699 0,154 * 10-2 0,210 * 10-3 -29,06 -7,038 

a, 120 0,156 * .10-2 0,200 * 10-3 -29, 02 -7,073 

8,750 0,135 * 10-2 0,231 * 10-3 -29,00 -7,057 

8,770 0,130. * 10-:-2 0,213 * 10-3 -29, 10 -7,085 

8,880 o,163 * 10-2 0,195 * 10-3 -28, 77 -7,10,7 

8,945 0,131 * 10-2 0,206 * 10-3 -28, 73 -7,133 
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Table 4.2: Experimental [flea] and [ np] molar 
removals 

[ Ca. J [Caf] [.nca J [P.] [Pf] [t:.P] [nca]/ 
1. 1. 

. mM. mM mM mM mM mM [nPJ 

1,72 1;50 0,22 o,48 · 0,337 0,143 1,54 

1,95 . 1, 83 0,12 0,41 0,330 0,080 1,50 

1,64 1,40 0,24 0,51 0,333 o,177 1,36 

. 1, 76 1,62 o, 14 0,38 0,280 0,10 1,40 

• 1,69 1, 52 0,17 0,34 0,230 0,11 1,55 

1,68 1,35 0,33 0,45 0,248 o, 20 1,65 

1,78 1,54 o, 24; 0,33 0,210 0,12 2,,0 

1,75 1,56 0,19 0,31 0,200 0,11 1,73 

-
1,66 1,35 0,31 0,44 0,231 0,21 1,48 

1,69 1,30 0,39 0,49 0,213 0,27 1,44 

1,89 1,63 0,26 0,33 0,195 0,135 1,93 

1,68 1,31 0,37 0,47 0,206 0,26 1,42 

The first problem to resolve is to find which mineral of 

the three possible forms actually precipitates. This was 

done by theoretically calculating the final PT concentration 

versus pH values for each of the minerals over the pH range 

6,6 to 9,0, then compare these with the experimental PT 

versus pH data. The comparison is made by plotting the 

theoretical and experimental data in Fig. {4.1). It is 

evident that the mineral which precipitated was either beta­

tricalcium phosphate or dicalcium phosphate but the data 
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allows no clear identification. 

It was considered that possibly a positive decision on the 

mineral precipitated could be obtained from the expetimen­

tal solubility products assuming either beta-tricalcium 

phosphate or dicalcium phosphate. This was done as 

follows: 

Using CaT, PT and pH values of the final saturated state 
++ = 3-the parameters Ca , HP04 and P04 were calculated from the 

equilibrium relationship for the system (see Appendix C), 

by means of a computer. These values were used to deter­

mine pK 1 for beta-tricalcium phosphate and pK 2 for di-s s . 
calcium phosphate. The values are listed in T~ble 4.1. 

It is evident that the pK values are pH dependent, pK 1 . s s 
decreasing and pKs 2 increasing with pH. As a preliminary 

comparison the averages were compared with the theoretical 

values (see Table 4.3). 

Table 4.3: Comparison of theoretical and average 
experimental solubility products for 
ca3 {P0412 and CaHP04 • 

Mineral Theoretical {pKs) Experimental 

ca3 {P04 ) 2 - 25,46 - 29,08 

CaHP04 - 7,00 - 6,97 

(pKS) 

Clearly the experimental pKsl is 4 orders of magnitude 
greater than the theoretical, whereas pKs 2 is approximately 

the same as the theoretical value. This would support 

the conclusion that the pKs2 for dicalcium phosphate is 
the correct one. However, if one calculates the experimental 

76 



BETA TRI-CALCIUM-PHOSPHATE _[Ca3(POJJ 
IONIC STRENGTH~ 0,015 . . TEMP.: 2s·-c Pt\~9.08 

[(P)ALK- 2 Ca] mM 
Q ~ 

I.Q N ~ ~ 
co 

~ ~ ~ C'? <D .., N q 'Cl) <D -~ N 0 -
-oi1 M 

,,,, N "T ~ 
..,: ..,: "T d d d 0 d 

' I I .. I I I I I I I 
02 

o,~ ·. ~ .<> . CJ, - -·<5> 
0.0 00 

' 

02 -'-

-ALK ·0.20 02 
.. 

ALK 0.25 

04 ALKOl) 04 
_A(KQ3S 

~ALK O.t.0 
0.6 AL.K0.45' 06 

2 ALK0.50 2 E AL.KOSS 
08 AU<o.60 08 E 

>-' . 
Ai.-K0.6S >-1-:- t-

0 1.0 1.0 -0 
~-

u 
<{ - 1.2 1.2 

Q. -- CL -
1.4 1.4 

1.6 1.6 

1.8 1.8 

20 20 
0. -~ ~ 

~ . '. ~ -~ ~ ~ ~ ~ 0 Cl) L0 ~ N q CX) c.o ~ N g -~ 7 N ..... .,...: ..,: ..,: ~ 
0 Ci 0 p 

I I I I I I I . I I I I I I I I I 

nP)ALK-2Ca] mM 

Figure 4.2 TUX) phase conditioning diagram for beta-triaalaiwn phosphate .;-J 



DI CALCIUM- PHOSPHATE 

IONIC STRENGTH:0.01 TEMPERATURE=25'C 

((P)ALK-2 Ca) mM 

~ ~ ~ 

0 

: 02 

0.6 

\2 

+------A\.K0.8 

1 

0 
2 

0 

l: 
E 
>­.-

· 10·· 0 
u 

• <{ -12 0.. 

• 

-' ' 

,(}l--+--±~l--±--+--t---+---+N~l--±--........,.;~-+-4---.i-::l~-+-+-+-:¾:--+--~-+--+~-~-+--+--l+--:t:-~±--t-l-:i;:---+--l..+.:--+--;t:--+--:f::-""+--ON~?,() 
M M r I 

Figu:zae 4. 3 . . ((P) ALK-2 Ca)mM 
...j 
(p 



t:, PT/ t:, caT ratios from Table 4. 2. and compare these with the 

theoretical values {see Table 4.4), it seems that beta tri­

calcium phosphate is the potential precipitant. 

Table 4.4: Comparison of theoretical and average ex­
perimental [Ca]/[P] ratios for ca3~12 and CaHP04 • . 

Mineral Theoretical Experimental 

ca 3 (P04) 2 1,5 . 1,0 1,58 . 1,0 . . 
caHP04 1,0 . 1, O 1,.58 : 1,0 . 

--. 

From the observations above it is clear that no definite 

conclusion can be drawn as to which mineral:beta-tricalcium 

phosphate or dicalcium phosphate was precipitated. How­

ever, the data in toto does appear to indicate that hydro­

xyapatite does not precipitate even though it is thermo­

dynamically the most likely crystal to form, probably being 

inhibited by some substance in the waste water. For our 

purpose, a definite answer as to the type of mineral preci­

pitated was not of vit.al concern as it was more important 

to establish that precipitation did, in fact, take place 
and the ratio of Ca++ to Poi- in the precipitate. 

With regard to the condition necessary for precipitation 

this can be roughly evaluated from the· conditioning diagram 

using pK = 29,08 and pK = 7,00 in Fig. (4.2) and Fig. s ' . s . 
(4.3) respectively. By inserting the final values for pH 

and PT it is clear for say PT= 10 mg/litre and pH= 8,0 

that no precipitation can occur if CaT is less than 40 mg/ 
litre as ca++. This prediction is supported by the batch 

tests. 
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Analysis of the batch tests results forms a basis for judg­

ing whether precipitation can possibly occur in the mixed 

liquor. It is probably quite reasonable to assume that 

hydroxyapatite cannot precipitate. Further, the precipi-

tation behaviour of the other two minerals is so similar 

for the pH ranges usual in an activated sludge process 

that it is immaterial which actually precipitates. Fur­

thermore, if one assumes that the precipitation behaviour 

is the same in both the activated sludge process and the 

batch test condition described above, any excess phosphorus 

removal can be partitioned and attributed to chemical preci­

pitation and some other phosphorus removal mechanism. 

Effect of Sludge 

Experiment 4.1: Sludge_ and distilled water+ Pol-+ Ca++ 

The batch precipitation systems in the-previous section 

contained no sludge. In order to investigate the effect 

of sludge it was decided to make standard solutions with 

distilled water, sludge, calcium and phosphorus and operate 

the system at a specified pH. To determine whether phos­

phorus is adsorbed in the .free form (or luxury uptake) or 

whether a calcium phosphate precipitate is indeed formed, 

two systems were monitored concurrently: 

to (1) calcium (Cac1 2 ) and phosphorus (Na
2

HP04 ) was added 

and 

to (2) only phosphorus was added (Na2HP04 ). 

To ensure a uniform constitution of the samples, two batches 

were prepared from one sample. Two litres of mixed liquor 

were centrifuged, the supernatant discarded ~nd replaced 

with the same volume of distilled water. The sample was 

then thoroughly mixed and two 1-litre samples were prepared. 
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In the first sample about 25 mg/litre of Na2HPo4 {as P) and 

50 mg/litre cacl2 (as Ca) and to the se9ond sample 25 mg/ 

litre Na2HPo4 (as P) only was added. Both batches were 

aerated with air and continuously mixed by means of a mag­

netic stirrer. The pH of the liquid was kept constant at 

pH 7,2 by adding NaHC03 • 

The experiments were carried out over a period of 28 hours 

and samples were taken at intervals, filtered and tested 

for dissolved phosphorus and calcium. The results of this 

investigation are plotted in Fig. {4.4a) and Fig. {4.4b). 

For the system where phosphorus and calcium were added, 

calcium and phosphorus removals from the superna_t~nt were 

observed in the molar ratio of [Ca]/[P] = 2,6 (see Fig. (4.5). 

In the system with only P present a nett release occurred, 

i.e. phosphorus release exceeded any phosphorus uptake which 
may have occurred (see Fig. 4.4b). Although no Ca++ was 

present in the latter system, the presence of the Na+ ca­

tion assured the possibility of free ~o!- being adsorbed 

if the action was biological.· The fact that the Ca++ 

disappeared concurrently with the p,.whereas no P disappeared 

with the Na+, seems to indicate that the removal of soluble 

Pis due to a precipitation phenomenon and not due to bio­

logical adsorption. 

In system (1) the [ca]/[p] uptake rate of 2,6 exceeds the 

value determined in the previous section (i.e. 1,58). 

This observation indicates that the calcium phosphate preci­
pitate in the presence of sludge apparently is not one of 

the three calcium phosphate minerals suggested. However, 
it can be concluded that the mechanism of removal is not 

adsorption (or luxury uptake) but some form of calcium 
phosphate precipitation. 
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Effect of Calcium Phosphate Seed 

Experiment 4.2: Sludge and distilled water+ Poi-+ ca++ 
+ calcium phosphate seed 

In the previous investigations no seed was added to the 
• 

samples prepared with sludge present. It was now of 
interest to investigate whether, if seed is added to such 

a sample, it would influence the magnitude of precipitation 

or change the [ca]/[p] ratio. 

To obtain two identical samples, one original sample was 

prepared and divided. As in the preuious secti0n, two 

litres of mixed liquor were centrifuged; the supernatant 

discarded and replaced with the same volume of distilled 

water. To this sample about 25 mg/litre of Na2HP04 (as 

P) and 100 mg/litre cac12 (as ca++) were added. The 

sample was thoroughly mixed, by means of a magnetic stirrer, 

to obtain a uniform solution. The sample was then diviqed 

into two parts to obtain two identical solutions. The one 

sample (sample 1) was seeded with 200 mg/litre of calcium 

phosphate seed (see previous section for preparation of 

seed). The other sample (sample 2) served as a control. 

The mixed liquor was kept constant at pH 7,2, maintained 

by adding NaHco3 • Both samples were aerated with air 

and continuously stirred. 

The duration of the batch precipitation experiments was 

28 hours and samples were taken concurrently, filtered 
and tested for dissolved phosphorus and calcium. The 

results. of this investigation are plotted in Fig. (4.6a) 

and Fig. (4.6b}. 

In th~ system without the cultured seed, calcium and phos­

phorus removal from the supernatant was observed in the 

molar ratio of [Ca]/[P] = 3,0 (see Fig. 4.7). In the 

system where seed was added the calcium and phosphorus 
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removal resulted in a molar ratio of [ca)f[p] = 2,9 (see 

Fig. 4.8). If the disappearance 

was due to precipitation onto the 

then a molar ratio of 1,58 should 

of calcium and phosphorus. 

calcium phosphate seed 

have been observed. How-

ever, both systems indicated the same calcium and phosphorus 

removal trend. It appears that the growth sites in the 

crystal were poisoned by the presence of the sludge. 

In samples 1 and 2 the inordinately high [Ca]/[P]ratios 

of 3,0 and 2,9 respectively exceeds the value determined 

for treated waste water (i.e. 1,58). Again, this value 

indicates that the calcium phosphate precipitates in the 

presence of sludge apparently is not one of the t~ree po­

tential calcium pho~phate minerals suggested. 

Experiment 4.3: Mixed liquor* Po!-+ ca+++ Seed 

The previous tests utilize distilled water. to which concen­

trated sludge was added. It was now necessary to examine 

the precipitation phenomenon when the mixed liquor was taken 

directly from the reactor. 

The procedure described in Experiment 4.2 was repeated for 

a mixed liquor sample. The sample was spiked with cacl2 , 

Na2HP04 and NaHco3 to give a supersaturated solution. 

See:l (approximately 200 mg/li!:re) was then added to the 

sample which was aerated with air and continuously stirred. 

The behaviour of the parameters calcium, phosphorus, pH 

and nitrates are plotted in Fig. (4.9). The observed 

[ca)/[P] molar removal rate is plotted in Fig .. (4.10) and 

a value of 2,5 is obtained. This value is very similar to 

the values obtained for the standard solutions of sludge 

and distilled water. Again it appears that the seed exerts 

no significant effect on the removal of soluble calcium and 

phosphorus. 

From the above observations (i.e. Exp. 4.2 and Exp. 4.3), 
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it can be concluded that when conditions are favourable 

for precipitation in a sample of mixed liquor, (1) the or­
ganisms act as growth sites for a calcium phosphate pre­

cipitate; (2) if cultured seed is added to the solution it is 

either poisoned or captured in the sludge floe such that 

the surface area is not exposed to the solution so that 

the seed does not appear to have any influence on the 

precipitation; (3) the precipitant that forms is not one 

of the standard calcium phosphates but a calcium phosphate 

that has a [Ca]/[P] ratio of about 3,0. 

Effect of pH 

Thus far the batch experiments were conducted at a speci­

fied pH. However, in practice different values of pH may 

be expected and it is therefore necessary to investigate 

the effect of pH on soluble calcium and phosphorus removal. 

It was considered that by aerating the sample with co2 or 

air (i.e. by inducting or stripping co2 ) a stable control 

of pH could be achieved. Furthermore, for the pH range 

of 5 to 8 in which the batch tests were conducted, the 

bacterial kinetics of the system remained virtually unaf­

fected (for example, endogeneous respiration remained con­
stant). The objectives of the tests were to determine 

the behaviour of calcium and phosphorus in: 

1. a solution containing sludge and distilled water; 

and 

2. mixed liquor. 

The samples were initially sparged with 92 percent co2 
to reduce the pH and subsequently aerated with air, to 
strip excess co2 . 

Experiment 4.4: Solution containing sludge+ distilled water 

A two-litre mixed liquor sample was centrifuged for a few 
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minutes, the supernatant discarded and replaced with the 

same volume of distilled.water. The sample was contin­

uously stirred, aerated with 92 percent co2 for the first 

two hours and subsequently aerated with air for 8 hours. 

Samples were taken at intervals, filtered and tested for 

dissolved phosphorus. calcium and magnesium. The beha­

viour of the measured parameters are plotted in Fig. (4.11). 

Aerating the sample with 92 percent co2 caused a pH decrease 

from about 7,0 to 5,0 due to the increase of carbonic aci­

dity. A corresponding increase in dissolved phosphate, 

calcium and magnesium took place, indicating that the 

sludge contained some calcium, magnesium and pho~phorus 

that could be solub_ilized at pH values below 7,0. The 

release rates of ca and P, and Mg and Pare plotted in 

Fig. (4.12) and Fig. (4.13)respectively. The molar ratio 

of [ca]/[P] is 3,4 whereas the [Mg]/[P]ratio is 0,6. Again 

the dissolution of calcium and phosp~orus did not conform 

to the expected molar ratio of 1,58 as observed in the 

treated waste water system. 

The sample was then aerated with air to strip the excess 

dissolved co2 , thereby causing an increase in the mixed 

liquor pH to 7,4. A decrease in dissolved calcium, mag­

nesium and phosphorus was observed indicating the formation 

of insoluble forms of calcium phosphate and magnesium phos-

phate, see Figs. (4.1~ and (4.13). The disappearance 

of calcium and phosphorus resulted in the molar ratio of 

[Ca]/[P] = 3,1. That is, the [ca]/[P] disappearance 

conformed to the yalues obtained for the standard batch 

experiments in the presence of sludge. In the present 

experiment the final Ca, Mg and P concentrations were 

higher than the initial concentrations. This can possibly 

be attributed to the long nucleation period required for 

the formation of the particular calcium phosphate mineral. 
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Experiment 4.5: Mixed liquor 

A two-litre mixed liquor sample (MLVSS = 3322 mg/litre) was 

aerated for 7 hours with 92 percent co
2 

and subsequently 

aerated with air for 12 hours. Continuous mixing ensured 

a uniform constitution throughout the experiment. Filtered 

samples were tested for dissolved P, Ca and N03-N. The 

behaviour of the measured parameter is plotted in Fig. (4.14). 

The first stage of this experiment was the aeration of co2 
gas for 7 hours. A decrease in pH from 6,7 to 5,8 was 

observed which resulted in the dissolution of insoluble 

calcium and phosphorus in the molar ratio of [Ca]/[P] = 3,6 

(see Fig. 4.15) • Aerating the sample with air and strip-

ping excess co2 the ~bserved pH rise resulted in a 

dispppearance of soluble calcium and phosphorus. 

[Ca]/[P]molar ratio of 2,4 was, however, less than 

for the release ratio (see Fig. (4.15). 

rapid 

The 

that 

After 4 hours aeration with air the pH commenced to de­

crease gradually from 6,7 to 5,8. Resolubilization of 

the calcium phosphate mineral.was observed in the [c~ j[p] 

molar ratio of 3,6, (see Fig, 4.15). The pH drop from 

6,7 to 5,8 was a result of nitrification because the ni­

trate concentration increased from 2,15 to 30 mg/litre 

as N (see Fig. 4.14). 

Experiments (4.4) and (4.5) showed very similar calcium 

and phosphorus release and uptake ratios. These ratios 

again indicate that the mineral or minerals precipitating 

are .of some unknown form. However, it can be concluded 

that the major cation in phosphorus precipitation is cal­

cium. Due to the inability to isolate this precipitant 

.in the sludge the results·can only be inferred. 

From the above data it can be reasoned that: 

1~ On lowering the pH resolubilization of some Calcium 

phosphate and magnesium phosphate minerals took place; 
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2. On increasing the pH of the same sample, recrystalli­

zation of these minerals took place; an~ 

3. The [Ca]/[P] molar ratios in precipitation and resolu­

bilization was constant at about 3,0. 

PRELIMINARY INVESTIGATION ON CONTINUOUS FLOW SYSTEMS 

In the previous section batch test results on mixed liquor 

showed a definite relationship between the removal of solu­

ble calcium and phosphorus. It is now necessarr to in­

vestigate this phenomena in continuous flow systems. With 

this objective a series of phosphorus removal experiments 

in semi-plug flow activated sludge systems were initiated. 

To investigate the precipitation phen~mena in continuous 

flow systems, using sewage from Cape Town, it was found 

necessary to spike the mixed liquor with alkalinity, cal­

cium, and phosphorus as the mixed liquor apparently was 

undersaturated with respect to a particular calcium phos­

phate mineral. The laboratory scale plants, procedures and 

test methods are outlined in Appendix A. 

Two semi-plug flow activated sludge units were operated 

at the same design parameters {Table 4.5). The aerobic 

unit {Fig. 4.16), with 4 aeration tanks in series, served 
as a control to the anoxic~aerobic unit {Fig. 4.17) with 1 
anoxic tank and 5 aeration tanks in series. Initially 

the units were run with high oxygen concentrations to 

strip excess co2 to increase the mixed liquor pH. The 

high aeration rates had a detrimental effect on the settling 

characteristics of the sludge in the settler. This prob­

lem was solved by controlling the aeration rate in the last 

aeration reactor to give an oxygen concentration of between 

1 and 3 mg/litre. 
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An initial condition was established by operating the units 

without the addition of chemicals. The results are given 

in Tablve (4.6). The removal of P for the aerobic system 

was slightly less than the removal of P for the anoxic-

aerobic unit. At this stage of the investigation (which 
actually preceded the batch tests) calcium was unfortunately 

not yet measured so it was not possible to state categori­

cally that any removal observed was due to phosphate pre-

,c ipi tation. 

Table 4.5: Design parameters for laboratory scale 
semi-plug flow activated sludge units 

Parameter 

Configuration 

Number of tanks 

Total volume of 
reactors (1) 

Sludge age (days) 

Influent COD (mg/OD/1 

Volume of feed (1/d) 

Wastage (1/d) 

Aerobic 
Unit 

Series 

4 

8,10 

10 

500 

23,5 

0,8 

Anoxic-aerobic 
Unit 

.Series 

6 

12,25 

10 

500 

36,0 

1,225 
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Table 4.6: Steady state results of the aerobic-aerobic · 
and anoxic-aerobic system without the addi­
tion of chemicals 

Parameters 
(Mean va 1 ue) 

COD influent mg/1 

, COD•effluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

MisVSS last aeration reactor 
mg/1 · 

(N03-N) reactor 1 mg/1 

(N03-N) effluent mg/1 

o2 uptake rate last reactor 
mg/1/hr 

pH first reactor 

pH effluent 

(Po4-P) influent mg/1 

reactor 1 mg/1 

effluent mg/1 

removed mg/1 

Aerobic 

473 

21 

25,7 

1,9 

3240 

13,0 

16,4 

6,8 

6,7 

8,1 

3,6 

3,4 

4, 70 

Anoxic-aerobic 

473 

19,2 

25,7 

2,4 

3534 

5,6 

12,6 

22,8 

6,94 

6,95. 

8,1 

.2,7 

2,6 

· 5,5 
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Table 4.7: Steady state results of the aerobic system 
and anoxic-aerobic system with alkalinity· 
addition of 100 mg/l·as caco3 

Parameters 
{Mean values) 

COD influent mg/1 

COD effluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

MLVSS ceration reactor mg/1 

(N0
3

-N) reactor 1 mg/1 

(N0
3

-N) effluent mg/1 

o2 uptake rate in last reactor 
mg/1/hr 

pH first· reactor 

pH effluent 

ca filtered influent mg/1 

ca effluent mg/1 

{P04-P) influent mg/1 

reactor 1 mg/1 

effluent mg/1 

removed mg/1 

aerobic 

491,0 

19,0 

32,3 

1,0 

3240 

18, 1 "" 

19,7 

21,9 

7,5 

7,7 

22,0 

22,8 

10,3 

3,6 

3,4 

6,9 

anoxic-aerobic 

491,0 

25,0 

32,3 

2,2 

3545 

3,8 

11,7 

22,1 

7,40 

7,51 

22,0 

23,3 

10,3 

5,1 

4,6 

5,7 

. 100 



Table 4.8: Steady state results of the aerobic unit 
and anoxic-aerobic unit with alkalinity 
(100 mg/1 as caco3) and calcium (50 mq/1 
as CA++) addition 

Parameters 
(Mean values) 

cob influent mg/1 

COD effluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

MLVSS last aeration reactor 
mg/1 

(N03-N) reactor 1 mg/1 

(N03-N) effluent mg/1 

o 2 uptake rate mg/1/hr 

pH first reactor 

pH effluent 

Ca filtered influent mg/1 

Ca effluent mg/1 

(Po4 -P) influent mg/1 

reactor 1 mg/1 

effluent mg/1 

removed mg/1 

aerobic anoxic-aerobic 

476 

26,2 

40,7 

2,0 

2875 

·20, 9 

26,2 

20, 7 

7,30 

7,30 

88,5 

91,4 

10,3 

5,8 

5,4 

4,9 

476 

20, 7 

40,7 

1,9 

3075 

9,7 

20,7 

21,8 

7,20 

7,35 

88,5 

88,5 

10,3 

5,7 

5,2 

5,1 

. 101 



In the next stage of the experimental investigations, the 

alkalinity of the mixed liquor activated sludge in both 

units was increased by 100 ppm as caco
3 

with NaHco
3 

addi­

tion. This caused the mixed liquor pH to increase appre­

ciably. In this series (and the ones following) the Ca 

was measured but only on filtered influent and effluent. 

The results are listed in Table 4.7. It is apparent that 

the ~Hin the aerobic system is now higher than in the 

anoxic-aerobic system. The greater removal in the aero­

bic system would appear to be due to the high pH in this 

system and it was concluded that if a chemical mechanism 

is responsible for the excess uptake, it is pH dependent. 

Comparing these results to the first set of data (Table 

4.6), it is evident also that P removal increased on the 

addition of alkalinity. 

high pH effect. 

This was probably .due to the 

calcium concentrations on the influen~ supernatant were very 

low (i.e. ± 25 mg/1 as Ca) and it was therefore decided 

to increase the influent calcium concentration by 50 mg/ 

litre as Ca++ using cac12 • Alkalinity dosage of 100 ppm 

as caco3 was continued for both units. Results are given 

in Table 4.8. 

The pH values for both units were nearly the same and the 

same phosphorus removals were observed. Comparing these 

results to the previous test indicates that pH values were 

slightly less and so also the removal of phosphorus. It 

would appear from this comparison that the pH has a domi­

nating effect compared to the ca++ concentration on the 

amount of P removed. 

Since no significant improvement in the uptake of soluble 

phosphorus was observed it was decided to spike the in­

fluent sewage with 5 mg/litre of P, using Na2HP04 • The 

addition of alkalinity and calcium to the aerobic system 

was continued but the nitrification-denitrification system 
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Table 4.9: Steady state results of aerobic system 
and anoxic-aer6bic system with the addi­
tion of 5 mq/1 as Po4-P to the influent 

Parameters 
(Mean values) 

COD influent mg/1 

COD effluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

MLVSS last aeration reactor 
mg/1 

(N03-N) reactor 1 mg/1 

(No
3

-N) effluent mg/1 

o
2 

uptake rate last reactor 
mg/1/hr 

pH first reactor 

pH effluent 

Ca filtered influent mg/1 

Ca effluent mg/1 
· (Po

4
-P) influent mg/1 

reactor 1 mg/1 

effluent mg/1 

removed mg/1 

Aerobic 

463 

25, 5 

26,9 

3,3 

2604 

11,5 

13,6 

17,9 

· 7, 8 

7,9 

73,3 

72, 0 

15,42 

8,1 

7,05 

8,37 

Anoxic-aerobic 

463 

18,3 

26,9 

2,1 

2770 

. 3, 6 

9,6 

23,l 

7,2 

7,1 

26,1 

26,9 

15,42 

9,1 

8,2 

7,20 
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Figure 4.18 A diagrummatie representation of the 4-tank series 

activated sludge proaess with a fermenter 
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was operated without extra alkalinity and calcium. The 

results of this investigation are shown in Table 4.9. A 

significant increase of soluble P removal in both systems 

was evident. The pH in the aerobic system was higher, 

resulting in a greater phosphorus removal. However, the 

effluent phosphorus concentration was unsatisfactory indi­

cating the inefficiency of this removal mechanism. 

The-, experimental series were unsatisfactory as calcium 

measurements were not correctly done: calcium values were 

determined only on the filtered influent and effluent. 

Subsequently, it was found that a major portion of the cal­

cium removed was on the volatile material of the influent. 

Ignoring this fraction,made it impossible to obtain a cal-

cium balance. It was, therefore, decided that in the 

future experiments, both soluble and particulate calcium 

and phosphorus fractions should be measured. In conse­

quence it was decided to repeat the experiments; However, 

at about this time research workers at the Municipality of 
Johannesburg were of the opinion that phosphorus removal 

was_ solely a biological .luxury uptake phenomena and that 

this was promoted if fatty acids were available for the 

bacteria which biologically incorporated excess phosphorus. 

They conceded, however, that for biological assimilation, 

phosphates probably require the presence of some cation -
for example, calcium. 

To stimulate the production of fatty acids the influent raw 

sewage to the 4 series tank unit was passed through a 
stirred anaerobic reactor (called a fermenter) with a one 
day hydraulic retention time, before entering the CMAS series 

unit comprising 1 anoxic tank and 3 aeration tanks in 

series (see Fig. 4 .18) . The other control unit consisted 

of 2 anoxic and 4 aeration tanks in series. Both units 

were operated on the same influent raw sewage. 

Influent samples were taken for both units separately. The 

sample for the 4-series tank unit was taken from the 
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fermenter 1 hour prior to taking samples from the system 

to ensure a reasonable assessment of the overall process, 

behaviour at the same point in time. The total (i.e. 

supernatant and particulate) and filtered influent sewage 

to both units were tested for phosphorus and calcium con­
centrations•. The results are plotted in Fig. (4.19) and 

Fig. (4.20) for the 4 series tank system and in Fig. (4.21) 

and Fig. (4.22) for the 6 series tank system. 

The phosphorus removal of the 6 series tank nitrification­

denitrification (anoxic-aerobic) control system followed 

the same pattern as the concentration of phosphorus on the 

inf,luent solid phase (see Fig. 4. 21) . The particl:llate 

phosphorus was, however, less than the total removal of · , 

phosphorus in the process. In the same way, the calcium 

removal followed a similar trend tothe concentration of 
calcium on the influent particulate (see Fig. 4.22), both 

calcium concentrations being almost identical. Further­

more, the removal of calcium and phosphorus was observed 

to take place in the .anoxic tank (see Fig. 4.23). 

The four series tank system, which included a fermentation 

tank behaved slightly differently to the other system. 

It was observed that after one week's operation the pH 
stabilized at about 7,4 in the fermenter. The pH of the 

raw sewage before entering the fermenter was about 7,25. 

The increase in pH was due to the production of methane 
thereby increasing the alkalinity. Measurements of phospho­

rus on the solid fraction and filtrate of the fermentation 

liquid surprisingly showed that some of the soluble phos­

phorus in the raw influent supernatant had disappeared 

either by precipitation or adsorption onto the solid frac­

tion. compare Fig. (4.19) to Fig. (4.21). 

The phosphorus removal again followed an identical pattern 

to the phosphorus concentration on· the influent volatile 

solid material. It is noted that the concentration of 
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particulate phosphorus were identical throughout the in­

vestigation. The concentrations of phosphorus removed, 

moreover, were the same as that for the 6-series tank 

system. The calcium removal also followed.a pattern si­

milar to that described for the phosphorus (see Fig. 4.22). 

Again the removal of soluble calcium and phosphorus was 

observed to take place in the anoxic tank. See Fig. (4.24). 

The removal of soluble phosphorus onto the solid phase in 

the fermenter could not have been due to the action of 

an aerobic obligate (e.g. acinetobacter} as suggested by 

Fuhs and Chen (1975} and corroborated by researchers in 

Johannesburg. The observed pH rise indicates.a pr~cipi­

tation phenomenon, although it is difficult to detect this 

in the calcium measurements of the particulate material. 

It was shown earlier from batch tests on sludge that an 

average [flea]/ [ 6P] molar ratio of about 3,0 was observed, 

(see exps. 4.1 to 4.5}. Accepting this ratio for this 

investigation, then the removal of P corresponding to the 

average Ca removal of 10 mg/litre, is 2,5 mg/litre as P. 

Adding this value to the phosphorus requirement. for syn­

thesis (3,0 mg/litre as P) and subtracting this from the 

total average removal, gives 0,5 - 1,5 mg/litre as P which 

can be attributed to excess biological removal by luxury 

uptake. · Fm m this calculation it would seem that biolo­

gical cum chemical removal is responsible for the removal 

of the phosphorus in excess of the basic biological re­

quirement. 

It was also noted that during the latter stages of this 

investigation the constitution of the raw sewage signifi­

cantly effected the amount of phosphorus removed. This 

is evident from Fig. (4.19} and Fig. (4.21) · where the con­

centration of the phosphorus on the particulate material 

decreased by between 2 and 3 mg/litre as P. The sewage 

had a high influent TKN of between SO and 60 mg/litre as N, 
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resulting in high nitrates and hence low pH values. This 

very likely affected the precipitation removal mechanism. 

PRELIMINARY CONCLUSIONS 

From the series of batch and continuous activated sludge 

process experiments the following preliminary conclusions 

are made regarding excess phosphorus removal, i.e. removal 

in excess of the basic biological requirement for systhesis: 

Excess phosphorus removal is due to two phenomena: 

1. Calcium phosphate precipitation removes phosphorus 

and calcium simultaneously in the molar ratio of [Ca]/[P] 

of approximately 3,0. The solubility product for this 

precipitant is not known and at present cannot be cal­

culated as the mineral composition is not available. 

However, the solubility product is very pH sensitive 

so that as the pH drops, removal of phosphorus and 

calcium is sharply decreased. For reasonable removal 

of phosphorus the pH in the system must be 7,0 or 

higher and the calcium concentration must exceed about 

40 mg/litre as Ca. If these conditions are fulfilled 

the concentration of phosphorus removed will be depen­

dent upon the influent phosphorus concentration. The 

higher .the phosphorus concentration the greater the 

removal of phosphorus. However, as the influent 

phosphorus increases, even though the removal of 

phosphorus increases, the effluent phosphorus also 

increases. The chemical removal of phosphorus by 

auto-precipitation with calcium appears to be indepen-

dent of aerobic or anaerobic conditions. In fact, 

it is readily taken up under anaerobic conditions, even 

in the influent itself, if Ca and pH conditions are 

favourable. 



2. Biological removal by luxury uptake appears to account 

for additional removal of phosphorus. Although this 

aspect at present has not yet been dealt with experi­

mentally, the expected behavioural pattern should be 

different from that for physical chemical removal of 

phosphorus. From the work of Martin and Marais (1975) 

luxury uptake is induced by having a primary anoxic 

,zone which receives the influent and the recycle flow 

from the main reactor. The removal now appears no 

longer to be dependent on the calcium concentration 

nor. to so specifically the pH value (these points will 

be clarified later). Also, the removal is no longer 

considered dependent on the initial phosphoru_s. concen­

tration. 

It is evident from this investigation that compared to ex­

cess phosphorus removal obtained in plants, the contribu­

tion by precipitation is small. Remo~al by biological 

luxury uptake can be very effective and reduces the phos­

phorus to low values: in fact to such low values that pre­

cipitation of calcium phosphate cannot take place as the 

phosphorus concentration is too low. If the luxury uptake 

rate is very much higher than the precipitation rate it 

appears unlikely that the precipitation of calcium phos~ 

phate would have a significant effect on the phosphorus 

removal. It is concluded that where luxury uptake is 
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operational a physical-chemical precipitation mechanism will 

be of minor importance. 

In the series of experiments above, one may ask "Why did 

.luxury uptake not play a more prominent part in the phos­

phorus removal, particularly when the conditions imposed 

on the system are such that luxury uptake should have been 

promoted?" It is not possible to give an explicit answer 

to this question. It would seem that it is due to some 

effect in the influent itself. The period of low phos­

phorus removal by luxury uptake coincides with a period of 



high rainfall' in Cape Town so that the influent sewage was 

greatly diluted. During this period poor phosphorus re­

movals were observed in every one of the five investiga­

tions undertaken in the laboratory, by the writer and other 

research students. It is perhaps fortunate that this 
occurred as it allowed identification of both mechanisms 

of removal. 
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CHAPTER 5 

BIOLOGICAL EXCESS PHOSPHORUS REMOVAL 

- EXPERIMENTAL INVESTIGATION 

INTRODUCTION 

Up to this stage of the investigation the experimental work 

on excess phosphorus uptake has been focussed on the cal­

cium phosphate precipitation mechanism. It is evident 

from the work reported in the precious chapter that.the 
' 

condition for calcium phosphate precipitation is rather 

specific and, in particular, if the pH is below 7,0, this 

method of phosphorus removal will not be very efficient. 

Research by Barnard (1975), Martin and Marais (1975) and 

Marsden and Marais (1977) has shown that biological luxury 

uptake can result in very high phosphorus removals. Their 

work has indicated a set of conditions which results in 

luxury uptake and they have optimised their configurations 

and operations procedures. However, their results do not 

specifically identify luxury uptake as the only mechanism. 

The conditions obtained in their experiments were such 
••~ ; •~ •• ••- •-R•• • 

that precipitation could also have made a contribution. 

Although it was concluded in the previous chapter that, 

if luxury uptake is dominant, the calcium-phosphate preci­

pitation mechanism will probably be suppressed, no experimental 

data was presented to support this conclusion. Now that 

the conditions for calcium phosphate precipitation is better 

understood it is desirable to examine again the luxury up-

take phenomena to, firstly, verify if the preconditions 

they proposed for luxury uptake are valid and, secondly, 

enquire if it is possible to obtain luxury uptake under 

conditions where calcium phosphate precipitation cannot 

possibly be expected to occur. 



CONDITIONS FOR LUXURY UPTAKE 

Martin and Marais {1975) formed the hypothesis that a pri­

mary .anoxic zone preceding an aeration zone is a necessary 

prerequisite for the luxury uptake mechanism. - They tested 

this hypothesis by running·a process configuration with 

an anoxic reactor followed by an aerobic reactor and com­

paring the results with those £ran the same configuration, 

but with both reactors aerobic. Although their results 

supported the hypothesis, the results were _not positively 

conclusive because of their mode of conducting the experi-_ 
. . 

ments: they used one set of reactors and. ran the plant 

first anoxic-aerobic, then aerobic-aerobic and then anoxic­

aerobic again. This would have been satisfactory. if they 

had not fed a· new bat-ch of sewage every time the system 

was changed. By doing _this they introduced two changes 

simultaneously thereby causing some uncertainty in their 

conclusions. 

The importance and implication of Martin and Marais' hypo­

thesis is such that it should be tested conclusively. 

Th_is section deals with the various phases of thet experi­

mental work to test the hypothesis that a prfmary anoxic 
reactor is a prerequisite to luxury uptake. 

The laboratory scale plants, procedures and test methods 

are outlined in Appendix A. 

First Phase Investigation 

Experiment 5.1: Aerobic-aerobic and anoxic-aerobic 
systems compared 

In the first phase of the investigation, two·systems were 
run simultaneously, receiving the identical flows of sewage. 

The one system was run anoxic-aerobic (Fig. 5.1) with SO 

percent hydraulic anoxicretention time and the other aerobic-
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Figure 5.1 Configuration and process data of anoxic-aerobic system 
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aerobic (Fig. 5.2). Both units were operated with the 

same design parameters (Table 5.1). To ensure that, the 

mixed liquor condition was identical initially, the inves~ 

tigation was commenced with mixed liquor from the same 

source. The units were run for about two weeks to obtain 

steady state conditions. 

fy the pH. 

No chemicals were added to modi-.. 

Table 5.1: Design parameters for laboratory scale 
semi-plug flow activated sludge units 
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Parameter Aerobic-aerobic Anoxic-aerobic 
Unit Unit 

Configuration 

No. of tanks 

Series Series. 

Total volume of reactors (1) 

Sludge age (days) 

Influent COD (mgCOD/1) 

Volume of feed (1/d) 

Wasteage (1/d) 

2 

6,0 

15,0 

500 

12,6 

0,4 
' 

6,0 

0,4 

2 or 3 

or 4,5 

15,0 

500 

12,6 

or 0,3 

The results for this investigation are given in Table (5.2) 

for the anoxic-aerobic system, and for the aerobic-aerobic 

system. The aerobic-aerobic system had a lower pH value 

(i.e. pH 6,13) than the anoxic-aerobic system (pH= 7,2). 

This difference is attributable to the higher nitrates 
in the aerobic-aerobic system. The higher pH in the ano­

xic aerobic system is due to denitrification, i.e. recovery 

of alkalinity by denitrifica<tion in the anoxic zone. 

In the aerobic-aerobic system, the total influent calcium 

concentration was identical to the effluent calcium con-

centration. This would indicate that any removal of 



/ 

Table 5.2: Steady state results of the anoxic-aerobic 
system and aerobic-aerobic system (Exp. 5.1) 

Parameters Anoxic- Aerobic-
(Mean Values) aerobic aerobic 

COD influent mg/1 506 506 

COD effluent mg/1 27,8 27,2 

TKN influent mg/1 45,9 45,9 

TKN,effluent mg/1 20,8 1,0 

MLVSS aeration reactor mg/1 3740 3536 

o 2 uptake rate reactor 2 mg/1/hr 40,0 .33,9 

Alkalinity effluent mg/1 (as caco3) 100,0 50,o 

pH influent 7,19 7,19 

reactor 1 7,07 6,30 

reactor 2 7,17 6,13 

(N0
3

-N) reactor 1 mg/1 0,6 25, 3 

reactor 2 mg/1 0,5 27,8 

ca influent mg/1 31,5 31,5 

. influent particulate mg/1 8,6 8,6 

sludge mg/1 89,2 96,0 
: 

reactor 1 mg/1 28,6 31,8 

reactor 2 mg/1 27,6 31,6 

(P0
4

-P) influent mg/1 10,63 10,63 

influent particulate mg/1 4,32 4,32 

sludge mg/1 165,0 142,2 

reactor 1 mg/1 6,4 5,7 

reactor 2 mg/1 1,6 5,7 

removed mg/1 9,03 4,93 
·. 
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phosphorus must be due to biological action. Now accepting 

that 2,5 percent of the MLVSS is the normal metabolic re­

quirement of phosphorus, then the phosphorus· removal due to 

metabolism is 3,0 mg/1 as P. However, the total phosphorus 

removal in the system was 4,93 mg/1 as P which exceeds the 

metabolic phosphorus requirements. It is therefore conclu­

ded that a luxury biological uptake of phosphorus of 1,9 mg/1 

took place in the aerobic-aerobic system at the pH of 6,1. 

In the anoxic-aerobic system, a reduction in calcium of 3,9 

mg/1 as Ca was observed between.the total influent and 

effluent concentration. The removal of calcium occurred 

in the anoxic zone even though a release of P was observed 

in this reactor. Th~ uptake of calcium w0uld indicate 

·that some of the soluble phosphorus was removed as calcium 

phosphate. Due to the higher pH, it is likely that the 

calcium removed is the result of a precipitation phenomenon. 

Accepting the molar ratio [Ca]/ [p} of 3, 0 obtained experi-
. . 

mentally on MLVSS batch tests reported in Chapter 4, the 

corresponding phosphorus removal can be calculated to give 

1 mg/1 removed as P. As there was a nettrelease of phos­

phorus in the anoxic reactor it would appear that two mecha­

nisms were operating simultaneously - (1) a removal of P 

by precipitation and (2) a release of P, possibly biologi­

cal. 

The system removal of phosphorus was 9,0 mg/1. To esta-

blish if excess biological removal had taken place, both 

the phosphorus concentration for metabolism and that due 

to precipitation must be subtracted from the total phospho­

rus removed. This gives 5 mg/1 phosphorus removal due to 

biological luxury uptake. 

Comparing the aerobic-aerobic system and the anoxic-aerobic 

system, it is evident that: 

1. 'mle excess biological uptake of phosphorus in the 

aerobic-aerobic and the anoxic-aerobic was in the ratio 
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of 2:5 mg/1 respectively, i.e. the anoxic-aerobic sys­

tem does appear to promote luxury biological uptake· of 

phosphorus. 

2. Whereas phosphorus removed in the aerobic-aerobic sys­

tem at the low pH 6,1 appears to be due only to biolo­

gical uptake, the results of the anoxic-aerobic system 

tend to indicate that the excess uptake of phospho­

rus was a biological cum chemical mechanism. 

The investigations above tend to support the results of 

the batch tests that pH has a significant effect on the 

results, particularly on the calcium phosphate.remt?val 

mechanism. Perhaps the luxury biological uptake is also 

affected, but this is not yet clear. It is evident, 

however, that more explicit information will only be ob­

tained if the pH in both reactors are controlled to the 

same value. 

second Phase Investigation 

Experiment 5.2: High pH in both systems 

In the previous section and earlier work on batch tests, 

it was verified that pH seems to play a significant role 

in the chemical removal of phosphorus. In order to iden­

tify the effect of pH, the two systems were run under 
identical pH conditions by first raising the mixed liquor 
pH of '.the aerobic-aerobic (i.e. pH 6,1) system to the 
value of the anoxic-aerobic (i.e. pH 7,2) and thereafter 

lowering the pH of the anoxic-aerobic (i.e. pH 7,2) to 

that of the aerobic-aerobic system (i.e. pH 6, 1). 

To raise the pH in the aerobic-aerobic system, the influent 

sewage pH to the aerobic-aerobic system was increased £ran 

pH 7,2 to pH 7,6 by adding al~alinity, using NaHC03" The 

units were run for about two weeks under identical conditions. 
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Table 5.3: Results of anoxic-aerobic unit and aerobic­
aerobic unit operated at the same high pH 
(Exp. 5.2) 

Parameters 
(Mean values) 

COD influent mg/1 

COD effluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

MLVSS aeration reactor mg/1/hr 

o
2 

uptake rate in reactor 1 mg/1/hr 

o
2 

uptake rate in reactor 2 mg/1/hr 

Alkalinity effluent mg/1 as caco3 

pH influent 

reactor 1 

reactor 2 

(N03-N) reactor 1 mg/1 

reactor 2 mg/1 

Ca influent mg/1 

··· influent particulate mg/1 

sludge mg/1 

reactor 1 mg/1 

reactor 2 mg/1 

(Po4 -P) influent mg/1 

influent particulate mg/1 

sludge mg/1 

reactor 1 mg/1 

reactor 2 mg/1 

removed mg/1 

Anoxic­
Aerobic 

513 

20, 6 

39,3 

6,7 

3900 

41,7 

79,0 

7,19 

7,02 

6,97 

0,4 

4,4 

36,9 

11,3 

177,1 

31,6 

31,6 

10,34 

4,5 

192,0 

4,7 

0,8 

9,54 

Aerobic­
aerobic 

513 

24,4 

39,3 

2,5 

3640 

35,3 

30,5 

140,0 

7,63 

6,97 

6,90 

20, 9 

20, 3 

36,9 

11, 3 

114,5 

32,3 

32,3 

10,34 

4,5 

146,4 

4,4 

4,2 

5,96 
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The results of the two systems·are given in Table 5.3 for 

the anoxic-aerobic and aerobic-aerobic systems respectively. 

The results show that the pH values for the two systems 

were identical, although the carbonic alkalinity for the 

aerobic-aerobic system (140 ppm as caco
3

) was higher by 

about 60 ppm as caco3 than the alkalinity in the anoxic­

aerobic system (79 ppm as caco3). In the aerobic-aerobic 

system the higher pH value resulted in the removal of cal-

cium and phosphorus simultaneously. This is in contrast 

to the previous behaviour where at pH 6,1 no calcium was 

removed. The removal can in all probability be attributed 

to the precipitation of a calcium phosphate minera~. 

Comparing Table 5.2 aod Table 5.3 for the aerobic-aerobic 

system, the removal of phosphorus also increased from 4,9 

to 6,0 mg/1 as P. This increased phosphorus removal (of 

1,1 mg/1) corresponds favourably to the calcium removal 

of 4,6 mg/1 as Ca, giving a [ca]/[P] mo_lar ratio of 3,0. 

Accepting that precipitation had taken place, the removal 

of phosphorus in the aerobic-aerobic system can now be 

broken down into the following categories: 

(i) Calcium phosphate precipitation 

(ii) metabolic requirement 

= 

= 
1,1 rrtg/1 as P 

3,0 mg/1 as P 

4,1 mg/1 as P 

As the removal of phosphorus is 6,0 mg/1 as P, luxury up­

take of phosphorus is estimated at (6,0 - 4,1) mg/1 = 1,9 

mg/1. This value for the luxury uptake, 1,9 mg/1 as P, 

is approximately the same as 2,0 mg/1 as P obtained for 

luxury uptake in the aerobic-aerobic system at the lower 

pH (see Exp. 5.1). 

In the anoxic-aerobic system, the results (Table 5.3) re­

mained the same as before, i.e. 9,5 mg/1 versus 9,0 mg/1 

removed as P. This is to be expected as no pH changes 

had taken place in the anoxic-aerobic system. The pH 
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maintained a value of 7,1 for both phases of the investiga­

tion. The calcium removal was 5,3 mg/1 corresponding to 

a phosphorus removal of 1,3 mg/1. The removal of phosphorus 

for the anoxic-aerobic system can also be broken down as 

follows: 

For (i) Calcium phosphate precipitation = 1,3 mg/1 as P 

(ii) Metabolic requirement = 3,0 mg/1 as P 

4,3 mg/l·as P 

Total removal of phosphorus is 9,5 mg/1 as P. Hence luxury 

uptake is (9,5 - 4,3) = 5,2 mg/1 as P. Previously the value 

estimated for luxury uptake was 5,0 mg/1 as P, ·so that the 

behaviour remained con'sistent. 
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Comparing the luxury uptake for the two systems in both the 

anoxic-aerobic and aerobic-aerobic system the removal maintained 

the same ratio of phosphorus for luxury-uptake as in the 

first phase, i.e. aerobic-aerobic versus anoxic-aerobic is 

2 : 5 mg/1. This could point to the following conclusion: 

The increase in pH of the aerobic-aerobic system had a 

positive effect on the chemical precipitation medlanism. 

In contrast, the biological mechanism was not affected. 

The evidence so far indicates the following ~eneral conclu­

sion: At pH 7,2 a biological-cum-chemical mechanism is 

responsible for some excess uptake of phosphorus in both an 

aerobic-aerobic and anoxic-aerobic system. The greater 

biological excess uptake in the anoxic-aerobic system 

depends primarily on the presence of an anoxic zone. 

Experiment 5.3: Low pH in both systems 

To investigate the effect of low pH, the pH in the aerobic­

aerobic system was lowered from 7,2 to 6,0 by omitting the 

alkalinity addition. Acidity was added to the anoxic­

aerobic srstem to bring the pH down to the same level as 



that of the aerobic-aerobic system (i.e. pH 6,0) (see Table 

5.4). In the anoxic-aerobic system the increase in adi-

dity resulted in an appreciable decrease in total carbonic 

alkalinity from 79,0 to 17,0 ppm as caco3* InH:.ially a re­

lease of calcium (10 mg/1 as Ca) was observed in the anoxic­

aerobic system which in time reduced to zero, i.e. initially 

the effluent calcium concentration was higher than the total 

influent concentration, probably due to dissolution of calcium 

phosphate that had precipitated in the previous experiment. 

The average removal of phosphorus compared with previous 

investigation, decreased from 9,5 mg/1 to 7,6 mg/1 as P. 
The decrease of 1,9 mg/1, P, can be attributed to two effects: 

1. the redissolution,of some calcium phosphate mineral, 

and 

2. the fact that at the pH 5,8 to 6,0 no calcium phosphate 

precipitation can occur. 

Accepting that the phosphorus removal is solely due to a 

biological mechanism the removal of phosphorus can again 
be broken down as follows: 

ti) Metabolic requirement 

(ii) Luxury uptake 

= 3,0 mg/1 as P 

= (7,6 - 3,0) 

= 4,6 mg/1 as P 

The luxury uptake still remained unaffected. The results 

of the phosphorus removals at low and high pH values are 

compared in Table 5.5 for the anoxic-aerobic and aerobic­

aerobic systems. 

Comparing the data in Table 5.5 it is concluded that the 
lower pH (i.e. pH 6) has no significant effect on the 

functioning of the luxury uptake mechanism. The lower 

removal of phosphorus observed appears to be due to the 

dissolution of some calcium phosphate already precipitated 
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Table 5.5: Phosphorus removal fractions at the various pH values for the anoxic­
aerobic system and aerobic-aerobic system 

Low pH High pH 

(Po4-P)Concentration mg/1 (P0
4

-P) concentration mg/1 

Synthe- ca-P Luxury Total Synthe Ca-P 
Luxury pH precipi- remo- pH precipi-sis tation uptake val' sis tation uptake 

Anoxic-aerobic: 5,81 3,0 - 4,6 7,6 6,97 3,0 1,3 5,2 

Aerobic-aerobic: 6,13 3, 0 - 1,9 4,9 6,90 3,0 1,1 1,9 

Total 
remo-
val 

9,5 

6,0 



and the fact that calcium phosphate does not precipitate 

at low pH values. 

The two phases of this investigation point to the following 

conclusions: 

1. Phosphorus removal by calcium phosphate precipitation 

is primarily influenced by pH. If a reasonable con­

centration of calcium, about 40 mg/1 as Ca++ or more is 

available an influent phosphorus of 10 mg/1 as P or 

more and pH > 7, O phosphorus will be removed by calcium 

phosphate precipitation in the ratio of [Ca]/[ P ] = 3/1. 

This removal is independent of anoxic, anaerobic or 

aerobic condition in the system. 

2. Luxury biological uptake is promoted by having a pri­

mary anoxic zone, although luxury uptake can also take 

place to a minor degree in aerobic conditions. 

3. Luxury uptake is not significantly affected in the pH 

range 5,8 to 7,3. 

The above experiments have been primarily concerned with 

establishing the type of phosphorus removal mechanism and 

the importance of the primary anoxic zone. The next stage 

of the investigation will deal with the condition within the 

anoxic zone for optimum removal. 

ANOXIC CONDITIONS FOR LUXURY UPTAKE 

In the previous investigation a qualitative condition for 

excess biological uptake was identified, i.e. a primary 

anoxic zone preceding an aeration zone. This configuration, 

however, can be brought about using different reactor con­

figurations and reactor volumes. Therefore, it is neces­

sary to investigate the configurations and conditions of 

operation for maximum excess biological uptake of phosphorus. 
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The Barnard process includes anaerobic-anoxic zones and 

could serve as the basis towards establishing the most 

effective configuration. 

Barnard hypothesized that the organism mass must pass 

through an anaerobic phase somewhere in the system cycle 

for optimum phosphorus removal to be attained. He defined 

an anaerobic condition as one in which no nitrates are 

present. He proposed to bring about this condition by 

having two primary anoxic zones in series preceding the 

aerobic zone. ( See Fig. 2 .1 ) • The recycle from the 

settling tank discharges into the first anoxic (or 'an­

aerobic') zone which also receives the influent waste flow. 

The recycle contains very low nitrates concentration which 

·is rapidly depleted when the raw sewage mixes with the re­

cycle in the first anoxic zone to bring about an 'anaerobic' 

condition. Nitrate reduction is achieved by recycling 

from the aerobic tank into the second anoxic reactor which 

also receives the discharge from the first anoxic reactor. 
Martin and Marais attempted a somewhat similar configuration 

by recycling from the aerobic zone and settling tank to 

a pre-anoxic tank, however, they did not discharge the 

sewage into the first reactor but into the second anoxic 

reactor (see Fig. 5.3). The objective was simply to re­

move the nitrates before they ent~red the main anoxic reac­

tor. No attempt was made to create a 'deep anaerobic' 

zone. 

Stern and Marais (1973), to ensure the absence of oxygen 

in the primary anoxic zone, proposed recycling from the 
second anoxic reactor into a single primary anoxic zone 
as this effluent would already have a low nitrate level. 

See Fig. (5.4). However, the large recycle through the 

second anoxic reactor caused that appreciable·oxygen 

entered the secondary anoxic reactor and the reduction 

in nitrates in this reactor became insignificantly small. 

Nitrates were still carried back into the primary anoxic 

reactor. 
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The configuration of Barnard (1975), Fig. (2.1) is different 
from the two procedures of Martin and Marais (1975) and Stern 

and Marais (197 3) and it was therefore desirable to test, if 

the Barnard configuration leads to superior phosphorus 

removals. 

Basically the experimental objective was to determine if, 

as suggested by Barnard, release of phosphorus in the anoxic 

zon~ had any effect on the phosphorus removal. A number 

of configurations were tested each sequential configuration 

approach further along the way toward the Barnard process. 

Experiment 5.4: · Initial condition established 

The first configuration together with the process data are 

shown in Fig. 5.5. The unit was operated with the design 

parameters shown in Table 5.1. In order to obtain the 

anoxic/anaerobic condition it was necessary to operate the 

system at a long hydraulic anoxic retention time (2 hours}. 

The unit was monitored for about 2 weeks to ensure steady 

state condition. 

The results are given in Table 5.6 for the anoxic-aerobic 

system. 

The total removal of ·phosphorus was 8,5 mg/1 as P. The 
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removal concentration compares favourably with the results 

obtqined for Experiment 5.1 and Experiment 5.2, i.e. 9,0 and 91 5 

mg/1 respectively for the anoxic-aerobic system, where the 

anoxic and aerobic volumes were the same as in this unit, 

except that there was only one anoxic reactor, instead of 

two as in this unit. The calcium decrease of 3,7 mg/1 be­

tween the total influent and effluent concentration indicated 
that the calcium removal was due to the formation of some 

calcium phosphate mineral. Accepting the [Ca]/[ P ] molar 

ratio of 3,0 obtained from batch experiments, the correspond­

ing phosphorus removal gives 0,9 mg/1. The concentration 
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Table 5.6: Steady state results for anoxic-aerobic system 

Parameters 
(Mean values) 

COD influent mg/1 

COD effluent mg/1 

TKN influent mg/1 

.TKN effluent mg/1 

MLVSS aeration reactor mg/1 

o2 uptake rate mg/1/hr 

Alkalinity effluent mg/1 as caco3 

pH influent 

anoxic reactor 1 

anoxic reactor 2 

aeration reactor 

(N03-N) anoxic reactor l mg/1 

anoxic reactor 2 mg/1 

aeration reactor mg/1 

Ca influent mg/1 

influent particulate mg/1 

sludge mg/1 

anoxic reactor 1 mg/1 

anoxic reactor 2 mg/1 

aeration reactor mg/1 · 

(Po4 -P) influent mg/1 

influent particulate mg/1 

sludge mg/1 

anoxic reactor 1 mg/1 

· anad:c: reactor 2 mg/1 

·aeration reactor mg/1 
removed mg/1 

Exp. 
5.4 

518 

Exp. 
5.5 

500 

Exp •. 
5.6 

486 

20,4 20,8 25,1 

34,2 34,1 35,9 

1,9 o,o 0,5 

4160 5340 4350 

62,0 - -

7,20 7,22 . 7,13 

6,96 6,80 6,93 

7,00 6,83 6,93 

6,80 6,72 6,84 

0,7 0,7 0,4 

0,8 0,4 0,5 

7,9 6,4 4,4 

33,3 31,0 35,2 

9,9 7,3 7,6 

124,2 140,0 117,0 

28,4 27,1 30,0 

30,7 27,9 30,4 

29,6 28,5 30,7 

10,3 10,2 10,46 

4,1 4,08 2,86 

179,2 233,0 208,8 

4,8 5,37 3,3 

1,8 

8,5 

. 1, 8 

8,4 

1,56 

8,9 
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of phosphorus for normal metabolic requirement gives 3,1 mg/1 

as P, and subtracting it from the total removal of phosphorus, 

the luxury uptake of phosphorus is tnus obtained, 4,5 mg/1. 

In both the previous tests (i.e. Exps. 5.1 and 5.2) and this 

system t:here was a slight release of phosphorus in the 

anoxic zone, accompanied by an uptake of 3 mg/1 of ca, in 

the reactor. This behaviour pattern is in contrast to 

behaviour in continuous tests (Chapter 4) where calcium 

and phosphorus always decreased together in the anoxic zone. 
It would indicate that in this configuration there was a 

release of luxury phosphorus and an uptake of P by precipi-

tation. The two phenomena occur simultaneously, but the 

luxury release being, more•: than the precipitation removal 

to give a nett release. 

Experiment 5.5: Increased VSS 

Barnard, in his investigation, operated the systems at high 

mixed liquor activated sludge concentration and it was then 
decided to increase the MLVSS from 4000 to 5200 mg/1 to test if 

increased MLVSS improved the phosphorus removal. This was 

achieved by decreasing the total mixed liquor volume from 

6,0 to 4,5 litres, by reducing the volume in each reactor 

by 0,5 litres. The configuration and process data are 

shown in Fig. 5.6. The flow of sewage per day was kept 

the same as in the previous investigation, but the hydraulic 

retention times for each reactor were decreased considerably. 

After two weeks' operation, the results of this experiment 

are given in Table 5.5. 

From Table 5.6 the total removal of phosphorus is 8,4 mg/1, 

which is no improvement to the removal of 8,5 mg/1 obtained 

in the first experiment. It is also noted that the calcium 

removal was slightly less than the removal obtained•in Exp. 

5.4 (i.e. 2,5 versus 3,7 mg/1). Hence calculating the 
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phosphorus removal due to calcium phosphate precipitation 

gives 0,6 mg/1 as P. Again, the fractions of phosphorus 

removed can be sub-divided as follows: 

For (i) calcium phosphate precipitation= 0,6 mg/1 as P 

(ii) Metabolic requirement = 3,0 

3,6 

Subtracting this•value, 3,6 mg/1, from the total removal of 

8,4 mg/1 gives the concentration for luxury uptake of 4,8 

mg/1. Previously the value estimated for luxury uptake was 

4,5 mg/1, so that the behaviour remained consistent. 

In this experiment a release of 0,5 mg/1 of phosphorus took 

place in the first anoxic tank and a further release 0,2 mg/1 

in the second anoxic reactor. Calcium remained virtually 

unaffected, in fact, a slight release occurred between the 

second anoxic reactor and the aeration zone, which in all 

probability is due to the decrease in pH from 6,83 to 6,77. 

With regard to the above results, it again appears that in 

this configuration there was a biological release in the 

anoxic zone. However, the release is not significant enough 

to be able to identify this mechanism. Since Barnard pro­
posed that an anaerobic zone is essential for luxury uptake, 

a release of phosphorus in the anaerobic zone, according to 

him, is desirable. 

Experiment 5.6: Presence of nitrates 

In Experiment 5.5, the nitrate concentration in the first 

anoxic zone was very near zero and zero in the second anoxic 

reactor. - Therefore, if the recycle is increased tke total 

reduction of nitrates can be further accomplished. The 

following modification was done to the previous configuration: 
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An internal recycle a= 2 from the aerobic zone to the second 

anoxic reactor was introduced and the sludge recycle, s, 
from the settler was reduced to S = 1, from S = 2. The 

objective of the internal recycle was to reduce the nitrates 

in the aerobic zone such that complete depletion of nitrates 

was obtained in the first anoxic zone, hence resulting in the 

'anaerobic' condition proposed by Barnard. The configuration 

together with the process data is shown in Fig. (5.7). 

The unit was run for about two weeks to ensure steady state 

condition. The average results of the measured parameters 

are given also in Table 5.6. 

The nitrates in the effluent decreased from 6,4 mg/1 to 4,4 

mg/1 and the nitrates were always zero in the first anoxic 

reactor. The phosphorus removed was 8,9 mg/1 as against 

8,4 mg/1 in Experiment S.S. This difference is not sig­

nificant and cannot be ascribed to increased luxury uptake 

because the calcium removed also increased from 2,5 to 4,5 

mg/1. Calculating that phosphorus removal due to calcium 

phosphorus precipitation gives 1,1 mg/1. Subdividing the 

phosphorus removal as follows: 

For (i) calcium phosphate precipitation = 1,1 mg/1 

(ii) Biological metabolic requirement= 3,0 mg/1 
hence (i.ij) Luxury uptake = 8, 9 - 4, 1 

= 4,8 mg/1 

The fractions of phosphorus for Experiments 5.4, 5.5 and 

5,6 are shown in Table 5.7. 

In Experiment 5,6, it can be noted that significant more 

phosphorus was released in the first anoxic zone, than in 

the previous experiments, indicating that an anaerobic 

condition was established {see Table 5.8). The released 
phosphorus was subsequently removed in the second anoxic 

zone. Calcium concentration between the first and second 



Table 5.7: Comparison of phosphorus fractions for the 
three experiments 

(Po4 -P concentration mg/1 

Experiment Metabolic Ca-P preci- Luxury Total P04-P 
Requirement . pitation Uptake removed 

5,4 3,1 0,9 4,5 8,5 

5,5 3,0 0,6 4,8 8,4 

5,6 3,0 1,1 4,8 8,9 

Table 5. 8: Systems release and uptake of phosphorus 
by the sludge 

(P0
4

-P) in mg/1 

Experiment Anoxic 1 Anoxic 2 Aerohic Overall removal 

5,4 - 0,20 - 0,30 + 9,00 8,5 

· 5, 5 - 1,59 - o, 72 +10,72 8,4 

5,6 -16, 38 -18,32, + 6,96 8,9 

anoxic tank remained the same, indicating that the release 

of phosphorus in the first anoxic reactor and the uptake of 

phosphorus in the second anoxic reactor was due to a biolo­

gical mechanism only. 

Although a significant concentration of phosphorus was 
released in the primary anoxic zone in Experiment 5.6, a 

subsequent exceptionally high excess uptake of phosphorus 

was not observed, in fact, the removal was about the same 

as in previous experiments. This. observation tends to 

indicate that the degree of nett phosphorus release in the 
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anoxic zone is not a major factor in subsequent excess up­

take. 

The excess release of phosphorus can be attributed to the 
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low nitrate concentration entering the anoxic zone. It 

would appear feasible that the reasons for release of phos­

phorus in the anoxic zone is that the organism requires an 

energy source both for adsorption and metabolism. Ifni­

'brate is present, then it can serve as an electron acceptor 

to provide energy for the organism and in this way relieve 

the organism of the need to seek an alternative energy source, 

i.e. from the conversion of polyphosphate to orthophosphate. 

The degree to which the organism will be relieved _will be 

proportional to the mass of nitrate actually;reduced. (The 

mass of nitrate reduced is a function of the concentration of 

active material, the influent COD concentration and .the 

actual anoxic retention time) •. 

From the above experiments it appears.that a nett .release of 

phosphorus occurs where the nitrates are less than 1,0 mg/1. 

However, in plug flow experiments Marsden and Marais (1977) 

observed that initially there is a sharp disappearance of 

phosphorus and nitrates in the primary anoxic zone immedi­

ately followed by phosphorus release in the presence of 

nitrates. If the actual anoxic retention time is suf­

ficiently long this eventually manifests itself in the 

effluent of the plug flow anoxic zone as a nett release of 

phosphorus with respect to the influent. It can be 
concluded that the presence of nitrates reduces the pressure 

·on the organisms to release phosphorus for energy. If the 

nitrates entering the anoxic zone are large it would mean 

that long actual retention times are necessary for all the 

organisms to be stressed sufficiently to release phosphorus 
and trigger off the mechanism for subsequent excess uptake 

in the.aerobic zone. Therefore, the presence of nitrates 
per se is not the only factor to be taken into account in 

estimating the stress impact on the organism, but also the 

actual anoxic retention time. 
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These remarks tend to go contrary to the direct application 

of Fuhs and Min Chen I s (1975) ideas in that release must be 

obtained under conditions of no nutrients present and that 

uptake will take place in the presence of oxygen and high 

nutrients. In our investigation release was under condi­

tion of high nutrient present and uptake took place (in 

part) under anoxic conditions (Exp. 5.6). 

Osborn and Nicholls System 

Osborn and Nicholls (1977) propose a system where release 

of phosphorus is obtained in an anaerobic zone under con-

ditions of no nutrient. The¥ showed that ·in batch ·tests 

phosphorus is released more readily when no nitrates and 

nutrients are present. 

The configuration of Osborn and Nicholls (Fig. 2.3) is 

different from the Barnard process and it is therefore 

desirable to test if this configuration also leads to good 

phosphorus removal when operated with the same sewage and 

sludge as the previous investigations. The basic 

experimental objective was to determine if, as suggested 

by Osborn and Nicholls, release of phosphorus :in the anaero­

bic zone (no nutrients present) has any effect on the phos­

phorus removal. A configuration similar to the one sug­

gested by Osborn and Nicholls was proposed to investigate 

the pypothesis that an anaerobic zone with no nutrients 

present is a prerequisite for biological luxury uptake. 

Experiment 5.7: 

The configuration together with the process data is shown 

in Fig. {5.8). This unit was operated with the same de­

sign parameters as the unit in Experiment 5.6 except that the 

configuration was different. In order to obtain the de-

sired anaerobic condition it was necessary to have a long 

actual retention time in the anaerobic zone (i.e. 2 hours). 
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Table 5.9: The experimental results for the modified 
Osborn and Nicholls system 
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Parameters 
(Mean values) 

Experiment Experiment 

COD influent mg/1 

COD effluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

MLVSS anoxic reactor mg/1 

anaerobic reactor mg/1 

aerobic reactor mg/1 

(N0
3

-N) anoxic reacto~ mg/1 

anaerobic reactor mg/1 

pH influent 

anoxic reactor 

anaerobic reactor 

aerobic reactor 

Ca influent mg/1 

influent particulate mg/1 

anoxic reactor mg/1 

anaerobic reactor mg/1 

aerobic reactor mg/1 

(P0
4

-P) influent 

influent particulate mg/1 

anoxic reactor mg/1 

anaerobic reactor mg/1 

aerobic reactor mg/1 

removed 

o
2 

uptake rate mg/1/hr 

(N03-N aerobic reactor mg/1 

5.7 

521 

25, 7 

34,3 

0,0 

2887 

7414 

3.964 

1,3 

0,9 

7,28 

7, 28 

6,95 

7,15 

41,4 

9,5 

30,0 

34,4 

34,4 

10,14 

2,11 

4,21 

4,92 

3,00 

7,14 

50,2 

6,0 

5.8 

474 

26,0 

34,9 

o,o 
2242 

7695 

4008 

0,2 

0,1 

7,30 

7,32 

6,98 

7,13 

37,5 

5,9 

29, 3 

33,4 

32,1 

9;98 

2,1 

5,62 

4,31 

2,93 

7,05 

42,7 

7,8 
--------~-----------------.........1.------_,l_ _____ _ 



The unit was operated for about 2 weeks to ensure steady 

state condition. 

The results are given in Table 5.9. 

The total removal of phosphorus was 7,14 mg/1, which is about 

1,8.mg/l as Pless than observed in the other experiments • 

.l\ syst_em' s release of phosphorus occurred in the anaerobic 

· zone of 1,92 mg/1, but an uptake of phosphorus of 3,51 mg/1 

was observed in the primary anoxic zone. The release of 

phosphorus in the anaerobic zone can be attributed, to the 

depletion of nitrates and hence the long anoxic retention 

time, whereas the uptake of phosphorus in the anoxi~ zone 

is to be expected as nitrates were still present (i.e. 

1,3 mq/1 as N). 

According to Osborn and Nicholls the release of phosphorus 

.. in the anaerobic zone is desirable to t~igger off the mecha­

nism for subsequent excess uptake in the aerobic zone. 

Although this condition prevailed in this experiment the 

overall removal of phosphorus was less than observed in the 

inodif.ied Ba.rnard process. If the primary anoxic zone, 

i.e. reactor receiving the influent waste and recycle from 

the aerobi.c zone, is the factor influencing the uptake of 

phosphorus then a larger anoxic retention time is re.quired. 

Experiment 5.8: 

.With regard to the above remarks the process configuration 
in Experiment 5.7 was continued but the internal recycle 

was reduced to increase the actual anoxic retention time 

(see Fig. 5.8). 

two weeks. 

The unit was again operated for about 

The results are shown in Table 5.9; 
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No improvement was observed in the tota·1 removal of phosphorus, 



i.e. 7,05 mg/1. Again a release of phosphorus occurred 

in the anaerobic zone of 1,38, mg/1, and an uptake of phos­

phorus in the primary anoxic zone of 1,67 mg/1. In both, 

the anoxic and aerobic reactor the nitrate concentration 

was less than 1 mg/1 as N. Although the nitrates were 

less than 1 mg/1 in the anoxic zone no release was observed 

indicating that the organisms need to be longer under stress. 
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;,The phosphorus removal in Experiment 5. 7 and Experiment 5.8 

can also be subdivided as before and compared to the fractions 
removed in Experiment 5.6 (see Table 5.10). 

Table 5.10: Comparison of experimental phosphorus frac­
tions for the modified Barnard and Osborn 
and Nicholls systems 

(P04-P) concentration mg/1 

Experiment Synthesis ca-P Preci- Luxury Total P04-P 
pitation Uptake Removed . 

5,6 3,0 1,1 4,8 8,9 

5, 7 · 2,7 1,8 2,6 7,1 

5,8 2,7 1,4 2,9 7, O 

A significant decrease in biological luxury uptake was ob­
served which in all probability can be attributed to the 

high mass of nitrates entering the anoxic zone and also the 
low active mass present to utilize this as an energy source. 
It appears that a slightly longer anoxic retention time would 

have resulted in a biological nett release of phosphorus. 

From the results obtained for the Osborn and Nicholls sys­

tem it would appear that the anaerobic zone (without the 
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Table 5.11: Steady state results for the modified Barnard 
process 

Parameters 
(mean values) 

COD influent mg/1 

COD e~fluent mg/1 

TKN influent mg/1 

TKN effluent mg/1 

o
2 

uptake rate mg/1/hr 

MLVSS mg/1 

pH influent 

anoxic reactor 1 

anoxic reactor 2 

anoxic reactor 3 

(No3-N) anoxic reactor 1 mg/1 

anoxic reactor 2 mg/1 

anoxic reactor 3 mg/1 

aer·obic reactor 4 mg/1 

Ca influent mg/1 

anoxic reactor 1 mg/1 

anoxic reactor 2 mg/1 

aerobic reactor mg/1 

(P04 -P) influent mg/1 

influent particulate mg/1 

anoxic reactor 1 mg/1 

anoxic reactor 2 mg/1 

anoxic reactor 3 mg/1 

aerobic reactor mg/1 

removal mg/1 

Exp. 
5.9 

479 

30,0 

56,7 

6,0 

49,~ 

3654 

7,95 

7,21 

7, 24 

7,06 

9,9 

8,73 

10,0 

19,5 

37,8 

36,6 

31,0 

. E:x;p. 
5.10 

534 

31,0 

43,3 

3,1 

56,5 

3539 

7,61 

7,38 

7,38 

7,28 

0,30 

o, 30 

0,26 

7,42 

27,0 

2 7, 3 

27,6 

12,91 8,48 

3,45 3,45 

7,48 4,60 

7,12 4,92 

6, 40 5, 26 

7,31 4,54 

5,60 3,94 
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presence of nutrients) has no discernible effect on the re­

moval of phosphorus, in fact a decrease in biological luxury 

uptake was observed. The reason for this behaviour is as 

yet unkn~wn and needs further experimental investigation 

to either reject or support the Osborn and Nicholls proposed 

system. 

EEFECT OF NITRATES IN ANOXIC ZONE 

A further series of experiments was .subsequently conducted 

on the modified Barnard process to investigate the effect 

of nitrates in the anoxic zone. The configuration and 

process data.is shown in Fig. 5.9. A significant .variable· 

different from the previous test is the sludge age which 

was reduced from 15 to 10 days. 

For one experiment the unit was run with nitrates present 

in the anoxic zone and in the second experiment the recycle 

was changed such that zero nitrates were present in the 

anoxic zone. The results are shown in Table 5.11. 

The results for these experiments are contrary to what has 

been observed previously. Experiment 5.10 with zero 

nitrates in the anoxic zone showed poor removal, i.e. 3,94 mg/1, 

whereas Exp. 5.9 with nitrates present removed more phos­

phorus (i.e. 5,60 mg/1) than in Experiment 5.10. 

The results of Experiments 5.9 and 5.10 indicate that the 

luxury uptake mechanism does not always work and that the 

parameters which control the onset and the efficiency of 

phosphorus removal may not be correctly identified. 

The system release and uptake of phosphorus for all the ex­

periments with anoxic/aerobic zones is shown in Table 5.12. 



INFLUENT 

Q:721/da 

So= 500mgll 

j Reactors 

Anoxic 1 

Anoxic 2 

Anoxic 3 

Aerobic 

TOTAL 

Reactors 

Anoxic 1 

Anoxic 2 

Anoxic 3 

Aerobic 

Total 

· Rs= 10days 

R :Q35day 

a = 2 

s-rec cle 

s = 2 

Nominal Retention 
Times (hrs) 

a = 2 

1,0 

1,0 

2,2 

4,2 

8,4 

s = O 5 

Nominal Retention 
Time (hrs) 

1,0 

1,0 

2,2 

4,2 

8,4 

a-recycle 

Actual Retention 
Time (mins) 

30,0 

30,0 

32, 5 

62,5 

155,0 

Actual Retention 
Time (mins) 

40,0 

40,0 

37,0 

71, 4 

188,4 

Figure 5.9 Configuration and proaess data of modified Barnard proaess 

with nitrates and no nitrates present in the primary anoxia 

zone 
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Table 5.12: System's release and uptake of phos­
phorus by the sludge 

Reactor Reactor Reactor Reactor 
Experi- 1-__ 1 __ 1-__ 2 __ -+-__ 3 __ -1--__ 4 __ ~ 
ment 

5,1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

s.s 

5.9 

5.10 

P04 -P 

mg/1 

- 5,37 

- 2,16 

+ 4,26 

- 0,20 

- 1,59 

-16,38 

+ 3,51 

+ 1,61 

+ 5,09 

+ 3,85 

P04 -P 

mg/1 

+14,40 

+11,70 

+ 3,30 

- o, 30 

..., o, 72 

+18,32 

+ ~.55 

+ 6, 76 

+ 1,08 

- 0,48 

' 

P04 -P 

mg/1 

+ 9,00 

+10,72 

+ 6,96 

- 1,92 

- 1,38 

+ 3,98 

- 1,95 

P04-P 

mg/1 

- 4,55 

+ 2, 52 

+ uptake of P by the sludge 

- release of P by the sludge 

Configuration 

Ji 

ANt,i<:. ANC,(,1( -\ t=1:cB1<.. 

---u-0~ I .... ,,,. -
/I 

A/-i()XJ(.. A.Nl)l(JC Ac~Of~i~ 

~-
~ 

,, 

I ,--O"OCIL --0 . . .2 , _,.,,,. 

Aso,,c ~ 

1{N~:;--: J ~~ ANf,itJ(.. A.NUii<- AF.t?!1t.!,1<,: 

~ i ; --
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Previ9us experiments (i.e. Exps. 5.1 to 5.6) with release of 

phosphorus in the anoxic zone, showed good overall phosphorus 

removal. However, Exp. 5.10 with no nitrates present in the 

anoxic zone and a release of phosphorus in Reactors 2 and 3 · 

showed poor overall removal of phosphorus. This removal of 

phosphorus was due to (1) the metabolic requirement of the 

sludge and (2) precipitation of phosphorus; indicating that 

no excess biological uptake of phosphorus occurred. It 

appears that either the anoxic retention time is still too 

short to trigger off the mechanism or that the phosphate 

storing bacteria are not present to effect subsequent luxury 

uptake in the aerobic zone. 

An explanation for the reduction in excess phosphorus may 

be that the sludge age of 10 days was too short. Martin 

and Marais (1975) did report that when they reduced the 

sludge age to below 10 days the excess biological uptake 

mechanism suddenly ceased to operate. Perhaps 10 days 

sludge age is in a region where the process may show signs 

of instability. If this is indeed correct then Exps. 

5.9 and 5.10 were of great importance in contributing to 

the knowledge regarding limitations ,to be imposed on the 

process. 



CHAPTER 6 

CONCLUSIONS 

From the series of batch and continuous activated sludge 

process experimen_ts conducted in this investigation the 
' 

following oonclusions are made regarding excess phosphorus 

removal, i.e. removal in excess of the basic biological 

requirement for metabolic purposes. 

Excess phosphorus removal is due to two distinctly definable 

mechanisms: 

1. Precipitation of some form of calcium phosphate; 

2. Excess (luxury) biological uptake. 

1. Phosphate Precipitation Removal 

(a) Precipitation of calcium phosphate is a function of 

the calcium, phosphorus, pH, organic content and 
seed crystals in the sludge. 

{b) The form of the precipitated crystal has not been 

identified but it appears that a crystal with a 

[Ca]/[P] molar ratio of about 3:1, i.e. Ca/P (in 

mg/1) is 4,1, is formed. 

(c) The pH value for precipitation is critical. For 
pH > 7, Ca++ = 40 mg/1 and P = 10 mg/1, approxi­

mately 1,0 to 1,5 mg/1 phosphorus can be expected 
to be removed by precipitation from the influent 

at pH < 7 precipitation decreases and at about 

pH= 6,5 and below, the precipitate that has formed 

will redissolve. 
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(d) In an activated sludge plant the phosphorus uptake 

and removal by precipitation can be monitored by 
measuring the change in Ca++ between the total 
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Ca++ in the influent and the soluble Ca++ in the efflu­

ent. The total Ca++ in the influent is measured 

by acidifying the influent sample, filtering it· 

and then measuring the dissolved ca++ in the filtrate. 

The phosphorus removal, P, is given by -

tiCa++ 

where 6P, 6 ca++ are the changes in phosphorus 

and calcium respectively in mg/1. 

(e) The fact that precipitation of a calcium mineral 

takes place at pH= 7,0 further supports the con­

tention that the mineral must be calcium phosphate, 

since calcium carbonate precipitation only takes 

place at pH. > 9, O. 

(f) In the reactors, phosphorus removal or uptake by 

precipitation is monitored by the removal or uptake 
of soluble Ca++. 

(g) Removal of phosphorus by precipitation is indepen­
dent of whether the condition is anoxic, anaerobic 

aerobic, provided the pH > about 6, 8. 

(h) Carbon dioxide has an effect on precipitation only 

in possibly reducing the pH and thereby causing 

dissolution of calcium phosphate. 

2. Excess (Luxury) Phosphorus Removal 

The exact conditions for triggering off the biological 
removal mechanism is not yet established. There is 

conclusive evidence that the organism must be placed 



in a form of anoxic stress but the condition under which 

the ahoxic stress is created is not yet defined. 

(a) Barnard's Hypothesis 

One hypothesis is creating the anoxic stress by using 

a primary anoxic reactor. It receives the recycle 

sludge from the settling tank together with the. 

influent waste stream. These flows are retained 

in the primary anoxic reactor, until a net release 

of phosphorus is observed, i.e. the effluent soluble 

phosphorus concentration is greater than the average 

concentration in the influent, due to the total 

phosphorus iQ. the influent waste stream plus the 

soluble phosphorus in the recycle stream. The re­

lease of phosphorus thus defined is considered a 

necessary condition (Barnard's Hypothesis) which 

occurs when no nitrates are present. 

(i) With regard to the release in terms of the Bar­

nard Hypothesis, the influent waste stream containing 

an appreciable percentage of phosphorus in the par­

ticulate form which is filtered out when testing for 

phosphorus. The effluent phosphorus of the anoxic 

reactor is always tested for soluble phosphorus 

only. From the work of Marsden and Marais (1977) 

and Vogelzang and Marais (1977) the soluble phosphorus 

concentration commences to increase (i.e. phosphorus 
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is released), virtually from the moment the recycle 

and influent waste enters the anoxic plug flow reactor, 

so that phosphorus is released to a significant 

degree long before the condition is satisfied as 

defined by Barnard. 

If release of phosphorus is a necessary requirement 

then this requirement is virtually always satisfied 

at actual anoxic retention times greater than about 



15 minutes. In terms of Barnard's definition of 

phosphorus release, at short anoxic retention times, 

the phosphorus change in the anoxic zone would have 

been observed as a net uptake of phosphorus whereas 

in fact considerable release had taken place. This 

confusion has arisen because of the omission to 

identify the phosphorus in the particulate matter. 

By separating the particulate phosphorus from the 

soluble phosphorus it is now evident that phosphorus 

release is always attained in the anoxic reactor and 

Barnards hypothesis of release becomes irrelevant. 

It is of course possible that the triggering-off 

mechanism only operates after a certain concentration 

of phosphorus release has taken place but not neces­

sarily to the degree required by Barnard. This 

point of view may have validity as high systems 

removal of phosphorus has been observed with a short 

anoxic retention time. 

Because the phosphorus removal in the anoxic zone 

is measured as the difference between a phosphorus 

concentration containing particulate matter and a 

soluble phosphorus concentration it is not clear 

what happens to the particulate phosphorus. From 

the work of Vogelzang and Marais (1977) it appears 

that with the short anoxic retention times the par­

ticulate phosphorus in the aerobic zone does not 

solubilise but apparently is retained in some form 

on or in the sludge. It is evident that somewhere 

in the system, probably the aerobic zone, it must 

enter into some metabolic reaction as the particu­

late stored COD containing the phosphorus is metabo­

lised in the aerobic zone. 

(ii) With regard to the requirement that no nitrates 

must be present in the primary anoxic zone (a postu­

lation of Barnard), although this investigation was 
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not specifically concerned with nitrate removal it 
is a most relevant question when attempting to de­

termine the underlying mechanism(s) for phosphorus 

removal. The evidence on this point is most con­

tradictory as both good and bad systems removal has 

been observed with nitrates present or no nitrates in 

the anoxic reactor. 

(b) Osborn and Nicholls' Hypothesis 

The second hypothesis as to the mechanism of removal of 

phosphorus is that based on Fuhs and Min Chen's (1975) 

works and as implemented by Osborn and Nicholls (1977). 

The basic element in this hypothesis is that the organism 
' 

must be stressed under anoxic condition with no nutrients 

and nitrates present. 

can be produced. 

Here again contradictory evidence 

When the condition triggering off tne mechanism is not 

known, it is difficult to judge why one process removes 

phosphorus and another apparently similar does not, 

for it may be in the apparently unimportant dissimilari­
ties that the necessary ingredient for the solution is 

to be found. The only path open, at this stage of our 

knowledge, is to consider all the aspects of similarity 

and dissimilarities between the plants showing good 

and bad removal and attempt to isolate some factor that 

may be the vital one. 

3. Proposed Hypothesis 

The following hypothesis would in a certain measure explain 
the favourable results obtained by Barnard (1975) and Osborn 

and Nicholls (1977). In both Barnard's and Osborn and 
Nicholls' reactor configurations, semi plug flow conditions 

are established. In Barnard's configuration the reaeration 

reactor receiving a relatively low recycle is likely to 



utilize all the stored COD in the organism, a situation 

not dissimilar to the condition established in the configu­

,raaion.tested.by Osborn and Nichills (1977). Subsequently 

in both systems the sludges which are virtually in the 

endogeneous phase are stressed anoxically. In Barnard's 

configuration this is done in the presence of waste flow 

nutrients whereas in Osborn and Nicholls' configuration 

this is done in the absence of influent nutrients. However, 

it may be that the presence of the influent waste nutrient 

in the anoxic phase is irrelevant, for, with the long anoxic 

retention time in the Osborn and Nicholls' system considerable 

energy is released due to endogenous mass loss: in this 

.fashion· equalising in some degree the presence of .energy 

in both systems. Pe~haps it is the establishment of the 

sludge while under aerobic condition in a true endogenous 

phase before stressing it anoxically (i.e. stressing the 

organi$ms aerobically before stressing them anpxically) 

that triggers off the phosphorus removal mechanism to the 

maximum degree. 

With regard to the nitrates, it seems that zero nitrates 

are a necessary condition in the primary anoxic zone (or 

anaerobic zone) as it can serve as an electron acceptor 

to provide energy for the organism. If the nitrates 

entering the anoxic zone is large it would mean that long 

actual retention times are necessary for all the organism~ 

to be stressed sufficiently. The mass of nitrate reduced 

in the anoxic zone is a function of the concentration of 

active material in the sludge. The influent COD concen-

tration, COD available due to endogenous mass loss and the 

actual anoxic retention time. 

It would seem that a series of tests to prove or disprove 

the hypothesis set out above would be worthwhile. No 

rational hypothesis should be discarded without testing. 

At present the approach used in design is purely phenomo­

logical. Whereas such an approach is most valuable in 

circumstances where little is known of the mechanism of 

behavioµr it always contains the uncertainty that the plant 

may not work when the conditions of operation are changed. 
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APPENDIX A 

EXPERIMENTAL PROCEDURES 

This section describes the apparatus, procedures and test 

methods employed during the experimental studies of both 

batch and completely mixed continuous flow activated sludge 

units. 

APPARATUS 

General layout of an anoxic-aerobic reactor system is shown 

in Fig. {A.l). 

Anoxic reactor 

The anoxic reactor was constructed from perspex in accord-

ance with the detailed design in Fig. {A.2). Points to 

note are the following: Ingress of air and oxygen was 

prevented by having a sealed cover on the reactor. This 

was achieved by providing a sealed bearing on the paddle 

stirrer and an 0-ring between the cover and reactor body. 

Thepaddlestirrer was driven by a small D.C. brush motor 

at about 100 rpm. The paddle was simply 2 flat plates on 

Al 

a bush attached to the paddle driving rod by screws. The 

paddle was located near·the bottom of the reactor. The 

size of the paddle was found by trial and error as it was 

effected by the speed of rotation. In general it was 

desirable to have good mixing without too intense turbulence. 

Mixing was assisted by a mixing vane, half inch in depth 

glued vertically along the side of the reactor. The vane 

minimizes vortex formation and improves vertical mixing. 

The volume of the mixed liquor was regulated by setting 
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the upper level of the water. This was done by means of 

an overflow inverted U-tube, which can be set at any level. 

In the cover an access port was provided for taking samples 

and pH measurements. The port was sealed by means of a 

rubber stopper. 

Aerobic reactor 

The aerobic reactor was of the same basic construction as the 

.anoxic reactor, except that the cover only extends over half 

the reactor to allow free communication between the liquid 

and the atmosphere (see Fig. A.2). Aeratioh was provided 

by means of a glass fritter attached to a glass tubing 

clipped to the cover., The fritter could be set at any 

liquid depth. The air supply was passed through a tank 

filled with water to humidify the air before it flows to 

a manifold. The flow was regulated from the manifold to 

the aeration tube by means of a valve. The flow of air 

to a reactor was controlled by means of a rotameter. 

Settling tank 

The design of the settling tank is shown in Fig. (A.3). 

The settling tank constructed of perspex tubing, inclined 

at 60° to the horizontal to facilitate solid-liquid separa-

tion. The mix~d liquor was both introduced and withdrawn 

at the bottom of the tank. A rubber wiper connected to a 

motor driven shaft revolved very slowly, preventing sludge 

adhering to the sides of the tank. The motor was connected 

to a timer so that every 5 minutes the wiper would operate 

for 20 seconds. 

Tubing and pumps 

Soft, transparent plastic tubing was used for all pipelines. 

The lengths of these lines were kept as short as possible 

to reduce the residence time. Also the diameters of these 
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pipelines were chosen such that a high flow velocity was 
' 

achieved, thereby minimizing biological growth mass in the 

pipes. 

variable speed peristaltic pumps, manufactured by Scienti­

fic Manufacturing Company of Cape Town, were used to regu­

late the flow rates of the influent feed and the recycles. 

These pumps were very sensitive to voltage fluctuation and 

qaily adjustment of the flow rates was necessary to ensure 

a reasonably accurate flow. 

OPERATION 

The investigation and all the experiments were conducted in 

an air-conditioned laboratory at 20°c + 1°c. 

Unsettled municipal sewage was used as. influent to the units 

throughout the investigation. The sewage was collected 

in a 1000 1 tank at Zeekoevlei sewage Works. The tank's 

contents were passed through a macerator and stored at 4°c 

in 200 litre stainless steel tanks. The tanks were filled 

in pairs by discharging into each tank alternatively to 

ensure a uniform composition of the sewage in both. 

To obtain the strength of the raw sewage, COD tests were 

conducted on five different samples from the same tank. 

The COD of the raw sewage generally ranged from 600 - 1200 

mg/1. During the winter months the COD was usually of a 

lower strength± 450 mg/1. 

Before removing the daily required quantity of sewage from 

the storage tank, the contents of the tank was thoroughly 

mixed. The daily influent feed volume to the units 

(usually two) was prepared from the known COD of the raw 

sewage by suitably diluting with tap water to the required 

concentration, usually 500 mg/1. The total volume of 
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influent feed prepared was equal to the feed requirements plus 

500 ml. After thorough mixing of the diluted contents, a 

500.ml sample was taken and stored at 4°c. The remaining 

volume was then distributed to the influent feed containers, 

i.e. each unit receiving its required feed volume per day. 

The influent containers were kept at about s0 c to reduce 

degradation prior to feeding and the contents was continu­

ously stirred by means of a slowly revolving paddle. To 

prevent aeration, a styreen cover floated on the feed surface~ 

The feed pumps were calibrated to constantly deliver the 

required volume of sewage per day. If a pump breakdowp 

occurred during the night, the influent flow was increased 

in the morning to qeliver the required volume per day. 

If, however, the sewage had a lower COD than desired, the 

influent volume was increased to deliver the required mass 

of COD per day. This was achieved by increasing the 

flow rate. 

The units were operated at either 10 days or 15 days sludge 

age. This was ensured by wasting one-tenth or one-fifteenth 

of the total mixed liquor volume per day. Sludge was 

wasted before feeding and for the series tank configuration 

this was done by drawing off equal amounts from each reactor •.. ·. 

The dissolved oxygen concentrations were kept between 1 - 3 

ppm, except where otherwise mentioned, measured and controlled 

by means of a Yellow Springs oxygen probe. 

TEST METHOD 

The parameters measured daily on the unfiltered influent, 

filtered influent, centrifuged samples and the sludge are 

showri in Table A.l. 



Table A.l: Daily tests conducted on the units 

Unfiltered Filtered Anoxic Aerobic 
Parameter Influent Influent Sludge Reactor Reactors 

P04 -P mg/1 X X X X X 

Ca mg/1 X x· X X X 

pH X X X 

COD X X 

TKN X X 

N0
3 

X X 

N02 
X X 

MINSS X 

02 X 

The test methods for the COD, TKN and MLVSS were in accord­

ance with the methods described in "Standard Methods for the 

Examination of Water and Wastewater" (1971). The nitrate 

(No 3-N) and nitrite (N02 -N) concentration were measured 

by the auto-analyzer automated method. The testing pro-

cedures followed are given in "Technicon Auto-Analyzer 

Methodology". The pH was measured with a pH meter, Radio-

meter Type 29, to an accuracy of 0,05 pH unit. 

Total phosphorus concentration was measured using the tech­

nique described in the latter part of this Appendix. The 

concentration of phosphorus in the sludge is very high and 
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must be reduced to a value between O - 25 mg/1 in order to 

fall within the working range of the test. To measure the 

phosphorus in the sludge the following procedure was 

followed: a 100 ml mixed liquor sample from the process 

was centrifuged for 20 minutes at 3000 rpm. The super­

natant was discarded and replaced with 1 litre distilled 

water. The diluted sludge was macerated in a blender for 

a few minutes, to obtain a uniform sludge concentration, 

and then tested for total P04-P. 

Calcium concentration was measured with an Automatic Atomic 

Adsorption Spectrophotometer manufactured by Varian Tectron 

(Model 1200). The procedure is outlined in the manufac-

.turer's manual. The: instrument is very sensitive to vola-

tile solids in the sample and it was necessary to ensure 

that the sample was free of particulate matter. To meqsure 
the unfiltered sewage and sludge sample for calcium, it was 

initially thought impossible, but during the latter stages 

of the experimental investigation the following technique 

was applied: A few drops of lN HCl was added to the influent 

and sludge samples until the pH attained a value of about 

2,5. This dissolved any precipitated calcium. The samples 

were vacuum filtered using a Buchner funnel and diluted with 

distilled water in the ratio of 1 sample: distilled water 
as 1 : 50. 

At one stage during the investigation the total carbonic 

alkalinity was measured using a titration method. A 100 ml 
effluent sample was stirred and titrated against an acid of 

known normality. Simultaneously to adding the acid the pH 

was monitored. Noting the volume of acid required to re­

duce the pH to about 4,3, the total carbonic alkalinity was 

then calculated. 

The oxygen consumption rates were measured using a Yellow 

Springs Oxygen Probe as follows: .The oxygen concentration. 

in the aerobic reactor was raised from the normal operating 

level of 1 to 3 mg/1 to 6 to 8 mg/1 by measuring the aeration 
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rate. Aeration was stopped, and the change in dissolved 

oxygen cc;:mcen tra tion against time was recorded for about 

6 minutes, while the aeration tank was still being fed and 

well stirred. The total oxygen consumption rate was given 

by the slope of line {usually linear) of the dissolved 

oxygen concentration versus time plot. 

PHOSPHORUS BALANCE 

AlO 

As mentioned in the previous section, phosphorus tests were 

conducted on unfiltered influent, sludge and effluent samples. 

With these concentrations it was possible to verify the 

accuracy of the phosphorus determination technique as follows: 

mg/day 

where 

MPin = mass of total influent phosphorus per day, i.e. 

Pin.Q 

MPeff = mass of total effluent phosphorus per day, i.e. 

Peff.Q 

(MPsludge)/Rs = mass of total sludge phosphorus in the 
reactor divided by sludge age to give 

sludge wastage per day, i.e. (V.Psludge)/Rs 

Figures (A.4) and (A.5) present representative results illus­
trating the excellent phosphorus balances obtained on the 

process by the phosphorus determination technique described 
in this Appendix. Virtually all the phosphorus in the in­

fluent is accounted for (99%). These good results were 
obtained when the total removal of phosphorus in the system. 

was between 3 and 5 mg/1. See Tables (A.1) to (A.4). 

Howev.er, when phosphorus removals were high, + 9 mg/1, the 



mass per day into the process was greater than the mass out 

of the process. The discrepancy seems to be in the sludge 

phosphorus measurement where no significant improvement in 

the concentration was observed (see Figs. A.6 and A.7). 

Only 60 - 7<1¾ of the total influent phosphorus was accounted 

for. It is hence of major importance that in the future 

an investigation is undertaken into the testing procedure 

for the sludge phosphorus concentration, since the results 

tend to indicate that the observed anomaly in the phosphorus 

balance is due to the phosphorus measurement on the sludge. 

All 
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DETERMINATION OF TOTAL PHOSPHATE PHOSPHORUS USING 

COLORIMETRIC MOLYBDATE-VANDATE TECHNIQUE 

PRINCIPLE OF THE METHOD 

In -the presence of vanadates, phosphates react with molybdates. 

to form yellow phosphovanadomolybdate. The intensity of 

this yellow colour, which is proportional to the amount of 

phosphate present is determined by absorbance using the spec­

trophotometer. This system obeys BEER'S LAW at a ~avelength 

of 470 u to a concentration of 300 mg/1. 

If the sample is coloured by the presence of organic matter, 

this is removed by the addition of Anhydrous Sodium Carbonate 

and ashing. 

REAGENTS, 

1. Anhydrous sodium carbonate: (Check the bottle as to the 

percentage impurity. That for phosphate should not 

exceed 0,001%. This quantity is negligible). 

2. Vanadomolybdate reagent 

Solution A: 20 g of ammonium molybdate tetrahydrate 

dissolved in 250 ml distilled water 

Solution B: 1 g ammonium metavanadate dissolved in 40 

ml nitric acid (cone.) and 200 ml distilled 

water 

Mix s'olutions A and B, add 100 mi nitric acid and dilute · 

to 1 000 ml with water (stable for± 12 months). 

3. Solution C: 1 HN03 solution 



TECHNIQUE 

l. The sample is centrifuged or filtered using a Buchner 

funnel. 

2. 25 ml of the sample is measured into a platinum bowl 

3. 

and boiled to dryness (see diagram for method of setting 

up apparatus). Takes± 45 minutes. 

Add± lg Anhydrous Sodium carbonate into the platinum 

bowl. Heat the Na2co3 in the bowl strongly over a 

Meaker Bunsen for± 10 - 15 minutes.* The Na2co3 
melts. Using tongs, turn the bowl while heating in the 

flame to ensur~ that the Na2co3 comes into contact with all 

the dried sample. Remove from flame, cool, wash bowl 

with 1 - 2 ml distilled water, pouring contents into a 

25 ml volumetric flask. 

· 4. Add Solution C dropwise to the platinum bowl till effer­

vescence ceases. Transfer this solution to the 25 ml 

volumetric flask by rinsing bowl with distilled water. 

Add more HN03 to the platinum bowl to ensure complete 

dissolution of the P04-P into the HN03 solution and 

rinse again into the 25 ml volumetric flask. This 
procedure of adding HN03 solution and rinsing with 

distilled water should be repeated 3 times. No more 
than 10 mls HN03 is usually required. 

5. Make up volume to 25 ml. 

* Experience has shown that this time of± 10 minutes 
applies more appropriately ohly when soluble phosphorus 
is measured. However, when particulate matter is pre­
sent in the sample the bowls should only be heated for 
2 to 3 minutes. It has been observed that too ex­
cessive heating reduces the actual phosphorus content 
of the sample. 
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6. Into a test tube add 5 ml treated sample and 5 ml Vana­

domolybdate reagent. Stand for 10 minutes for colour 

to develop and read at A = 4 70 .,a 

(Note: It was found by experiment that colour did not 

fade even after standing for 24 hours} • 

.A blank is done using 5 ml distilled water plus 5 ml 

,Vanadomolybdate reagent. 
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Table A.l: 

(P04 -P concentrations 

Total Effluent Removal Influent 

10,88 4,00 

9,66. 4,77 

10,66 7,22 

10,88 7,10 

10,55 5,44 

10,93 7,44 
' 

8,70 5,00 

9,10 6,55 

Average: 10,17 .5, 94 

Sludge age = 10 days 

Influent :flow Q = 36 1/day 

sludge wastage = 1,25 litres/day 

MLVSS = 3170 mg/1 

average (P04 -P) balance on system: 

6,88 

4,89 

3,44 

3,78 

5,11 

3,49 

3,70 

2,55 

4,23· 

Al9 

in mg/1 

Sludge 

135,4 

139,9 

122,1 

121,0 

108,8 

113,2 

117,0 

105,5 

120,4 

total MPin = 
MP. = 10,17 * 36 in 

total MPout = (MPwasted + MPeffluent) mg 

- 366,1 mg/day 

MP effluent = 5,94 * 36 = 213,8 mg/day 

MPwaste = 120,4 * 1, 25 = 150,5 mg/day 

. 
MPout 364, 3 mg/day . -
MP. t 364, 3 * 100 . . OU% ·= = 99,4% . . MP .. 366,1 

in 



Tabl.e A.2: 

(P0
4

-P) concentrations in 

Total Effluent Removal Influent 

14,1 6,22 7,89 

12,8 6,22 6,58 

11,99 5,88 6,11 

11,88 6,55 5,33 

11,88 7,44 4,44 

11,44 7,66 3,78 

10,99 7,55 3,44 

11,10 7,77 3,33 
-

Average: 12,02 6,91 5,11 

sludge age = 10 d.ays 

Influent flow Q = 23,5 litres/day 

Sludge wastage = 0,75 litres/day 

MLVSS = 3840 mg/1. 
! 

Average (Po4 -P) balance on system: 

Total MP. = Total MP = · {MPwasted in out 

MPin = 12,02 * 23, 5 = 282, 5 mg/day 

MPeffl = 6,91 * 23, 5 = 162,4 mg/day 

MPwasted = 174 * 10,75 = 130,5 mg/day 

• MP = (162,4 + 130,5) = 292,9 mg/day 
out 

MP 
• out % 

• • MP. 
in 

= 292,9 * 100 
282,5 = 103,2% 

A20 

mg/1 

Sludge 

197,6 

185,4 

189,8 

186,4 

167,6 

158,0 

155,4 

152,0 

174,0 

+ MP effluent) mg/day 



Table A.3: 

(Po
4

-P) concentrations jn mg/1 

Total Effluent 
Influent 

11,15 8,10 

11,40 7,82 

11,29 7,75 

11,50 7,98 

10,15 8,32 

11,90 7,98 

11,63 8,32 

11,63 8,89 

11,,63 6,50 

11,40 7 ,64 

11,17 8,55 

10,90 8,53 

12,10 9,07 

11,66 8,50 

11,23 9,07 

Average: 11,38 8,20 

Sludge age = 15 days 

Influent flow Q = 26 litres/day 

Sludge wastage = 0~83 litres day 

MLVSS = 2700 mg/1 

Average (Po4 -P) balance on system 

Removal Sludge 

3,05 98,0 

3,58 96, 5 

3,54 99,O 

3,52 100,0 

1,83 97,2 

3,92 97,0 

3,31 96,9 

2,74 92,8 

5,13 97,2 

3, 76 "' 94,6 

2,62 92,3 

2,37 98,3 

3,03 89,6 

3,16 91,8 

2,16 aa;5 

3,18 95,10 

Total MPin = Total MPout 

MP, = (11, 38 * 26) = 295, 9 1.n 

= (MPwasted + MPeffl) mg/day 

mg/day 

MPeff = (8,20 * 26) = 213,2 

MP t = (95,1 * 0,83 = 78,9 was age 

MP = 292,1 mg/day out 

MP t OU % 
MP, 

l.Il 
= 292,1 * 100 

295,9 = 99% 

mg/day 

mg/day 
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Table A.4: 

(PO 
4

-P) concentrations in 

Total Effluent Influent 

11,06 8,44 

11,51 8~44 

12, 31 8,66 

12,00 7,98 

11,86 8,78 

12,25 8,55 

14, 25 9,35 

11,4 6,16 

11~63 7,41 

10,49 8,89 

12,31 7,87 

12,64 8,64 

11,91 8,64 

12,0 9,61 

11,56 9,40 

Average: 11,90 8,50 

Sludge age= 15 .days 

Influent flow Q = 17 litres/day 

Sludge wastage= 0,5 litres/day 

MLVSS = 2950 mg/1 

Average (Po4 -P) balance on system 

·Removal 

2,62 

3,07 

3,65 

4,02 

3,08 

3,70 

4,90 

5, 24 

4,22 

1,60 

4,44 

4,00 

3,27 

2,39 

2,10 

3,49 

mg/1 

Sludge 

126,5 

135,6 

130,4 

127, 3 

120,6 

115,6 

101,5 

87,8 

109,4 

100,3 

103,7 

106,9 

109,1 

102,6 

105,3 

112,1 

Total MP,n· = Total MP. t = (MP t d + MP ff) mg/day 
.J. ou was e .~ 

, •.s.,MPin = (11, 9 * 17.) = 202, 3 mg/day 

MPeff = (8,5 * 17) = 144,5 mg/day 

MPwasted = (112,1 * 0,5) = 56,1 mg/day 

MPout = 200,6 mg/day 

MPout " _ 200,6 * 100 = 
MP. ·. - 202,3 

in 
99,2% 
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APPENDIX B 

. Theoretical relationships are developed for plotting the 

parameters, Alkalinity, pH and calcium for each of the three 

calcium phosphate minerals (i.e. beta-tricalcium phosphate 

(ca3 (PO4 ) 2), dicalcium phosphate (CaHPO4) and hydroxyapatite 

. (Cas (OH) (PO4) 3). 

1. Beta Tricalcium Phosphate 

Equilibria equation relating each of the parameters Alkali­

nity, pH and calcium to the co-ordinates X and Y are derived 
' 

from basic equilibria equations as follows: 

Equations for pH lines 

Bl 

Y = (Alk - 2Ca) (B .1) 

From Eq. ( 3. 6 ) 

Alk = 3(i?~4 
3-] + 2[HPo;] + [H2Po4 ] + [OH- J - LH+J 

Substituting (B.2) into (B.1) 

y = 3[Poi-J + 2[HPo;J+ [H2PO4J + [OH-] - [H+] - 2[Ca++J 

and (Ca++] 3 [PO!-J 2 
= 

where KSl is the solubility product for ca3 (PO4) 2 adjusted 

for ionic strength effect. 
1 

(B.2) 

(B. 3) 

/ KSl ) 3 
[ ca++J \ (B.4) = (P03-J2 

. 4 I 

From Eq. (A • 3) 

CHPO~] = 
K' 

3 

(B. 5) · 



From Eq. (A • 2 ) 

_ (H+J [HPO; J 
[H2P04J = K' 

2 

Substituting Eq. (B.5) into Eq. (B.6) gives 

(H1)
2 

[Po!-J 

K' * K' 3 . 2 

and from Eq. (A.5) 

K' w 
= CH+J 

Substituting Equations (B.4), (B.5), (B. 7) and (B.8) into 

Eq. (B.3) 

Also 

X = Acidity 

i.e. X = - 3[H:)P04] - 2[H2 Po4J - (HPO~ + [OH-] - [H+J 

. . 

From Eq. (A . 1) 

[H+J [H
2

Po4] 
[H3P04J = K, 

1 

Substituting Eq. (B. 7) into Eq. (B.11) 

C H+J 3 [P03 -J 
4 

K' * K1 * K' 1 2 3 

B2 

(B .6) 

(B. 7) 

(B. 8) 

(B. 9) 

(B .10) 

(B .11) 

(B .12) 



Substituting Eqations (B.5), (B. 7), (B.8) and (B.12) into 

Eq. (B.10) 

~ 
X=-

2 * [H+] 2 (Po!-J 
K

1 * K
1 

2 . 3 

' 

B3 

(B.13) 

For a chosen fixed [H+J (i.e. pH) and a range of values for 

CPo!-J the equation (B.9) in Y has only one real root which 

can be calculated by an interative method of trial and error. 

Substituting the value [Po!-J obtained in Eq~ (B.9) into 

Eq. (B.13) gives X value corresponding to each Y value. 

Plotting these corresponding values of X and Yin Fig. 3.5 

traces a line for the selected pH in the equilibrium diagram. 

Equations for Calcium Lines 

(B .14) 

Substituting Eq. (B .14) into (B. 9) 

~ r ( ½ )k KI l2 2(H+] KSl CH+1 2 K' 2 

y = 3 Sl 
+ + Sl 

· [ca++J 3 K' [Ca ++J 3 K' * K' [ca ++J 3 3 2 3 

K' 
[H+J 2 [ca ++J (B.15 + _JL 

[H+J 

and subs ti tu ting Eq. (B .14) into (B .13) 

X = 
K' - [H+J 3 * l:.H+J 

3 ( KSl r w -
+ K' * K1 * K' [Ca +°1 3 fH,~J 1 2 3 

( ~s1 r ( ) 
½ 

(ca++J 3 
[H+J KSl -~ (ca++J 3 3 

(B .16) 



B4 

, [ ++- . ( +] For a fixed value of Ca J and a range of values for H 
Eq. (B.16) has only one real root and can be calculated py 

an iterative method of trial and error. Substituting ( H+J 

in Eq. (B.16) into (B.15) gives the corresponding Y values to 

each X value. 

Plotti•ng the corresponding X and Y values traces a line for 

calcium in the equilibrium diagram. 

Equations for Alkalinity Lines 

Alkalinity lines plot in the beta tricalcium phos~hate dia­
gram with two horizontal sections upper and lower part, 

joined by a vertical section. The method of solution for 

the horizontal and vertical section is different and will 

therefore be considered separately. 

(a) Equations for Horizontal section of Alkalinity Line 

From Eq. (B .1) 

(Alk - Y) 
2 

Substituting Eq. (B.17) into Eq. (B.14) 

2 3 ½ 
= (Alk - Y) 

Substituting Eq. (B.18) into (B.13) 

=---,-.=..,.--==-k-+-,,· .....,,.___,.._)61 ~ [H+ 2 KSl 2 2 
KI * KI (Alk -- Y) 

2 3 K' 
3 

(B .17) 

(B .18) 

(B .19) 



From Eq. (B .1) 

Alk = Y + 2 [ca++J 

2 [H+] (Fo3-J [H+J 2 [Po3-J K' 

3 [Po!J 
w 

- [H+] + 4 + 4 +--= K' * K' K' [H+J 3 2 3 

,Substituting Eq. (B .18) into (B. 20) 

~ ( 2 Y)) ~ 2 [H°1 KSl ½( 2 Y)) ~ Alk = 3 * K' 2 + Sl (Alk - K' (Alk -3 
1 

[H+J 2K' ½ 

( (Al~-Y) 
6 K' 

+ Sl + w [H+] --K' * K' (H+J 2 3 

For a fixed value of Alkalinity and a range of values for 

(H+J, using an iterative trial and er~or method, Y in. Eq • 

. (B.21) can be solved. The value of [H+J and Y values can 

then be substituted into Eq. (B.19) to give the X value 

corresponding to the Y value. 

Plotting the corresponding X and Y values traces the hori­

zontal.section of the Alkalinity line. 

BS 

(B. 20) 

(B. 21:)\ 

(b) Equations for the Vertical Section of the Alkalinity Curve 

From Eq. (B.20) K' 
Alk w + [H+] ---

[Po!-J 
ce+J (B. 22) = 2 2 [H+J (H+J 

3 + K' + K' * K' 3 2 3 



From Eq. (B.13) 

3- (2 *[H"1 2 
- X = [ PO 4 J .K, * K, 

2 3 

+ + [HJ + 
K' 3 

Substituting Eq. (B.22) into (B.23) 

- X = ~ Alk - [ :±] + [H+J ) ( 
2 

£1I+J 

From Eq. (B.l) 

y . ++ 
= .Alk - 2[Ca ] 

Substitute (B. 5) into (B.25) 

Y = Alk -2( KSl ) ~ 
[PO!-] 

B6 

(B. 23) 

+ 1 

(B. 24) 

(B. 25) 

(B. 26) 

Substitute Eq. 
1

(B.22) into (B.26) r \~ 
KS1 (( 

2 ra+J + (H+J 2 V(Alk 
K' 

Y = Alk-2. 3 + 
w (H+J) I K' * K' 

---+ 
K' [H+J 3 2 3 J 

Eq. (B. 24) is in terms of L H+J Alkalinity and X. For some 

chosen Alkalinity and a range of values for (H+J, X can be 

calculated by an iterative method of trial and error •. The 

(B. 27) 



corresponding Y value to each X value is calculated from 

Eq. (B.27) using the [H+J obtained in the iterative method. 

Plotting the corresponding X and Y values the vertical sec­

tion of the Alkalinity line is thus defined. 

The complete Alkalinity line for some fixed Alkalinity value 

is obtained as follows: the lower horizontal limit of the 

A,lkalinity line is plotted at first using Eqs. (B.l~) and 

(B.21) until the slope of line is greater than 45°. Eqs. 

(B.24) and (B.27) are then solved to plot the vertical 

section of the Alkalinity line until the slope of the line 

is less than 45°. The equation defining the.lowe~ limit 

of the Alkalinity line is then used again to plot the upper 

horizontal section of the Alkalinity line. 

Fig. (3.5) shows the complete two phase diagram for the 

beta tricalcium phosphate mineral. 

(2) Dicalcium Phosphate 

Equilibria equation relating each of the parameters Alkali­

nity, pH and calcium to the co-ordinates X and Y are derived 
from basic equilibria equations as before. The development 

of equations is very similar to the previous section and 

only .the relevant equations will therefore be given. 

Equations for pH lines 

= 

= 

[ ca ++J L HPo!-J 

cca ++J [H'JD?o!-J 
K' 

3 

B7 

.. (B.28) 



Note: 

K82 .·is.the solubility product for CaHP04 adjusted for ionic 
strength effect. 

Substituting Eq. (B.28) into Eq. (B. 3) 

2 * K' * K' 

B8 

S2 3 (B. 29} 

K' 
w [H+] and X - - -

- [H+] K' * K' * K' 1 2 3 

2 * [H+J [Pol-J 

K' * K' 2 3 

(B. 30) 

For a chosen fixed [H+] (i.e. pH)and a range of values for 

[PO~-] the equation (B.29) in Y has only one real root which 

can be calculated by an interative method of trial and 

error. Substituting the value Po!- obtained in Eq. (B.29) 

into Eq. (B.30) gives X value corresponding to each Y value. 

Plotting these corresponding values of X and Yin Fig.3.6 
traces a line for the selected pH in the two phase diagram. 

Equations for Calcium Lines 

Fran Eq. (B.28) 

(B. 31) 



Substituting Eq. (B.31) into Eq. (B.29) 

+ + 
H+ KS2 

p:;2 (Ca ++J 

B9 

{B. 32) 

and substituting Eq. (B. 31) into Eq. {B. 30) 

K' 3 * [H+J 2 Kl 2 * [H+] 
KS2 KS2 

X 
w [H°1 S2 = -

[H+J K' * K' [ca ++1 K' [ca++J (Ca ++J 
1 2 2 

For a fixed value of [Ca+] and a range of values for [H+] 

Eq. (B.33) has only one real root and can be calculated by 

an iterative method of trial and error. Substituting [H+J 

in Eq. ( B. 3 3) in to Eq. {B. 32) gives the corresponding Y 

valuE=;s tor each .X value. 

Plotting the X and Y values in Fig. ( 3.6) traces a line for 

Calcium in the Equilibria diagram. 

Equations for Alkalinity Lines 

(B. 33) 

Alkalinity lines plot in the dicalcium phosphate diagram with 

two horizontal sections, upper and lower part, joined by a 

vertical section. 

(a) Equations for Horizontal Section of Alkalinity Line_ 

From Equation (B.1} 

(B. 34) 



Substituting Eq. (B.34) into (B.31) 

K' * 2 S2 
(Alk-Y) 

But 

From Eq. (B. 5) 

[HPO;] * K:3 

[H+J 

From Eq. (B.6) 

= 
LH+] [HPO~] 

K' 
2 

Substituting Eqs. (B.36) and (B.37) into Eq. (B.35) 

3 * K3 * [HPO~] [H-♦:J [HPO~] 
Alk = --------- + 2[HPo4=J + K' 

[H~ 2 

Substituting Eq. (B.35) into (B.39) 

6 * K' * K ' 4 * K ' [H +] K ' * 2 
Alk 3 S2 + S2 + S2 

= L H+] {Alk-Y) (Alk-Y) K2 (Alk-Y) 

Multiplying both sides by CH~ and Equating to zero. 

Blo·'i 

(B. 35) 

(B. 36) . 

(B. 37) 

(B.38) 

(B. 39 



Bll 

+ 2 ( KS2 * 2 - 1 ) + [H+] ( 4 * KS2 ) 
(H] K2 (Alk-Y) {Alk-Y) - Alk 

K' + 3 S2 = O 
( 

6 * K' * K' ) 
+ w (Alk-Y) (B. 40) 

Also from Eq. {B.10) 

. 3 * [H+] [H+J HP04 X·= - ___ K_'_*_K-,---"-
1 2 

(B. 41) 

For a.chosen value of Alkalinity and assuming a range of 
+ values for Y, [HJ has only one real root in ~quation 

{B.40). Substituting the [H+J value obtained into Eq. (B.41) 

gives X value corresponding to Y value. 

Plotting the corresponding X and Y values traces the hori­

zontal section of the Alkalinity line. 

{b) Equations for the Vertical Section of the Alkalinity Curve 

From 

- X = + 1 + 

(B. 42) 

Substituting Eq. (B. 22) into (B. 28) 

3 + 
2 [H+] 

+ 
[H+J 2 ) K' * K' ( K' K' * K' 

[Ca++] S2 3 3 2 3 
= 

[H+] K' (B. 43) 
Alk w 

+ [H+] --
di+J 



But Y = Alk - 2Ca 

Substituting Eq. (B.43) into Eq. (B.44) 

Y = Alk -
2 * K' * K' S2 3 

( lllk -' 

For some chosen Alkalinity and a range of values for [H+J 

X in Eq. (B.42) can be calculated by an iterative method 

of trial and error. The corresponding Y to each X value 

is calculated from Eq. (B.45) using the [H+] obtained in 

the interative method. 

Plotting the corresponQing X and Y values, the vertical 

section of the Alkalinity line is thus defined. 

The complete Alkalinity line for some fixed Alkalinity 

value is obtained as follows: The lower horizontal limit 

of the Alkalinity line is plotted at first using Eqs. 

(B.40) and (B;41) until the slope of line is greater than 

45°. Eqs. (B.42) and (B.45) are then solved to plot the 

vertical section of the Alkalinity line until the slope 

of the line is less than 45°. Eqs. (B.40) and (B.41) 

are then used again to plot the upper horizontal section 

of the Alkalinity line. 

Fig. 3 ,• 6 shows the complete two phase diagram for the 

dicalcium phosphate mineral. 

Bl2 

(B. 44) 

(B. 45) 
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(3) Hydroxyapatite 

The equilibria equaticns relating each of the parameters .Alka­

linity, pH and calcium to the co-ordinates X and Y are as 

follows: 

Equations for pH lines 

= 

where K83 is the solubility product for hydroxyapatite 

(Ca(OH) (Po4 ) 3) adjusted for ionic strength effect. 

From Eq. (B.46) 

1 
5 

Substituting Eq. (B.47) into Eq. (B.3) 

From Eq. (B. 30) 

K' 
3 

2 * [H+J 2 (poJ !­
K' * K' 2 3 

(B48) 

(;B.49) 



For a cha;en fixed [H+J (i.e. pH) value and a range of Y 

values, using a trial and error iterative method, Equation 

(B.48) in (Po!-] has only one real root. Substituting the 

[Po!-J v~lue into Equation (B.49) gives X value correspond­
ing to each Y value. 

Plotting these corresponding values of X and Yin Fig. 

. Bl4 

traces a line for the selected pH in the equilibrium diagram. 

Equations for Plotting Calcium Lines 

From Eq. (B. 47) 

Substituting Eq. (B.50) into Eq. (B.49) 

( 

_Ks_' 3_L_H_+J_.5 ) 
K' [ ++. w Ca J 

and substituting Eq. (B. 50) into Eq. (B.48) 

y = 

+ - [HJ -

1 
3 

(B. 50) 

(B. 51) 



For a chosen fixed value of [Ca++] and a range of values 

for x, i:q. (B. 51) in [ H+J has only one real root which can 

be calculated using an iterative method of trial and error. 

Substituting the [H+J value into equation (B.52) gives Y 

value corresponding to each X value. 

Plotting these corresponding values of X and Yin Fig. 3.7 

traces a line for the selected [ca++J in the two phase equi­

libriu·m diagram. 

Equations for Alkalinity Lines 

Alkalinity curves plot in the hydroxyapatite diagram with 

two horizontal sections upper and lower part, joined by a 

vertical section. 

(a) Equations for Horizontal Section of.Alkalinity Line 

From Eq. (B .1) 

= 
Alk - Y 

2 

Substituting Eq. (B.53) into Eq. (B.50) 

1:. 
3 

Substituting Eq. (B.54) into Eq. (B.20) 

1 

( 

KS3 ,[H+J . \3 
= 

3 
1 (A lk-y) 5 / 

Kw 2 / 
Alk 2 [H~ (KS3[H+] 5) 

K3 K~ ( Al~-Y) 
+ 

1 

( ~!A~;:~) s)
3 

1 
3 

BlS 

(B. 53} 

(B. 54) 



From Eq. (B.49) 

+ 
+. (H J + 

K' 
3 

\ 

3[H+jJ )+ 
K' *K 1 *K' 

1 2 3 / 
I 

Substituting Eq. (B.54) into Eq. (B.56) 

- X 
+ 

+ CH J + 
K' 

3 

For a chosen Alkalinity value and a series of LH+J values, 
+ Eq. (B. 55) in Y has one real root. The Y and L H J values 

B16 

(B. 56) 

(B. 57 

obtained in Eq. (B.55) can then be substituted into Eq. (B.57) 

to calculate the corresponding X value. Plotting the cor-

responding X and Y values gives a trace of the horizontal 

sections of the Alkalinity line in the diagram. 

(b) Equations for Plotting the Vertical Section of the 
Alkalinity Line 

From Eq. (B.24} 

+. 
+ (H .1 + 

K' 
2 

(B.58) 



Bl7 

Substituting Eq. (B.47) into Eq. (B.53) and re-arranging: 

Y = Alk - 2 . · S~ C: H J 
(

K' + ) ~ 
Kw LPo!-J 3 

Substituting Eq. (B. 22) into Eq. (B. 59) 1 

+ [H+]2 
3 5 

K' LH+] ( 3 + 2[H J + ) K' K' * K' 
y Alk - 2 S3 3 2 3 

:;:: 
K' t<; Alk - + [a+J w ---:.:-

[HJ 

For a fixed chosen val'ue of Alkalinity, X is solved for 

series of values [ H+J in Eq. (B. 58) • The Y value corres­

ponding to each X value is calculated from Eq. (B.60). 

Plotting the corresponding X and Y values traces the verti­

cal section of an Alkalinity line in the hydroxyapatite 

diagram. 

The complete Alkalinity line for some fixed Alkalinity value 

is plotted in the diagram as follows: the lower rorizontal 

limb is plotted at first using Eqs. (B.5)) and (B.57) until 

the slope of the line is less than 45°. Eqs. (B.58) and 
(B.60) are then solved to plot the vertical section of the 

(B. 59) 

(B-i60) 

Alkalinity line until the slope of the line is less than 4~0
• 

The equation for the horizontal section of the Alkalinity 

line is then again used to trace the upper horizontal. limb 
of the Alkalinity line. 

Fig. ( 3.7) shows the complete two phase equilibrium dia­

gram for the hydroxyapatite mineral. 



Cl 

APPENDIX C 

DETERMINATION OF SOLUBILITY PRODUCT FOR A 

CALCIUM PHOSPHATE MINERAL 

Considering single aquous phase equilibrium between phosphoric 

acid species, the following equilibrium and mass balance 

equations must be satisfied: 

Equilibrium Equations, 

(H+] [H
2

Po4J / {H3Po4] = Kl 

[ H+J (HPO~] / [H2PO~ J = K2 
I 

[ H+J [PO3-J I [HPO~ J = K3 
I 

4 

r ca +:J FLHPO4 =3 I LCaHPO4 °] = K4 
I 

L H+J [OH-J = K w 
I 

Mass Balance Equation 

and if pH measured 

1 (H+) pH= - oglO 

Subscripts 'T' and 'F' refer to total and free ion species 

concentrations respectively 

(C .1) 

(C. 2) 

(C. 3) 

(C. 4) 

(C. 5) 

(C. 8) 



C J indicates molar concentration. 
{ ) indicates activities. 

K1 .indicat·es an equilibrium constant which has been ad­
justed for ionic strength effects. 

Equations (C.1) to (C.8) are eight equations with eight un­
knowns { [H

3
Po4J, LH

2
Po4-J, (HPo

4
=J, [Po

4
3-J, (Ca+-+:iF, 

(CaHP04 °.] , C H+J and [OHJ), the parameters pH, caT and PT 

can be measured. These eight equations are solved by 

numerical iteration using a digital computer. The values 
+j 3- -determined for [ Ca F, CPO 4 J and C HPO 4 -J are then used · 

C2 

together with the measured values for ionic st.rength, to cal­

culate the solubi!it~ products for ca3 {P04 )
2 

and CaHP04 , 

i.e. 

= 

= 

where fa and ft are di and trivalent activity coefficients. 



, APPENDIX D 

PROGRAMME FOR SINGLE PHASE 
PHOSPHORIC SYSTEM 



*•****~····••******~•····••i••····················~·· 
PKOb~AM PLOIS SINGLE PHASE 
Pl iO!:>Pt10rU c-~ YS TD·1. D Lil.GRAM 

······~···································••*·•······ KtAL K1,k2,K3,K~ 
Ol~~NSIUN ACIU<50d),ALK(500),PH(5-0) 
***********•***************••·····················••i 
flR~T 0ATA CAR□ :DIAGRAM LIMITS 
RL~~(b,lO)ALKMA~,ALKMIN,ACIMAX,ACIMIN 

. \ 

f vH.1•1AT l) . 
,JI tll,E: Alk.1.-ik>,.: f111AX ( ALKAL HH TY) 

1">.Lt1..Mli~!f-ill';(ALK1:\LINITY) 
ACI~Ax:MAX<AClDITY) 
t~C IM l l\l: flli 1 i.J ( AC lD IT Y) 

············•*•*•****************~•···········•·*••·· 
St.C.v,JL uATA CAi{O!NO.OF PH VALU[S 
t<U·hJ lo, J. 5) r..Jf-'H 

. :::, F vH1•i/H <l 2) 
·~········••**********************•********•****••··· 
llilt,iJ UATA CAtW!IOl~lC STi-d:::NGTH=l.HTEMP(OEGC>=T 
Ht.Au(U,,O)U,T 

!~ F~K~A1(2fl0.4} 
*•****•*•****.************••··*·••*••·••***•********* 
OAlA C~k~S FOR ~H VALUES 
UU .:.iu 1=1 H~PH 
t<t: .. Au ( b, .:::!:>) Pt1 (I) 

:.o F \.1r{hk 1 0- 1 u • 4) 
::iu Cvi/1 11\vL 

*•**•*••···••*•*••***********·*•*•***·••***•********• 
t.1..IJJ.LlutdUt"'r C01JSTAl·HS 
Pt,1;;;2.14 
t:>t\2=·1. 2u 
Pr.3::;;;1£ • ..;);j 
PKt,.;:14 • u 
**********••************•********••·*·••*••·········· 
CAL~ULAllNG MONu,ol+TRl VALENT ACTIVITY FACTORS 
us11~6 UHVlt.S··EQUATlON 
Ul=U**0•5 
A=(u1/l1+u1>)-0.2*U 
Fl•,=1.,•~*A 
Fh::.1 • ./ ( lU • *•F;.'I) 
FLi=.::•*1-\ 
Fu=1.1<10.••FD) 
F f="t. b*I\ 
F1=.1../Clv.**Ff) 
••*•****************•*********••********•*****•****** 
Cli1-J\itJH PK VAL.UES Tu K VALJJES 
i,1;:.(1./(lv.-+:*PKU>*lOOO.,·,. 

"~=l1.tllu•••r~2>>•iooo. 
K~=ll./(lO•*•P~3))*1UOO. 
I'\\~= l 1 • / l 1 0 • * * P 1, ',"i ) ) * 1 0 • "' * 6 • · 

. ' ' 
*•****~·•~*•*****•******************•**************** 
C01'1\/C:RT K \/ALlJt.S TO ACCOUi..;T FOR ·ACTIVITY . 
Kl=h,1/ {FM••~•) 
K~=r,~/Fu 
K3=h3*fi.i/ (FM:t-FT) 
~**~•****4********•*•*~~**•*•*****•***•••*•****•····· 
PLOJ L,li\&H,\M OUTLifJt.;. 
sc=~4. 

.Dl 



C 
(, 

4J 

~u 
ou 
7u 

lUU 

l<;,1.J 

l'-Jl 

C~LL SCkLf(SC,sc,-0.5,'."'"o.75) 
.NlMA=<ACIMAX-ACIMIN)/Oel . 
iH MY= ( ALKrv1A;.-ALKf~11 r-.J) / 0 • l 
C~LL FGUlU(O,ACIMIN•-AL~MAX,0.1,NTMX) 
Ci,LL FGtUD La., AC IMAX ,-ALKMAX, U .1, NTMY> 
CALL FGk-I0<2,ACIMAX,-AL~MI~,o.1,NTMX> 
cr~LL FGk l(J ( j, hC Hll i J, '."'"ALKi111l r HO .1, NTMY) 
*•*****•**••***************************************** 
CALlULAl~S PH LINES AND PLOTS THEM 
CALL PLT11v1E (25) 
LL=u 
iJU 2UI.J l=l•NPH, 
t-'1· ii-1=PH ( l ) 
11=< <1.l<lJ•**Pl-lH) )/FM)*l000 ■ 
0ti=h ,'llr-i 
.JJ=l 
l~(LL-1)4U•l1U•ll0 
1h .. lu<l>=ACI;,1AX 
Liv bl.J J=l,~UU 

D2 

AU'. ( .J) = ( AC l O ( .J) -H+l)d) * ( 3 • *t',3/H+2. +H/K2) / ( ( 3. *11**2. ) / ( K 1 *K2) +2. *H/K 
.2+1.)+0h-H 

l~(~LK(J)-ALKM~X)5J•50•110 
if ( J,LI\ ( .J) -ALl<M1f~) 9U, 90, 6u' 
If (i-\Cll)(J)-AClr•'llhl)9U,90•70 
ALlU(J➔ l)=ACIJ(~)-0.0l 
JJ=v.J+l 
Cvi~T .ll.JUt:. 
CALL FP1-0T(j,ACIO(l),-ALK(l)) 
Jv=.JJ-1 
uv .1.1.H, v=i, vJ 
~ALL FPLOT<~•ACID(.J),-ALK(J)) 
Cul~ I l I\IUi:. 
00 ,o ~uo 
A1-t\ ( .i) =ALKi,JAX 
LL.=l 
:Ju 1~0 .J=l•:.iOU 
A\..lu(.J):::(ALK(;J)-OH+H)*((3.+H**2•)/(Kl*K2)+(2.*H/,K2)+1.)/(3•*K3/H+2•+H/K2 

• -+t./i'i.2) +i1-01·1 
1F U,CIU (J)-;\Cli-lIN) 191 • 191, 12u 
fl· ( ,,Ui. ( ...i) -1,LKl'i 11-.;) 1 Y 1 , 191 , 1 El Ci 
J.J=..;.J ➔ 1 
ALKlJ+l)=AL~(.J)-u.Ul 
co:-d Ih,Uc. 
C1...LL F-PL01'<.::i,1~CIU(l·) ,-ALK(l)) 
.J..;=..;J-1 
Lh; l 92> J= 1 • JJ 
c,,L1- f-tlLvT(c::,ACIO(.J),-ALK(J)) 
C Ui ff lf 1UC: 
~Ul·d Ir.JUL 
C /\LL PE:.f~u L:~ • 5, -2 • 5) 



. 
APPENDIX E 

PROGRAMMES FOR PLOTTING THE 
THREE CALCIUM PHOSPHATE 
MINERALS 

1. Beta tricalcium phosphate 

.2. Hydroxyapatite 

3. Dicalcium phosphate 



C ••*•••••••••********•••••••••*•*•••••*•*•***********• 
, PkOb~AM PLOTS THE DIAGRAM FOR 
~ OLTk-TRl CALCIUM'PHOPHATE-(CA)3(PO4>2 
t *•*•******•*******••·······••***•*•••*•*****•*******• 

C, 

l, 

7 
I.. 

(. 

L. 
{.. 

C 
C 

4 
l 
1w 

0 

L. 
l 

9 
l L' 

L 
t 
I.. 

l~ 
2u 

I.. 

~ 

C 

2:i 
..;;U 

I,,. 

C 
l, 

RtAL KW,K1•K2,K3,KS•MAXAMC,MINAMC,MAXACD,MINACD 
UOULL[ PR~CISION PO4,~RACT,H,Y,C,A,AL 
01Mc..i•JSlvN PH(SO> ,ALK(50) ,CAA(50) ,ACI0(3000) ,AMC(3000) 

···••************••···········******•*••··~···••****• 
FIR~T DATA CARu:JIAGkAM LIMITS 
RL.Au ( 8, 7 > 1 ✓.AXAC.J, 1v111~ACO, '11\AXAMC, MlNM-1C 
FvR1•d\ T ( 4F lu. 3) 
.~t1~1,E: 1"1AX/\Cu=POS IT I VE ( ACIDITY) 

Mlr'lli.\Cu=!4E6ATIVE < ACiiJI TY'> 
MAXAMC=M~X(ALK-2CA) 
MlNAMC=MIN(ALK-2CA) 

*•***•****••****············•·****•****•*******•*••·· 
:it.Cut-,O uATI\ CARD!Nv-OF PH,ALK Al~l) CA VALUES 
Re.AL ( 6, 4) NPH, ,,,IA, NC 
F vR,-iJ\l t .H 2 > 
···········~•·***************••******••******•***~*** 
THIRD lJATA CI\RIJ: IONIC STf{~NGTH 
tH.: .. ALdb,o)U. 
f 0t<i•,A l l f 10 • 4) 

*,._******** ... ********•*•****•******•**•*•*****•*•••**** 
O~T~ CAriOS ~OR Ph VALUES 
Du l U I= 1 , hi PH 
Hu\iJ ( b, 9) PH ( I ) 
F (;Hl•1A T l f- 1 (J • 4) 
CurJl IlJUt.. 

••*••····~•***•~···~••** .. **••··• .. **•***•~··•********* 
UATA LAriOS ~OR ALK• VALUES 
II, hSCEi·•DllJb 0HUt:R 
UO ,v 1=1 ,1-JA 
ht.Au ( G, .ltd ,~LK ( .L) 

F 0 I< l'I i\l C F 1 0 • 4 ) 
~0kt lNUt.. 
·••********•*** ... *********••*********·*•************* 
[H\lA CAidJS FOi~ Cf1 VALUES 
u~ M~CE,liu u~l, Ot<i.Jl::R 
00 .:,0 I=l,iJl. 
RLAu(b,25)CAA(lJ 

f 0h,111A I ( F 1 J • 4 ) 
C01'J I lhUt. 
***4************************~*******•**************•* 
Cih .. CULATHIG MONO,Dl+Tt-<l VALEiJT I\CTIVITY FACTOHS 
USlill..:,. DAVlt:!:> Ei,i;UATION 
uJ.=u••u•t> Fl=4•~*·' (Ul/(l+Ul) >-o.2•u> 
F1=.1../<lu.••FT> 
Fu=~·•t<u11<1+01>>-o.2•J> 
FL;=l ./ l .lli. **FDJ 
FN=U•5*<(ul/(1+u1>>-O.2*U) 
F ;;, ;;;; J.. • / f 1 0 • * * F i•d 

l **•***********~******•*•**•*******••***************•* 
l. EQU1L.l6i'1Ui•i COi'JSTAi'HS 

Pti.l:=c•14 
i-'t\2:::. 7 • 2.U . 
PK3=lc::• 3b 
PKS=.2~•4~ 

El 



PKvi=14 • UO 
***************************************************** 
CuN~ERT ~K VALUES TOK VALUES 
t<::::,=<1.l<lO•**PrZS))+l0.**15• 
K1=<1./(lO•••PK1i>~lOQO. 
K2=<1.l<lO•**PK~>)•lOOO• 
K3=\l.l(lO~**PK3))•1000e 
K~=<1./(lO•**PKW>>•l0•**6• 
····~••********************************************** 
Cvi-Jvt:k T K VALUES TO ACCour,n F OH ACTIVITY 
1'1=1,.1./ <Fi•✓;•*~•) 
K~=K2/Fu 
K~="J*Fu/ ( ff•l*F T > 
ri.\-;=Kw/ ( fi11'1* •~ •) 

K~=~~/(~FU**~•>•<FT**2•>> 
***********~***************************************** 
PLOl 01A6RAM OUTLINE 
sc::.4.u 
CALL SCkL~<~c,sc,-2.5,-1.0> 
Ni 1•,x= ( M,\xACu-Ml Ni\CU) / u .1 
hi I:.;-.= (l\'1J..XA,·1iC-MH~AMC) /U • l 
CHLL F6t\ l u (Li, -:'-1AXACO, -i•lAXf\MC, 0 • 1, NTMX) 
CMLL fG1,lu ( i ,-,•ilt~ACU, -M/\.;..Al••iC, 0 .1, tJTIV1Y) 
Ck LL FG1<1 U ( 2, -1•\I !\JACO, -M lt~l'.MC, 0 • l, NTMX) 
~ALL FGrdu (.:, ,-iv'11,xACD, -tHI-J1\rJiC, 0 .1, NTMY) 
Ck LL F 6 i-< I D ( u ; -/Ii~ X AC LJ , 0 • , 0 • l , IHM X ) 
CALL FGi<lCJ(l,O• ,-MA.X.AMC,0.1,i-JTMY) 
***•**********************************~************** 
C11Lr.ULAl l0NS TO PLOT PH LIIJES 
Ci.LL 1-'Lll1v1i::(2~) 
Chrit'◊Lt=u. u 
Uu 4llU l=l, !>iPt-l 
Ai•,C l .i,) =Ml l~AMC 
1-Jl·~=l 
Phi l=Ph ( l) 

t 1= ( ( 1 • / ( 1 J • * * Pt1d) ) /FM> * l O O O • 
Oti=K~i'/ii 
l J.::l 
Jv=l 
P,.N;;;l0U • 

i ~•..J=.L 

Pu4= l lJ iJ • 
C::Ai-lC ( J J . 

E2 

•Li '(=. C., ~ *P04+2. *H+:PO4/K3+2 • •CAHPO4+ ( i1**2 •) *P04/ ( K2*K3) +K\-J/H-H) -2. *<KS 
il<Pv4>•*2 ■ >••U•333 
i~(Y-L)~3u•J7u,j25 

i:~ · Pv4.:.:J • 1 +PO4 
Gv·ru .:>20 

ju Fi~~c r=Pu4 
PvL~:::pQ4-t-fKACT 

~ Y= ( ~ • *Pv4-t-2. •~i*IJ04/,<3+2 • •CMIPCJ4+ ( H**2 •) *P04/ ( K2*K3) +Kw/H-H) -2. * ( KS 
i/(P0~>••2.>•*U•333 

1F<Y-C>~40•~7U•3~0 
4U Pu4=P04+HH,CT 

,.;0 l u 3j5 
60 P04=P04-FR~CT 

Ft<Al.T=FRIICT•0.1 
Pu4=Pv4+Fi~ I\C T 
If <i-.h1-S> 3ou, 36u., 370 



L 

j7l 
JI~ 
S/".:) 
.:J74 

.J92. 

'tUU 

1..J1,=r"N+ 1 
Gu H> 335 
HP04=h*P04/K.3 
Hc:!P04=rl+t-1Pv4 /K2 
rlj?U4=h*H2P04/Kl 
A(.l~(J):3.•H3P04+2•*H2P04+HP04+H-OH+CAHPO~ 
AMC(J+l>=AMC(J)+0.1 
If(AClU(Jl-~INACOl371,371,372 
JJ:,.;J+l 
lf(AClU(J)-MAXACil)373•391,391 
IF ( Afv1C (.;) -iif,\XA,vi(,) 374,391,391 
.1..1.=11+1 
C ui.,d U-JlJL 

**•**********•*************************************** 
PLOT 1-:'H LINCS 
C~LL FPLOT(j,-AC!O(JJ),-AMC(JJ)) 
i 1=.11-1 . 
uu :,92 J:JJ,II 
CALL fPLOT(~,-kClOlJ),-A~C(J)) 
c vi11 1 I ;-.ut.: 
~v1d lt.(!:>,21) PHH 
FunhAl(lUX•llU•ql 
C VI /1 11'>4\JC. 
C"L~ FPLOT<J,u.,u., 
·~·••**************•********************************* 
C,..L1..UL1HluhlS TO PL0T /\L"ALINITY LHIES 
A, •• c l l) =r✓.I NAMC 
LUl=l 
00 49'.:I v=l, NA 

E3 

l ••••••***************~******************************* 
L. CKL1..ULAll016 TO PLOT LONER hORIZONTAL 
i... L.1.,•io OF ALKALINITY LINE 

LL=u 
AL=#-\U, ( .J) 

i .1.=.1. 

lf(L0C-1)4O2•4il2•401 
4Ul ALiu<1>=~AXACD 

LL..=l 
-+v~ uv 4·:H.1 1=1, ;j(ll)U 

J..J::v.J+l 

•'""= J. lf (LL-ll~03•417•47U 
4u.5 C,\=\AL-f\f•tC(l))/c;: •. 

t> v • p::. ( K S / l C fH• * 6 • ) ) * * 0 • 5 
ri=l./(lu••*4•> 

➔ U4 vi,=i,~dtt 
Y=-3. *••ui.i+2 • -+:l-l*P04/K~+ ( P04_:t:.h*~2 • J / < l'Z2*K3) +0H-H+2 • •CAHP04 
li()-AL}406t409•405 ,, 

Ltut> 1-1::::u ~ l*ti 
ti0 10 4-Li4 

4ULI Fhi\CT:::H 
4U7 rl=H+FHAl:T 

lJt•i=1'vv/11 
¥~3-•P04-+2.~H•~u4/K3+(P04•11**2•)/(K2•K3)+0H-H+2.•CAHP04 
lf(¥-kLJ407•409•40d 

'TV~ rl=i-1-Fkl\i,;T 
r~1-..:=11i;~+ 1 .. 
FhACT=u•l*F"ACT 
l, <1·~.~-0>4u7,·407,409 



E4 

l.f09 ALlu(I):13.iP04*H••3•)/(Kl*K2•K3)+(2.•P04*H**2•)/CK2*K3)+(H*P04)/ 

i.+lu 

41.1. 
412 

413 
4.t.4 
'H5 

416 

1l. 
ll, 

I(., 

'i j_ 7 

,K.;,+ri-K~·J/H+CAHP04 . . 
1f(AClu(I)-MAXAC0)411,411,410 
LuC=2. 
AC 10 Cl) =r,.1AJ1.ACU 
Gl.l 10 417· 
IF<il-11412,412~413 
;,.=1-H. IO ( U 
y;:: A l•1~ ( I ) . 
lt-(1w'IL(l}-r.t1AXM--'iC)41i+·,50J,500 
1~<~1-1>410,416,41~ 
11=.i.l+l 
I I- < ;, C :i. D < J ..;.1 > -/.\ C I iJ (' I ) -0 • 0 0 :> > 416 , 41 7 , 41 7 
A~C(l+l)=AMC(!)+J.01 
11=.11+1 
Gu 10 1+90 

*•******•********•*********************************** 
CAL~ULA110NS 10 PLOT VERTICAL LIMd 
uF "'LK1\L.liHlY Lli'-JE 
LL.=1 
,~I'-,,.:: i 
A=i,C .iU ( l) 
+1::1./(lU•**J•) 

~lb Y~(AL-K~/h+hJ•l(j.*(H**2•))/(Kl*K~>+2.••i/K2+J.)/(3.*K3/H+2.+H/K2) 
1 +, .-~w/t1+C,\Hr>04( 

1~(Y-A)420•46il•419 
'.ti 9 1,=u • 3S*H 

~v 10 418 
4.:.:U F1d-n .. T=H 
i..+;.:::, ti:..11+Fi<Al.:l 

t.>U ·t= ( AL-1'~.idH+td * ( ( 3. ,t:( r-1**2 •) ) / ( Kl•K2) +2 • *H/K2+ 1.) / ( 3 • :+.-K3/tH2 • +11/K2) 
.a. +ti-rqJi1+<..;.i·iP04 

l~(\-A)425,46ti•440 
'i4u ti=H-FHA'- T 

Fi,Al l=U. 1-+:Ff-:i\.CT 
11:.:.11+FHACT 
Ot-i=r\ ,-v/ti 
U- (i-.lJ-4)!t5Ur4:SO,i+6U 

-,.::>u ii;~=i•~;-J+ l 
0v iv 430 

-.~u Pv'•==<r~L-i'-i:/ri+/-i)/(J..+2.*li/K3+(H..t-+=2 .• )/(K2•K3)) 
c;,\=(KS/(P04,..*2•) )-+'f'U•j333 
~hC < 1) =1,L-C: • *Cf-\ 
1~,K~c<1>-~AXAMC>q6t,~ou,soo 

➔ ol fr· ( 1,-1•1hJACL} 5UU, :>O O, 462 
➔o~ l~(ll-1)465,4~3•464 
40.::; 11=11+.l.. 

x:::M. lt; ( iJ 
f :::A1v,C ( 1 > 
(;u lv 465 

➔ b 4 I F ( f-\ i-i C ( .i. -1 ) -:-A l'i C ( l ) - u • 0 0 5 ) 4 6 5 , 4 7 u , 4 7 0 
46~ A~lu(l+~)=ACIO(l)-o.01 

Gv Iv q.l)(i 

******•***~•***************i***~•******************** 
CALtULATIO~S TU PLOT UP?ER HORIZONTAL 
i....LMu OF ALl\1-\LI,HTY LH~E 

➔ 71.i LL=, 
CA=lAL-AMC(I))/2• 
Pv4=<K~/CC~~*3•>>*•~•5 
B:(AL-;;_;•*PULt) 



ES 

u=-u••2. -coi,, 
Di.J=u•*0•5 
Duu=u-oo 
d=ui...u/(2..•<2•*P04/K3-l•>> 
ACl~<I>=<3••P04*H**j.)/(Kl*K2•K3)+(2.*P◊4*H**2•)/(K2•K3)+(H•P04)/K 

• 3+i1-K~,/ti+CAI-IPO➔ 
l~(ttML(l)-MlNAMC>soo,500,475 
A~C(1~1>=AMC(IJ-0.02 
co,~ 1 lNUL 
***+****•****~*************************************** 
PLOl AlhALINITY CU~VE 
~~L~ FPLOT(~,-ACIO(l),-A~C(l)) 
J,._,::.J.J-l 
JO 491 ,.1::1 ,.JJ 
CA~~ ~PLOT(~,-ACIO(l},-AMC(l)) 
lVIJ I lh,Ut. 

.. td il:.l::>,22> AL 
2 F Ulfr11·\l ( l OX , L l u • 4 ) 

•t99 Cv1. i 11-..Ue; 
Ci,Li... FPU.Jr(j,o.,o.> 
*+*•*********************~**~************************ 
Cf,L(.UU\.I IOi\i:::i FO!~ CALCIUM LlN(S 
1.L =1 
Ju=l 
Ou LHHJ .l ::1, lliC 
~L lull) =i•'il1~ACD 
CAL::.CAA(I) 
F~A=CAi.. 
¥1,, 1 1 .:::: < 5 , 2 ;:r> F c ,..\ 

.;; Fvh1•ii!H(il.J11.•1..10•4> 

:.,10 

UL- !.;9u J=l, :.,Ou .~,.= .i. 
A-=AL It; ( .J) 

P1.A =<KS/(FU\*+~.)) *.*0•:5 
rl=l• 
f:::. ( ,j. *Pvti * ( 1-,*• 3. ) ) / {Kl •K.i: *K 3) + ( 2 • *P◊4* ( H* * 2 • ) ) / ( K2 •K3) +H*P04/K 3+H 

• -1\ \l/ H+(.nhP04 
lf()-A> ~ju,55J, U 
d=- (j • l ,. , I . 

~v ·1 U ::ill; 

Ft,A\.. T=li 
H=I 1+t-='ld.\L J 
l =:. (.:;. *Pv4:;. ( 11* *:=i. J ) / (Kl it-K2*K3) + ( 2.. *P04 * 01**2 •) ) / ( K2*K3) +H•P04/K3+H 

.-r-..rdh-t-CAI fr·'l04 
lt ()'-A) ~j5•5~~•::i40 
tl=ii-f KAC T 
F1-,A~T=O • i+FhACl 
It- < i,;M-4 > t.ou, o::HJ, 555 
1H'-.1=1~iJ+l 
00 10 :,.:,t, 
;.\i.J',:: .3 •-+ PO4-t '- • +H*PO4IK3+ ( H* ;t. 2 • ) •PO4/ ( K2*K3) • +" ld h-h+2. *( i\HPU4 
Ai,iC l .J) =ALi\-i:;. *Ci\L 
IF ( A1/iC ( J )-,•,iii~Ai:1C J 595,595, ::>60 
If ( A(\I\C { J) -r,·1kXf1,,lC) 563,563, SGl 
t~J-\dL=-1·H i\lf\Cu * 1 u • 

. 1F<.LI-Mk~zrsu2,sb2•t>95 
J~::.;J+l 



:.i "ju 
,(.. 

-l. 
::>95 

uuU 

lf(AC!U(J}-MAXACD)5&4,595,595 
AL!u(J+1):ACIO(J)+O•Ol 
ll=Il-tl 
Cv!JI lNUt::. 
···••4•~**•••*~***•~********************************* 
P~u1· CA~CIU~ Ll~ES 
CkLL FPLOT(~,-ACfO(JJJ,-AMC(JJ)) 
1r=.1.1-1 
Jv ~'J9 .;=..;J,lI 
CAL1- fPLUT(~•~AClOlJ),-AMC(J}} 
Cvi-i I :i:NUt. 
I.1.:-.:1 
J.;:-.:1 
Cvifl H~vt. 
Cr-1LL I f-'1-0 l ( ~, 0 • , 0. l 
CALL ~•t..nl,(,j. ,-j.) 

S f0t· 
Li-JU 

E6 



L **4••••*******************************************~** 
l PkObkAM PLOTS THE UIA6RAM FOR ~ 
C. H'l'utWXYAPArITE-(CA)t>(OH) (PO4)3 

C. *'**~*********************************~************** 
ff~AL K~•Ki,K2,K3,KS•MAXAMC,MINAMC,MAXACO 

(. 

(., 

L 
L 
C 
(.. 

C 
\. 

I,. 

C 

l 
C 

7 

It 

u 

uvUc..iLl: PftEClSIO:,J PO4,FRACT,H,·y,C,OH . 
oir.:u..,sluN PH(~u) ,ALK(50) ,CA(5Q) ,ACHH3000) ,AMC(3000) 

*************************************************~*** 
Flk~T OAlA CARU:OIAGRAM LIMITS 
1k .. A.., ( b,}) i-~A;.ACU, MlhJACD, M/\X/..iMC, MINAMC 
F vhf'v,AT ( ttF 1 u. 3 J 
vvt1EkE: fvll½XACU=POS l TI VE< AC l D 1 TY) 

MlNACO=NEGATlVE(AClGITY) 
MhXAMC:MAX(ALK-2CA) 
MlNAMC=MI~(ALK-2CA) 

····•~*****•************************************••··· 
St.CU,·Ju iJATA (,'.\j-{O:No.oF Prl,t,LK AND CA V/\LUES 
kt.l\U ( d, ti) f.Pt1, i~A, i-~C 
F vk1\if\ T ( .:>,12 ) 
···~·····••i**************•*************•************ 
Thl1-<D DATA CARiJ:'lQt·HC Slkl:::I\JGTH 
KLI-\LJ(d1o)U 

Fvl:i•il,T <F- 1 0 • ._. J 
***•************************************************* 
t.:/\IA C.1-\H.OS rOH PH Vi\LUES 
iJli -10 l=l ,rJPH 
Hi.:.Ai.J ( b, '1) PH ( l) 

~ FORMAl(Fl0•4) 
llJ C.vi4·1 li.iUt. 

C *****••••••••t*********•*******•********************* 
C ~ATM CA~~~ FOk ALK ■ VALUES 
L II.; /'.-\ SC E;-...Ld-iJt, ul<Dl:.R 

uu 20 l::;1,N/1. 
t<t.Ai..d 8, 15) ALK (I) 

1~ · F0H~AT(F1u.~) 
c.u cu", iNUC: 

L •••***•••••••·**********•***•************************ 
L UKlk CARDS fOR CA V~LUES 
C li~ 11SLc..1JDL~G O"LIEH 

LJV ~0 I:.:l, i1C 

1<c..i,u ( t>, .::.:>) CA ( 1} 
'-t.t l-01<l•1A[ (F1!J.4) 

~li cor.1 lNUL 
L *~*******************************•******************* 
(. C;..L<.:.uu~TII-.G MCJ1,io,0I+T1U VALENT J.\CTIVITY FJ>.CTORS 

.L tJ;:.,11..,1.::1 UAVIt.S t:GU,\Tlvl·J 
u1=u**u • ~ ; · 
F1=➔ ;~•<<u11<1+u1>>-u.2•u> 
F r=.1.../ClU.**FT> 
Fw=~••l(Ul(C1+u1J>-U•2•U> 
Fu= i • / < ll;. **flJ > 
Ff\i=U•5*( (Ul/<l+ul) >-o.2•u> 
ff•1::.:J. ./ ( i1.;._.:.i;:F,-1) 

L *~••••••*****************************************~*** 
\. , E:uUlLlGt-UU;,1 CurJSTAiHS 

Pl\1=2.14 
. PK2=7.2u 

Pt,3:::12 • .3o 
Pt~.~=14 ~ OL 

E7 



Pl\5=27•41 
*********~****************************************.** 
Cv1~11·U(T PK VALUE..S Tu K VALUES 
K :::,= l 1. / ( 10 •*•PK~ U 
Kl=<t./(lU•**PKl))*lOOO. 
~~=<t.l<io.i•PK.2))*1000• 
K~=,1.1<10.••PK3>>•1uoo. 
Kw=(1.1<1o~••P~~>>•l0.**6• 
* **-+· ***,.·** *** ... **** * ""**** * *>t * ** ** * **.* **** * * *********** 
Cvi.;vEHl I\ VALUE::> TO ACCOUNT FOR ACTIVITY 
K.i=l\l/ (H,•i*+2.) 
K..:..=h2/FiJ 
K~=~~•~u/(FM•FT) 
M,=r, ~d ( fl.;* *2 • ) 
~~=KS/(JFU**5•>•<FT**3•>•<FM)) 
*•~··••****•******-+-****************************•***** 
P1..Ui" L;.LAGi<AM OUlLINE 
Sl=u•O 
ChLL SCKLF<sc,sc,-2.5,-2.u> 
i'4 1,•·J;.,.: <t-:.KXJ\CO-Ml NACu) /U • 1 
N1Ml=<M~XA~C-MI~AMC)/O.l 
GJ1LL t-·Gid O .< u, -MAXACU, -MAX AMC, 0 .1, NTMX) 
C1,LL t- b1d0 ( l, -iv,i;,JI\CiJ, -Mi-\Xf.r~1C, (I .1, 1-HMY) 
C~LL fbkIU(2,~M!NACU,-MlNAMC,o.1,NTHX) 
Ct,LL F61UO ( j, -iv1AXACO ,-MHJAr·!C, 0 .1, NTMY) 
Ci\LL f Gt< l D ( u, -lvi/~XACd, 0 •, U .1, 1JTMX) 
CnLL FGtdiJ ( 1, U • ,-MAX/1:"~C, 0 .19HMY) 
•**••···••****•*****•*••········•****•**********••*** 
CI\Ll'\ULI-\ i HJl'JS TU PL Of PH LINES 
C,,LL !--LT 1 f,11:. { 25) 
Gv LtvlJ l=l•hPH 
AJ•.,<.: ( l) =1•1l,~1\IV1C 
I 11 ,.:; l 
Pl 1H=-PH ( l) 

ii=< (1./(lO.•:t-Plitt) )/FM>•lJOO. 
011=Kv;/H 
U.=..l 
J.J= ..l 
Pv4=100• 
Uv .:>9lJ J:::.l,1Uu0 
1'11\i= J. 

l-'v4;;;.lUU• 
C=Ai·IC (J) 

E8 

20 y::.: (..:., • *Pv4+2 • •11*f;Q4/t<.3+ ( 1"1**2 •) *P04/ ( K2*K3) +KW/H-li >-2 • * ( KS/ ( ( P04**3 •) 
• ) ~ (Vii) ) )'I:+ u • 2 
l~<)-CJ530•j70•325 

c.:::i PI..Jl-.:::u. l*.Pv•• 
i.::iL ·1 U Jc:::LI 

~ll F HrH .. T=Pv4 
Pv4=-P04+1-1{ACT 

~35 f:::(b.*Pv4+2.*li*fu4/K3+(H**2•>*P04/(K2•K3)+KW/H-H)-2.•(KS/{(P04**~.) 
• ) * t vd) ) J * * u • 2 
l~<)-()~~0•370,350 

114 U p(.;4.::: P V 4 -t Fi< AL T 
Gu Tu ..:,.3:, 

!:>U p~4-::..po.,.-F1U\C T 
t="t<l\t. T=t .-.;AC l :+-J .1 

··•. Po4::.:pc,4+f k/\L T 
If(~N-b1~b~•J6il,j70 

-t>li i-.i"=• ~1-.J+l 



-c... 
' .., 

.. 

.. ·nu 

.371 
.:5 72 
.:.i7S 
;;14 
..)':, 0 

Gv TO 335 
11t..,·04=t1•P04 / "3 
H~P04=H*HP04/K2 
rl..:,PIJ4:Hf H2P04-/ i< l 
AC lu ( .J) =3 • *h3P0Lt i 2 • *H2P04+1 tP04+H-0H 
A~Cl~+1>=AMC(.J)+O.l 
JF(kClO<JJ-MINAC0)37lr371,372 
J.J:.J.J+l 
lf(AC10lJ)-MAXACD)373,391,391 
l~(AMCtJ)-~hXAMC)374-•391,391 
I1=11+1 
CUHl li'-lUt... 

·····••****••······•*****************·•··•**•*•**'*** 
PLUl PH LlNt.S 
CALL. ff'LOT.<..:>,"'."AClQ(JJ) ,-AMC(JJ)) 
11::.u.-1 
Uv ..::,92 J=.;J,II 
CALL FPLOT<2,-ACIQ(.J),-AMC(J)} 
co1 .. 1 H-R,E 
CuiJI lh!Ui:. 
~nLL. fPLOl<~,u.,o.> 
*4*****•***•**••······•*****•********************~*** 
CAL~ULiqI01b TO PLOT ALKAlINITY LINE.S 
Hi••;C ( 1) =MllJAII\C 
'-uC.:.: l 
I.Ju 499 J=l, fiA 
**•••i••*•********•***********************~*******••· 
CALLULATlO~S TO PLOf LOWER HORIZONTAL 
Llll;t, OF /\LKALlid TY LH.!t:: 
~L=li 
1-h ... =hLI\ ( J ) 

J-..i=.1. 

L.=1 
l~(LUC-1)4u2,4u2,401 

*ul · ~LluC1J=hAXNCU 
LL=l 

4u2 J0 4~0 J:1,JD00 
. JJ=JJ+ 1 

4:vu 
4-J7 

l·t-1::.:.1 
lrt~L-1J4~j,417,470 
C11:::\1\L-Mtt.tl) )/',!... 

,;.;;. 1 • / l 1 u • * * ,._. > 
v1,="~-/H 
P~4=<KS/((CA**5•)*0H))**0 ■ 333 
'I' =3. *P04+ 2. • ,'+'J J.:t:P04/K.:>+ < Pv4 *h* •2 • > / ( K2•K3) +0tl-H 
lf(Y-AL)40bt4u9,405 
11::. u • l *11 
'7v lO q.1.)4 
Fh1H.::T:.:11 · 
H::.Hi FHACT 
vh=K~,/d 
P04=(K~/l (ci,-+::t:S. )*011) )**Ll.333 
'1'=3•*P0'1-+,'.::'.•*!l*P04/K3+(PO'+*H**2•>/(K2•K3)+0H-H 
l~()-hL)407,409,~0d 
11:H-Ff<ACT 
hli\l=l-ii4+ .L 

F~A~T=G•l*FriACf • 

E9 

1f(~N-ol407,4v7,409 · . · · . . 
AC. lu ( 1 J = ( 3 • *P0"t•hi*•3 •) / ( Kl*K2*K3) + (2 ~ *P04•H**2 .) I ( K2*K3)+ <H*P04) / 

-~~+h-KW/H . . . .. .. . 



lf(ACID(I)-MAXACD)411,411,410 
410 .LuC=2 

AC 11.J ( 1) =l•1AXACO 
()v IU 4..i..7 

411 1~(11-1)412,412,413 
4 l i::: ,<:;. iH. 11....d l) 

Y .::;1\l\,C ( l > 
~1J IF<hMC<I>-~AXA~c,414,~oo,suo 
~14 !f(ll-1)416,41G,41~ 
41!::> lJ.=J.lTi 

l~ (~CI~(l-1)-ACJD(l)-O.u05)416•417~417 
41b AhC(l+l).::;1-\i•IC('I)+O.Ul 

l1=l.1+1 
Gt,; 10 49u. 
**••··•·******•~···••***************i**************** 
CALL0LAT10NS TO PLOT VERTICAL LIMB 
or ALKALHJl TY LINE 

'+J../ LL..=l 
i~i,=l 
k=/\L.l(.d l) 

11= l • / ( 1 u • * * ..:.i • ) . 

ElO 

-tlb 'f;::;: ( J\L-1\ vii H+t·d * ( ( 3 • * ( H* *2 • ) ) / (Kl *K2) +2. •HIK2+ l • ) / C 3 • *K3/H+2 • +t-1/K2) 
• +1-,-"~~/h 

lt ( l-id4c;.Q,46lJ,419 
419 d=-0•.i*l1 

vU [(J 4ib 
4c:..U f "ill. l=ti 
4.::.::, i;=.H+FhlllT 
.4 Ju t.;:. < 1\L-ts- ij;,/ l i+li > :+- ( ( 3. • ( H**2 • ) > / ( Kl *K2) +2. tH/K2+ 1. ) / (;3. •K3/H+2 • +H/K2) 

.-th-K.1·:/li 
l~(\-A)425•460•440 

➔4U 11;;;.H-FRACT· \ 
t=i-(ACT=IJ•l*Fr<ACT 
n=l-1-t-FhA~l 
lt· (Ni.-4)4~th4::.>ll•460 

:.,1., n,..i=i .. l\J+ 1 
~v 10 4jO . 

'tLU P04= ( AL-K1.-~'/11+H) / ( 3. +2 • *H/K3+ ( H**2 •) / ( K2*K3) ) 
c,,=<1<.s1t U=>u4**3• >*<r<.~IH> > > **0•2 
A,·i'-.:. l l ) =i\L-2. •Ck 
H ( A1•il- ( 1 )-1viAX/.\;J1C l c+al, ~OU, 500 

·-h.1..l lf lH-MI1~/,,CL))!.:,C,J,:..>Od,qo2 
+t~· l~(~l-ll46Jt4Gjr464 
-ti.;,.j .l.I=.i.1:+1 

}..:::A(.lulU 

Gv IO l}6~ 
•H.1'1 If ( ;•.t-il. ( 1-l) -1\1-K ( 1) -0 • JC 5) 46;,¥'47u, 4 70 
~b~ AClG(l+l):ACID(l)-0.01 

0() i O 4'::30 
·•4***********•~*•••********•*****************•****** 
Ci~L(:.ULIH I O,JS Tu PLOT UPPEH HORIZONTAL 
~i~~ 0F AL~ALINITY LINE 

''/iJ LL.=.:.: 
Ck:::(AL-AMC(l))/2• 
1-.H=l 
Or,:::,..Q. 

vu H=K~dh 
P04=l~S/l(CA•*~•>•Orll>**0.333 
Y=3•*h.)if+2•*1-1*P04/K3+(f'04*h**2• )/(K2*K3) +KW/H-H 



lf(Y-AL)472•476,471 
471 OH=OH*U•9 

GO ro 470U 
472 Fr:ACT=Orl 
➔ 7'.:) 011=url+Fk1\C f 

d=Kw/OH 
P04=<KS/((CA••~•>*OM>t••0.333 
¥=-3•*~04+~•*H*P04/t(j+(P04•H**2•)/(K2*K3) +KW/H-H 
IF<t-AL>473•476•474 

' •+74 Oi 1=u~i-F r\i\C T 

470 

FkAl- T=CI • 1 •FttACT 
i.11.=w-J+l 
H· <1,iJ-i.))47.=,,476,476 
co,~111~ut. 

Ell 

ACIU(I)::(3 • ..+-P04•1-l**3•)/(Kl:+-K.2:+-K3)+(2.•P04*H**2•)/{K2*K3)+(H*P04)/K ' . 

➔ 1S 

4'.:IU 

II\. ' 

• .:>+h-1'.~J/H 
lf(MNC(iJ-~lNAMC)5uo,5uo,475 
A1,,C ( 1 + 1 ) = i\ i•1C ( I ) - 0 • 0 2 
Cul~ 1 li'JUL 
•~*************************************************** 
PLO"f i-\LKAL li..JI l Y CURVE 
CALL FPLOT(j,-ACID(l),-A~C(l)) 
Jv=v,.;-1 
u0 -+':,l l=l•JJ. 
CALL F ~LOT ( .2 , - 1\ C I D ( I ) , -A i-l C ( I ) ) 

4':11 Cut~ flNUL 
1..L=u 

4~1:, CuiH lNLJt.:. 
C~LL ~PLOT(~,o.,u.) 

~ *••'****************************•******•************* 
~ CALCULATIONS FOR CALCIUM LI~ES 

11::::J. 
JJ:..1 
LJV oJU l=l, .~c 
AC Iu ( J.) =f'.il i,u\CD 
1..../-\L=CA ( 1) 
i.Jv :;90 J=l•t>OO 
1•Jj"::::1 
A=AClO{J) 
H=l• 

~lU Po4=<~S/((CAL••~•>•<KW/H)))*•0•333 
'(:: < ;J. *rl04* <11• * 3.) ) I< I<. 1 *K2:t-l<.3) + ( 2. *P◊4* ( H**2 • > ) / ( K2*K3) +H*P04/K3+H 

· • -K.v/ 1 I 

I~l)-~)b3U•555,520 
~.c..:u ,i=.(., o l:+-H. 

Gu IU 5lu 
JJL f,oH.. T:::t-i 

:.,.:i:::> ti:::H ➔ FhAC,· 
P 0 4:: ( KS I ( ( C ,\ L * *::, • ) * l K w Id ) ) ) * * 0 • 3 3 3 
y:::_L3. :t-Pv4* ( ii**J. > )/ { Kl *K2•K3) + ( i. *l-'04* ( H**2 •) ) / ( K2*K3) +H*P04/K3+H 

.-Kit;/H · 
1F(¥-A>~3~•SS5•~40 

::>.:+u H=H-FkACT 
Ft...:ACT=0 .1-t-t=K1-1cr 
H· l l\i1J-4 .1 55u, 5jU, S5S 

:J~ll t~i'l=Nd+ l . 
o0 10 Sj5 

~:::>~ ALK=J•*~O4+2•*H~PO4/K3+Cri**2~)*PO~/lK2*K3) 
.+Kv.'IH-H 

A~C{J):::ALK-2••tAL 



L 

I.. 

Sb~ 
:,63 
~64 

J9u 

lf(AMC(J)-MINAMCJ595,595,560 
IF<AMt(J)-MAXAMC)563,563,561 
i\lAl3L=-flilNACU*10 • 
If(ll-N~BZ)562,5b2•~95 
JJ:::..J, . .i+ 1 
lflACID(JJ-MAXACO)564,595,595 
AClu(~+l>=ACID(J)+O.Ol 
il=ll+l 
CvHTih1UI::. 

El2 

••*+**•*******************************************~** 
PLOI CALCIUM LINES 

-CALL FPLOT(5,-ACIDlJJ),-A~C(JJ)) 
11=.1.I-1 
Du :.99 J:JJ,Il 
CALL PPLOfll,-ACID(J),-AMC(J)) 

11=1 
J,.;::. l. 

uUli Cvl J) luUt. 
CHLL FPLOf{~,o.,o.> 
Ct\LL ~t..t~U(J. ,-.j.) 
~ 101-' 
Lt.Li 



L *~*•**•**** ♦************•***•*****************•****** 
C PkU,RAM PLOTS THE DIAGRAM FOH 
C 1.H-C.ALCJ.UM 1.>HOSP.HATE-CAHP04 
C ••••*••***************•***********•*****************~ 

Rt.AL KW ,K 1, 1\2, K3, KS, MAX AMC, Mll-JAMC, MAX A CO, MINACO 
DuUttU:. PRECISION P04,FRACT,H,Y,,C,OH . 
01Mt:.l\lSION PH(5u),AL.K(SO),CAA(50>,ACID(3000),AMC(3000) 

C ***•************************•*•*••*****************•~ 
L FIRST DATA CAR~:DIAGRAM LI~ITS 

H~Au(b,/)M~XACD,MINACD,MAXA~C,MINAMC 
7 FOK~AT(4F1U.3) 

~ ~HEriE:MAXAC0=POSlTIVEtACIOIT¥) 
~ MlhACO=NEGATIVE(AClUlTY> 
~ ~AXAMC:MAX(AL~-2CA) 
C MlNA~l=MlN(ALK-2CA) 
~ ********•************.*********•************•******** 
~ . S1:.C01,jl.., UATA CJ.\rm:NO.OF PH,ALI-\ ANO CA VALU£S 

kL..AI.J t ti, 4 ) 1,,PH, NA, t~C 
'+ FvKiW1AT t 31~ > 

***•***********************•*·*•**•***************•** 
ThlKD Oi\Tf, C_Ar-<O: lOi'ilC STRENGTH 
Rt.Ju:..< b, 6 >u 

u F vHi•1A l (Fl (J. 4) 
*~**4**************·•••*•**********•*****~*•********* 
UA 1 A CAt<US FOR Pti V>.\LUES 
Uv J.0 1=1,:JPH 
ki/.h.1 ( o, 9) PH ( I) 

~ F0K~A1lFlU•4> 
110 . C.uNT 11\IUt. 

·····~··••*•******•*********•*•*•********~*******•*** 
DATA (AHDS FOk ALK• VALUES 
.11. ASC[1iLllN6 OHU£R 
uv e.:o r=1,NH 
,{LhiJ ( fp 1 ~) i-\LK ( l ) 

l~ FOH~AT(fl~•~> 
.:::u CON1 INUL 

**********~*************************************•**** 
DATA tAROS FOk CA V~LUES 
IN f\SC£1\10il'-lG Oi{IJ£H 
uv .::,O l=l, ,,i~ 
l<t~Au(o,.:::.!:>) CAA(!) 

.c::~ f0HMA1 (F1u.4J 
~ iJ C Vhl T J. I\JUC.. 

**********~*****~*•*••·········••*************•*•**** 
CALLULHOl~\:I i•lOHO,Ol+THl V,'\LENT ACTIVITY F/\CTORS 

· U::>h .. u DAVH ... ~ E·lUAT ION 
u1=u•*U•~ 
f:1=4•5•< tuJ./<l~Ul> >-0.2•u> 

. FT=i,t<iu.••FT> 
F~=~·•<<u11<1+u1>>-o.2•u> 
Fw=.1../l1u.••FO) 
F~=~•5*<<u11t1+u1>>-o.2•u> 
Fi•,=J. • I ( 10 ••*Ft-,) 
·····••i••····~•***~******•***•********************** 
E~UiLldR10M CONSTAN1S 
PK1=2•1'+ 

.PK2=7.2ll · . 
. Pr.3=12 • . ..:>f.i 
<PK!:>::7 • J 

El3 



C 
l 

Pr..W=l'-t•UO 
***********************'***************************** 
CON~lRT PK VALUES TOK VALUES . 
Ks=,1./(lu•••PKS))•l0.**6 
Kl=<1./(lO•**PKl))•lOOO• 
K~=<1./(10•**PK2))*1000• 
.K~=<1./(lO•*•PK3)J•lOOO• 
Ka=<1./(lO•**PKdJJ•l0~**6• 

L ~••••******************•***************************** 
(. Cvl11i1Ern ~ VALUES TO i\CCOUiH FOR ACT 1 V l TY 

Kl=Kl/ (fiJl:+-*2•) 
K;.:=1\2/Fu 
K~=K3*F~/(FM•FTJ 
i<.v,::.Kv~/ lrl"i**c! •) 
l\~::.r,::;/ ( FD•.*2 > 

t ******1********************i****•******************** 
\. PLOT DIAGRAM OUTLINE 

:.:,\.=4 • u .. 
CALL SCALF(~C,sc,-2~5,-1.0> 

' 1.J H 1,,\= ( t•i~XJ\Cu-M lW\CU) /(I .1 
1,1M¥=<MAXAi4C-Mll~AMC)/O•l · 
CALL fG~lD(O,-M~XACO,-MAXAMC,Q.1,NTMX) 
C#:..LL FGH IO ( 1, -141 r.,;Acu, -i"1AXAMC, 0. I, NTMY) 
\.#.\Lt.. .. "rtlD ( i ,-Mlh!ACU,-1"1INAMC, 0 .1, NTMX) 
CALL- FGkl!J (..), -ivlAXACU, -MlNAi•1C, 0 .1, NTMY) 
C,,LL- f-GtUD<u,-;,·lAXACu,o. ,0.1,NTM,O 
C,1.LL f GtdO ( 1·, 0 •, -MAX AMC, 0 .1, NTMY) 

*••*****~********************~*********************** 
CAlf\ULA f h.HJS 10 PLOT PH LH~ES 
C1 .. LL PLlli•'1t.l2::,) 
IJV t.,OU i=l, i'-it'H 
/\1•1C { J.) =i•il iJr\1,;C 

. i fr4::.1 
Pi111=PH ( l ) 

1,::.( (1./{lu•**PHH) )/Fi-1)*1000. 
0ti=-" ,JI rt · 
J.J.=1 
J.;=:i. 
l-'v4=1 u.·o. 

j·~1,l::l 

P0<t=luO• 
C:.:.~,,,C(.J) 

El4 

J~Li t=<~•*PU4+2.•k*PU4/K3+(ti**2•>*P04/(K2*K3)+KW/H-H)-2.*KS*K3/(H*P04) 
1f(1-C)j~0,~70•325 . \ 

.J~5 P04:.:o • 1"'1'04 
. uv "i O .:$20 

.:>ju Fh,\C l =Pv4 
l-'04:::j=>t,4+FkA(.; T 

,5:.:> t:::. ( ,J • :+.r'u4+2. *t1*P04/K3+ Ch* *c: • ) *P04/ C K2*K3) +KW/H-H )-2 • •KS*K3/ ( H•P04) 
lf(1~L)~40,::i10,J50 ·· 

~4L Pv4=~04+FKACT 
1;;1<., 1u.::i.:>5 

jb~ Pv~=P04-~RA~T 
FnACT=h<AC r +I.) .,1 
Pt,4=P04+FRACT 
If- <r-i:-J-5) 3bU, 3ou, 370 . 

.:.,t,u rn~=i',,4-t l 
vu l!J 335 . 

~70 ·rl~O~::.H•P04/K3 



-ni" 
-flc! 
-,73 
->7'+ 
-)'j(J 

92 

uu 

1kPv4=H•HPO.t+/K2 
rl3PU4=H*H2P04/Kl _ 
AClu('-')=3.•H3P04+2•*H2P04+HP04+H-OH 
Af,,C ( J+ 1) :AMC ( J) +O .1 
IF(nClO(J)-MINACOi371•371,372 
.J..i=JJ+l 
If- (1\c1o'<J)-MAXACiJ)"373,391 ,391 
l~(AMC(~)-MAXAMC)374,391,391 
fi=iltl 
CONT !!JUE 

**************~i************************************* 
PLOl PH Lil'-'t.S 
ChLL f-PLOT(.5,-ACIO(.JJ),-AMC(JJ)) 
l J.=Li.-1 
Uu j92 J:J.;;11 
CI\LL. FPLvT<~•""".1\CIOCJ) ,-AMCC.J)) 
Cvr~l If4UC: 
w1d rL(5,2l>Pr-irl 
FORhAT(lox,E10.4) 
COl'Jl INUt.: 
C~LL ~PLOT(3,o.,o.) 
·~•************************************************** 
C1,LC.:ULATlONS TO PLOT ALKALI,NITY LINES 
M1C t 1) =t~d i,.iAf\'iC 

_LuC=l 
u0 Lt99 v=l•l'JA 

**********•****************************************** 
. ~I\L\.ULA f l(JIJS TO PLOT LO~vER HORIZONTAL 
Lll-lu OF ALi<.ALhJlTY LINl 
t..L::.:u 
i,L=Mlt, ( ~) 
J.J=..t. 
11=1 
if(LUL-~)4U~•4Uc•4Ul 

ul ~,1~c1>=~AAACU 
LL=l 

v~ uu 4~0 I=l,jOOU 
.J.J=..i.J+l 
hl-.=l 
lt (~L-1)4uj,417•470 

U~ CA=lAL-AMC(l))/~~ 
dl-0'-t=KS/Cil. 
A=~IPO't/1\2 
u=2•*t-iP04--AL 
C.=,J; *K3*HP0Lt+Kvi 
H=<-G+(b**2•-~•*A•C>*•0.5)/(2.•A) 
Pu4=K::,*i-if-'04/d , 

El5 

09 ALlU(l)=<~•*PV4*•i**3~)/(Kl*K2~K3)+(2.*P04*H**2•)/(K2*K3)+(H*P04)/ 
.K.>+n-t,vdti 

If~AC1Ull)-~AXACU)411•4ll,410 
1u LuC=i . 

AL Iu ( l) =1•,AXI-\CLJ 
0V 10 417 . 

11 1~lll-1>4l2•412•413 
lo::'. x=I-H .. lL<I) 

Y;:. i\ 1•1 C ( l > 
13 lf(AMC(l)-~~XAMC)414•500,5UO 
14 lt-(.&.L-1)416,4lo• 1H5-
l~ :· 11::;iI+l 

lf(AClOll-1)-ACIO<l>-o.uo5)416,417•4i7 



g 

4lb AMCll+l>=AMC(I)+O.Ol 
11=.11+1 
Gu 10 '+'-1U 0 

*+•************************************************** 
CALCULATlOiJ~ TO PLOT VERTICAL LIMB 
OF ALl\f,Lli'.Jl 1 Y LHJE 
LL=l. 
tJN=J. 
A::A\.. li.J ( l) 

H= 1 • / l 1 u • * ,i.::., • ) 

El6 

'f::.(AL-K~\/H+ii)*( (j.*(11**2• > )/(Kl*K,2)+2.HUK2+1. )/(3•*K3/H+2.+H/K2) 

4.dJ 
4~5 
4jl,) 

• +t·:-Kw/H 
I~(Y-A)42U•'+60,419 
H=O • 95•11 
i.:,\j 10·416 
Ft-;ACT=H 
H=H ➔ Ft\J\C T 
'(::(AL-Kw/d+t1) *( (.S.*(H**2•) )/ (Kl*K2H2.*H/K2+1. )/(3•*K3/H+2.+H/K2) 

• +1·1-t,idH 
l~<Y-A>425•~60•440 

.. 40 t-t=H-FhM~l 
F t\hC r=o .1 •FR ACT 
H=li ➔ Ft<AC T 
H· ( l.JN-4) 'f5lJ, 4::>U, 460 

1!JU 1~1,=,~1-J+ 1 
Gl- f 0 4..:,C 

4olJ Pu4=-(AL-Kw/H+H)/(3.+2.•111K,3+(H**2• )/(K2*K3)) 
CA= ( KS+1<3) / ( P(H*H) 

Ai,:C ( l) :::1-1L-c:. *Ct\ 
IF l ki•1C ( .L )-,"1i-\XAi,•iC) 461,500, 5LU 

4bl lf(~-Ml~ACJ)5u0,~oo,462 
4o2 lf(ll-l)4b3•4b5•464 
4o3 11=11+1 

,\=AC Iu ( J.) 

. Y=hi•iC ( l) 
~(J ·10 4b5 

464 l~(AMCtl-1>-AMC(I)-u.o05)465•47U•~70 
~bo ALlU(I+l>=ACID(l)-0.01 

·~•~**********•***~************************~********* 
C,\LCULidlOi·JS TO PLQ[ UPt"-'ER HOHIZOl'JlAL 
LJ.Mb uF ALKALliJl TY LIME 

~•/U LL=c:: 
CA= ( AL -A1lliC ( .i ) ) / 2 • 
IIP04=KS/Ch 

0=2. *I 1Pu4-HL 
C~3. *K:)*tiP0➔ +K,, 
if= (-iJ-.( b* •·.i:: • -4 • *f\ •C) * * 0 • 5) / ( 2. *A) 
P04=<K.:>*hP04)/rl 
AClO(l)=(j.*PU4*i~**j.)/(Kl•K2•K3)+(2.*P04*H**2•)/(K~•K3>+<H•~nu,,v 

• j+H-K1·;/t, 
lf(~CID(I)-~IN~CU) 500,500,475 
lf(AMC(!)-MlNAML) 5UU,5UU,476 
A~C(l+l>=AMC(I)-U.02 
COI-J l liiUt: 

~****~ •• ~~*•*******~*;***********~******************~' 
PLOT AL~AL1NIT¥ CURVE 
C1,LL FPLOT(S,-,\cro<l> ,-AMC(l)) 
J.;=~J-1 



Uu 491 I::1,JJ 
CALL f~LOT(2,-ACID(l),-AMC(I)) 

.4Yl C01HH.U£ 
LL=u 
tJtd l E ( !:J, 2~) AL 

~~ FORMA1llOX•ll0•4> 
499 . Cvi~T 1 NUI::. 

CALL FPLOT<3,o.,J.) 
~ ***************************************************** 
I(. ChLCULi"' i I Ui'l~ FOR C~LC IUM LlfJl:.S 

1.1.=1 
J..,=1 
Uu bULl l=l ,1.JC 
AClu ( l) =r,n11j1\CD 
CJ\L=CAA (I) 

wldfE<~•2.3)CAL. 
:..;) Fvhi•,Al<lOX•c.10•4> 

LHJ ;.i•:HJ J:: l , 5 0 U 
i,Jhi.:: J. 

A::AClul...i) 
I i,lQ4=KS/(..l\L 

H=l• 
J1L Pvi+::KjH1PU4/H 

El7 

y:(~•*PU4*(H**~•))/(Kl*K2•K3)+(2.*PO4*(1i*~2.))/(K2*K3)+H•PO4/K3+H 
• -h \JI i I 
lt l'i-H) ~3U, 5!:>5, 52Li 

::>c:U ,i=u•l*H 

j,3u f hHC T:.:11 
;..)~ i-i=H-tFKi,Cf 

i-'u4=K3*iiPv4/H 
Y= ( .:> • •Pv4* ( • l* •.:.S.) ) / ( Kl *K.2*i\3) + ( 2: *PO4* (Ii* *2 •)) / ( K2*K3) +H*PO4/K3+H 

• -t\ 1',/ 11 
It- ( r-A) !J3:.:»r5:>5•5lt0 

:.,4u i l=H-F1,;ACT 
FKAL r=o .1 *FrU~CT 
1 f { 1~i~-➔) !.>~>v, 5!..'>0, 555 

:l:>U hil·-l=i-ii-i+ l 
00 .·10 !)..::,~ 

!:):.:,:, AL.K=.::> • *1:..04+.c::: • *l 1*P01t/Kj+.< 1 H *2 •) *i-104/ ( K.2*K3) 
.+r.1,/rl-d 

Al\;C ( J} :.:"Lt\-.::. • *C ;~L 
It U,14C ( J) -MlNA1/iC) 595, 59::>, ~60 

:.>uV lf ( AMC ( J f-l•il\XJ\,v'lC) 5b3, !.>63 • 561 
!:.iul :.JAbL=-l•lll-Ji\CiJ.t:lG. 

IfCil-NMbZ)562t562•595 
:.:>ui: JJ=vJ-t 1 
~u~ I~(ACl~(Jl-MA~ACU)564•5Y:j,~95 
Sb~ .ALlu(J+l>=ALJD(J)4U ■ Ol 

il=il-+.i 
;_,<jl) CuhT i1~u .... 

•~*********~***************************************** 
PLOi ChLCluM LINES 

~~~ C~LL. FPLOf(J,-ACIO(JJ),-AMC(JJ)) 
11=.i.l-l 
Uu ~99 J=JJ,Il 
CALL fP ... OTl.2,-AClD{J) ,-Ar-iC{J)) 

~1::19 lur-.l II-JUL 
ll=i 
JJ::1· 



oUO Cul.., i 1NU£ 
CALL FPLOT <:;, 0 • ,O •) 
CALL f'Ei"ti (.3., -3 • ) 
S) ut-' 
EJ~U 

E18 



APPENDIX F 

PROGRAMME FOR CALCULATING THE 
SOLUBILITY PRODUCT OF BETA 
TRICALCIUM PHOSPHATE AND DI­
CALCIUM PHOSPHATE 



Fl 

t ***********•***************************************** 
~ PKObHAM FOR DETERMINATION OF SOLUBILITY PRODUCT 
t ***********•********************************* 

RLAL ~l•K2•K3,~4,KSP1,KSP2•Kll•K22•KJ3,K44,MGCA,MGALK,MGP,MGCAP 
OuUt.Ll:. PRE:.CISIO:~ P04-•PT,PTC•H2P04,HP04•FRACT . 
DlM~NSlUh CA(lOO),Prl(lOO),PT(lO~),MGCA(lOO),MGALK(lOO),MGP(lOO), 

H1l:>CM~<lUO) ,H(lOO) 
Rt..A0<8•lU) Iii 

li.J Ful-<1•,Al () 
rt!:.A0 C ~, S > ( CA Cl> , PH< I> , Pl CI> , MGP (I) , MGCA CI) , MGALK <I) , MGCAP CI) , 

2 I= 1, 1\l > 
~ FuR~Al(7F8•~> 

Ntd lt.(5,.:::0) 
~u FCRMAT(lH ~1ox,'PK~P1•,1ux,•PKSP2'•16X,'U',10X,'CA(I)•,1ox,•Po4'• 

Jiu X, 'HPu4' , l OX, 'PH' , 10 X, 'PT' ) 
Dv ~u 1=1""' 

{., ··••**************•************~************* 
L t:l,;UiLlokIU,~l CQ,\JST,'\i-JTS 

1<.1=1.:i,, 
K,=G.u6j 
t, 3=4 • 7 / ( 1 U • * * 1 U ) 

K4=1.99/(1u.•*J> 
~ **~****•***••***************~***~•*********** 
C c~L~ULA 1 lffo TO rt\L iJiSSOLV[lJ lNSuLUdLE SOLIDS 

Tul;:>=24iJ•O 
ruis=TUlS+NbALKlI)+~GCA(i)+MGP(I)-MGCAP(I) 

( ************ .. *••····• .... ******••····••******** 
1.. CALCULA'fliJG IOI-JI(; STl~E:JGTH 

u=c~.sl<lu••*~))*TJlS 
{., •**•**•****•*•*•*•************•************** 
l.. CALL. 1v11Jl\jU,JI+TrH \/i\LENT ACTIVITY FACTORS 

Ul=U:t:.:t-U •:.; 
FT=lt•t)*( (l)l/(l+ul) >-o.2•u> 
F1=1.LJ/(lO•U**Fl) 

. Fu=£:: • U * ( ( u l / ( 1 + ll 1 ) ) - 0 • 2 * U ) 
F0=.1.LJ/(lu•U**F1)> 
f~=0-~•<<u11<1+u1>>-o.2•u> 
ft•,=l • (J/ { 10 • U**F;-i) 

L i**•******•***•~•••********************•***** 
C A0Ju~l~CNT GF ~l,K2,K3~K4 

K 11:: f'1 / l fi,1 * * 2 )~ 
K.2i=Kc:/(I-G**2> 
K~3=t\3/ 0-T•-+-2 > 
t<. 4 t1 = K 4 / ( f J • * 2 > 

{., ***•**f•**•~ .. ****•*******~***********~******* 
~ . .C11Ll. •. h 

H ( l J = (1 • u./ ( ( 1 0 • * * ._, i·I ( I J ) * F ;v; ) ) .:t: 1 0 • 0 ::t :t 3 

L **~****•************~************************ 
<.: C.kLCUL1\f 1.-JG POi+ 

P (; 4:: f>T ( 1 ) / ( 1 j( I ) * * 3 / ( K 11 * K 2 2 * K 3 3 ) + H ( l ) * * 2 / ( K 2 2 * K 3 3 ) + H ( I ) / K 3 3+ 1 • 0 )-. 

l.. *~***~~****•**•****************************** 
l.. CuNVl:..kSlO;✓ OF ,"1: ✓.0Lt~S TO -MOLES 

P I ( .1.) =f' i t 1' / ( 1 u • * * :i) 

Kll=i\11/(lU.-i'•..:)) 
K..::2=K22/(1J•*•3> 
i<;::,3:::r;.33/ ( l U • **..:i) 
Pv4it'04/ ( 1 v • **3) 
CA l l ) ::: C ,:d 1)/ ( 1 u • * * 3 ) , 

L *•*~•********************************* 



LL=J. 
l Ou lil-'04= ( H (I> *P04 )i/K33 

t1.e::Pv4::;. (ii (I) ;t..HPO!+) /K22 
CnHP0i.t=<CA(I)*dP04)/K44 
PlC=P04ihl-'U4+H2P04+CAHP04 
IF<PT(Il-PTC) 110,200,120 

llO P~4=0•9*P04 
Gv 10 lUO 

l~U Fr::tH.:T=Pu4 
ljU l-'~4~P~4•FkACT 

HP0~=lHll>•P04)/K33 
H~Pu4=lH(l)*HPU➔ )/K22 
CAt-lPu4= l CA l l) *111-'U4) /K44 
..:,·1 C=P04+hPUl.j.+i12P04+CAHP04 
lFCPT(l)-PTCJ 140,200,130 

-14\.l L.L=1...L + 1 
l~<LL-~> 1su,2uo,2uo 

d~U PuQ=P04-FKACT 
Fr<hCT=u•l*Ft-:A<..T 
(ji) 10 130 

~uu COi~ 1 ll'!Lk. 
*••·~~••*******~*********'******************* 
CkL~. SOLUBILITY PRODUCT OF (CA)3<P04)2 
K~Pi=CCAC1>*•3>*<P04**2> 
K'..>1' l=I\SP l * ( r- U**.5) * (FT* *2) 
P~Stl=<-1.)•AL0GlO(KSP1) 
***************•*********~~************•******** 
CAL<-• SOLu:JlLl lY PIWDUCT FOR (CA) (HP04) 
,,~P.::.=<..H ( 1) 'f'liPU4 
K~P~=K~l-'~•(~~•*2) 
P~Sl-'2=<-1.>•A~OG10lKSP2> 
111d fl:. ( ~, 21) PKSP 1, Pi< St->2, U, C /\ (I) , P04, HP04, PH (I) , PT l I) 

F2 

.~l FOR~1AT<6x,~1u.4,4X•El0•4•4X•~l0-4,3X,El0•4'3X,ElO.q,3x,E10.4, 
43A•LlU~4•3Xtll~-4) 

:>U Cv1~i ii~UL 




