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SYNOPSIS

The prihciple 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. removal 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 precipitated crystal was not identified but
it appears that a crystal with a Ca/P (in mg/l) of about
4:1 is formed. For pH > 7,0 Ca'’ = 40 mg/l and P = 10
mg/l, approximately 1,0 to 1,5 mg/l 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 phasphorus in the ratio méntioned above. Therefore
. in this pH range the precipitate of calcium as calcium car-
- bonate (CaCO3) did not_take place.

The removal of phosphorus by predipitation is independent



of whether the condition is anoxic, anaerobic or aerobic,
provided the pH 3 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 anett release of phosphorus is
observed (i.e. the effluent soluble phosphorus concentration
is greater than the average concentration in the influenﬁ

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

INTRODUCTI ON

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 increasihg importance of phosphorus removal in the con-
_trol of eutrophication problems and because biological phos-
phorus removal without 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 hypothesis, 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
pfoposes 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 a biological fé:b:w
lease of phosphorus and trigger off a mechanism which induces
the organisms to take up both the released and excess phos=-
phorus when subseguently placed under aerobic conditions.
Barnard's experimental investigation appears to support his

hypothesis.



A biological excess uptake hypothesis slightly different
from that of Barnard has been proposed by Fuhs and Min Chen
(1975) . They propose that the orgahisms must be stressed
anoxically in the absence of nutrient in order to induce
the'dptake of excess phosphorus. During the anoxic state
phbSphorus 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-
phorﬁs 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 (1975), following the hypothesié 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. VThey 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 reéults 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



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. 1In plants 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. 1In 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 hypothesis on the physical-chemical removal of phospho-
" rus finds its chief support from research workers in America
(Menar and Jenkins, 1970; 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
liguid, 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

" béen 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



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 méy be
différent. Up to the present time, no specific attempt
has been made to determine whether both mechanisms contri-
-bute to phosphorus removal or not. Furthermore, despiﬁe
the qonsiderable research effort it is not yet clear exactly
what conditions must be imposed on the system for opfimum
-removal of phosphorus, both biological and physicél che-
micai. This, in part, is probably due to the fact that
'the mechanism/s 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 remcval.

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 Chépter 4 the ex-
perimental investigation undertaken to identify the calcium
phosphate precipitation mechanism is reported. In Chap-
ter 5 consideration is given to the biological luxury up-

take mechanism.



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/l).
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 wﬁich the ratio is in excess of these
guoted figures. Hypotheses proposed to account for the
excess concentration of phosphorus in the sludge can be

divided into two categories:

l. A physical-chemical precipitation mechanism whereby a
solid species of calcium phosphate is precipitated

out of solution, and

2. A biological mechanism whereby éxcess phosphorus is
incorporated by the active fraction of the sludge, the

so called "luxury uptake".

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,



Jéhkins and Stumm (1970), and Morgan and Fruh (1972), have
lbcdnducted extensive work on the physical~chemical precipi-
tation phenomena in waste water systems. Fram their work
it appears that theoretically the forms of calcium phos-

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

dicalcium phosphate (CaHPO4); (ii) hydroxyapatite
(CaSOH (PO4)3) and (iii) beta tricalcium phosphate
(Ca3(PO4) ). Apparently the formation of a particular

calcium 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 gfowth requiremeht (2 - 3 percent of
MLVSS) is caused by chemical precipitation. The phosphate
precipitate is physically entrapped in the matrix of the
activated sludge floc 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,
phosphofus, 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. .

-
o

Menar and Jenkins (1970) conducted three batch tests on



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
CO, for three hours.  The [Ca]/{P] molar ratios of Aca

and AP taken up or released are given in Table 2.1l.

TABLE 2.1 : Release and uptake of phosphorus from
activated sludge

ACa P Cy .
pH [mM ] [QM] [ACa]/_{AP] Condition
8,17 . : Initial
8,43} + 0,13 {+ 0,08 1,63 Beration with Rir
7,60 - 0,23 | - 0,18 1,28 Aeration with Air + , 5% CO2
6,85 - 0,9 |- 0,71 1,35 Aeration with Air + 5% CO

+ Uptake of P or Ca by the sludge
-~ Release of P or Ca by the sludge

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 and decrease. The mineral having this

ratio of [Ca]/[p] is either beta tricalcium phosphate with
[cal/[P] = 1,5 or hydroxyapatite with [ca]/[P] = 1,67, or,

some unknown form.

Menar and Jenkins (1970) then conducted a continuous pilot
plant expérimentbto determine whether the pH of the in-

- coming sewage can be raised by preaeration to such a degree
- that phosphate precipitation will take place in the acti—;
vated sludge aeration basin. The opefating‘conditions

ahd relevant results are shown in Table 2.2.




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

Preaeration
Parameter Influent Basin Activated Sludge
pH | 7,7 8,3 8,3
CcoD mg/1 217 78,0 41,0
P mg/l 15,3 11,0 - 10,1
ca mg/1 64,4 62,0 58, 8
MLVSS mg/l - 589
R, = 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.

_- 2,5 "Xv.R

met ~ 100 R
where X, = total volatile solids concentration (mg/1)
R = hydraulic retention time (day)
R, = sludge age (day) ’
Prlet = change in influent phosphorus due to normal

metabolic requirements (mg/l)



2,5 . 589 8,7
Phet = 100 - 2,3 ° 22 mg/1
= 2,3 mg/1

The total overall removal of phosphorus from the system is
(15, 3-10, 1) = 5,2 mg/l as P. Subtracting the phosphorus
requirement for metabolism from this value gives (5,2 - 2,3)
= 2,9 mg/l as P. Provided there is no biological luxury
.uptéke of phosphorus it can now be considered that the ex-
cess uptake of phosphorus (i.e. 2,9 mg/l as P) is due to
calcium phosphate precipitation. The change in calcium
concentration is (64,4 - 58,8) = 5,6 mg/l as Ca. Conse-
quently the [Ca]l/[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 ekample, they report the
influent COD = 217 mg/l, MLVSS = 589 mg/l 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 COD

= é& . (MLVSS) . 1,42 + 41 mg/1
S ’ ;
= 172 mg/1

cCOD _
where vss 1,42.

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

45 mg/l 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 o

Pilot plant VCSD Plant

Parameter T

Influent | Effluent | Influent | Effluent
pH 7.7 8,3 | - 7,7 7,2
COD mg/1 267 30 - 264 23
MLVSS mg/1l - 2196 .- 2500
P mg/1 16,6 11,8 l6,8 . 14,1

| ca mg/1 69,6 56,0 68,0 58,0
R, = 12,6 days R, = 12,9 days
R =0,33day - |R = 0,38 day

Applying the same method of analysis to the results from
the two plants as for the pilo£~biént study considered .
previously, gives the values reported in Table 2.4.

TABLE 2.4 : [ca]l/[P] uptake ratios in pilot and full
. scale plants

Plant Poet | [ca]l / [P]
Pilot Plant 1,4 mg/1 3,1
VCSD Plant 1,84 mg/1 9,0

3 indicates molar concentration



The (Cal/LP] 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 phosphbrus again indicates that a calcium phos-

 phate mineral is being precipitated.

quo.additional pilot plant experiments were then conducted
-at long and short sludge ages respectivély. to give a high
MLVSS concentration (i.e. 3727 mg/l) and a low MLVSS con-
centration (i.e. 1343 mg/l) respectively. The operating
conditions and results relevant to the analysis 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 Sﬁort sludge age
Parameter
‘ Influent | Effluent | Influent | Effluent
pH f 7,5 8,1 7,7 8,1
CcOD . 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
R, = 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'thektwq?experiments the results are given in
‘Table 2.6. | SO

11
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TABLE 2.6 : L(cal/[P] uptake ratios for the two pilot
experiments at long and short sludge ages

Plant P oot [cal/ [P]

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

Short sludge age | 2,1 mg/1 1,60
{3 indicates molar concentration

These results are very similar to the [cCal /[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. This can be illustrated

as folléws.

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).
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Using primary effluent (Men8r and Jenkins)

_ Y (AS) Rg

where Xv = total volatile solids concentration (mg/1)
Y = growth yield coefficient
b = endogenous mass loss rate constant (mg VAS/mg
; VAS/day)
RS = sludge age (day)
R = hydraulic retention time (day)

’

Substituting in this equation the values for the constants
at 20°C, i.e. ¥ = 0,43 and b = 0,24 and the values of the
measured parameters of the pilot plant, i.e. COoD = 176
mg/l and MLVSS = 589 mg/l, 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 Rs = 5 days an§ assuming that 2,5 percent of the MLVSS
is the metabolic requirement of phosphorus, the phosphorus

removed can again be calculated as follows:

2,5 Xy.R
Pmet - 100 Rs mg/1

2,5 589

f

e

= 1,1 mg/1

Now from Table 2.2 the total overall removal of phosphorus

is 5,2(mg/l as P. Subtracting the phosphorus requirement

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

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

due to calcium phosphate precipitation the [Ca]/[P] molar ratio
is (5,6/40)/(4,1/31) = 1,06, this molar ratio is signifi-
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
ageé,with the relevant results are shown in Table 2.7.

TABLE 2.7 : Comparison of analyses for reported and
calculated sludge ages

14

‘ Analyses from calculated
- Analyses from reported Rg Rg -
Rs(days) _,\;,Pjsyn(mg/l) [AP]/ [AcCa] Ry Psyn [aP]/ [aca]
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] 0,7 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
[ 2 indicates molar concentration

Due €o the uncertainty in connection with the repdrted 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

» o NaH2P04 and NaHCO3.

They conducted steady state experiments with an influent

solutions, containing only CacCl

containing phasphorus of 0,3mM, calcium of 2,0mM and'HCO3
of 1,1mM. 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'ECaJ/LP] molar ratios of the first three experi-

ments are very similar but at the high bicarbonate concen-
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TABLE 2.8 : [Cal/[P] uptake molar ratios for batch ex~-
periments at different bicarbonate concen=

trations
R(hrs) | pH | HCO,mM | [aCa] (mM) WPl (mM) | (acal/[AP]
7,5 7,2] 1,1 0,27 0,2 1,32
6,0 |7,78{ 1,2 0,36 0,24 1,51
6,8 |s,08] 1,3 0,34 0,25 1,38
5,9 7,95 7,0 0,39 0,20 1,94

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

the precipitatevshowed decreasing calcium phosphate crys-
tallinity with increasing bicarbonate concentrations.

Some calcite formation at the high bicarbonate concentration

was identified.

The [Cal/[P)] molar ratios for the three sets of results can
now be compared in Table 2.9.

TABLE 2.9 : Comparison of [Cal/[P ] ratios for the three
: systems analvysed

Pure System Bafch Activated Pilot and full scale**
'jﬁﬁggrn)" Sludge Experiments Plant Results

pH | [cal/iP] pH (cal /[P pH lcal/lp]
7,2 1,32 8,43 1,63+ 8,3 1,45
7,78 1,51 7,60 1,28* 8,3 3,00
g,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 usihg the reported values of VSS, etc.
See Table 2.7.
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From the analysiskit is still not clear which mineral will
precipitate. In chemically defined solutions at pH values
between 7,5 and 8,5 a nﬁmber 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
-0of 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.g. PO43_).

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 activated sludge systems.

Stumm and Morgan (1970) suggested the formation of a re-.
placed apatite, i.e. Call(PO4C03)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 [Cal/[P] molar ratio of about

11/4 = 2,75. a

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 phoéphate in activated sludge is 
a complex problem. There are a number of paraﬁeters (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



réSpoﬁsible for the excess uptake of phosphorus in activated

sludge systems.

From the work conducted on chemical precipitation of phos-
phorus with a [cal/[P] molar ratio of about 1,5, it would
appeaf that the mineral precipitating from chemical defined
solutions is either beta-tricalcium phosphate or hydroxy-

apatite.

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 REMOVAIL OF PHOSPHORUS

Martin and Marais (1975) have exhaustively reviewed the
literature pertaining to the biological luxury uptake of
phoSphérus 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,
1975¢c) work on biological phosphorus removal indicated that
little quantitative work has been accomplished to establish
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 phesphorus 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
returnvsludge in a flask under the various conditions.

. Althdugh the results from these batch tests often indicated

17
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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-
phbrus is the presence of an anoxic zéne 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 collected 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
hypothésis. 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 important 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 pferequisite to stimulate excess up-
take of phosphorus in the aerobic reactor, 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 reqguires 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 'fortuitously' 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 secbndary settling tank),



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-
per ior 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 were 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.

- ﬁbwever, in one experiment they obtained release in the
secondary anoxic zone (with NO,-N still present) but
~this did not improve overall phosphorus reduction from
fthe 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 phesphorus
" by the system decreases. The optimum value appears
to eoincide with the condition where there is no net
‘release of phosphorus in the anoxic zone. Marsden
and Marais (1977) observed optimum phosphorus removal

at an actual anoxic retention time of 30 minutes.



Increasing the influent ammonia-nitrogen and hence the
reactor nitrate concentration enhances phosphorus re-
moval. This conclusion is in direct opposition to

Barnard's conclusion, for as the nitrate concentration

increases the possibility of "anaerobic" conditions

decreases.

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.

The mechanism of phosphorus removal does not appear to
be precipitation, Although an increase in pﬁ 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 fifst pért 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.

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 eguation. However, chemical precipitation
will only be evident if the pH is 7,0 and' 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 likeiy show increased phosphorus removal
due to precipitation as the influent phosphorus in-

Creases.

7. BAnoxic stripping of phosphorus is not a prerequisite
~for luxury uptake of phosphorus as implied by Levin and
Shapiro (1965) and Barnard (1975). This conclusion
ofAMartin‘and Maraisv(1975) and Marsden and Marais (1977) .
~ 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 phosphorus 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 biodegradablevinfluent
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:

Y(s; - ) | (5; - )
P = --i—m;* ( o + 0,03.0,2 bRS) + 0,0027 0,832
where " P = reduction in phosphorus in the influent
total PO4_P' i.e. (Pinfluent_Peffluent)
s; = biodegradable influent COD (mg/l)
S = unmetabolized biodegradable COD in effluent

(mg/1)
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R, = sludge age (day) defined by mass of sludge
: in reactor/mass of sludge wasted/d

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

b = endogenous mass loss rate constant (mg
VAS/mg VAS/day)

o = the fraction of phosphorus relative to

the mixed liquor volatile active suspended
solids (MLVASS)

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 o has
been obtained a number of times with different configura-
tions and for sludge ages ranging from 10 - 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 o« very much less than O,15. The value of a = 0,15
appears to be a optimum value. Values obtained for o

. 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 présent thus releasing phosphorus. Bacteria that
have been subjected to this condition are then capable of
taking up excess amounts subsequently in the aerobic zone.
Iiiss 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 reguires only that
there must be an anaerobic condition somewhere in the sys-
tem his results will be contradictory to Fuhs and Min Chen
Cif 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 investigating the
‘overplus’' mechanism and the results obtained from pilot
plant and batch studies tend to support this hypothesis.
They suggést 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 optiﬁal 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 relleasing phosphorus. 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 dhen 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

27
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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 aevelop 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 piloct plant inQestigation (Table
2) by Osborn and Nicholls.

where S = 823 ~ mg cop/1
Spii = 0,09.1,42.823 mg COD/1
= 105,2 ‘ mg COD/1
(s, -8 = (823 - 105 ~ 40)
| = 678 mg COD/1
Y(s; - s§ ~ 0,0027 (S; - 8)
P’  T3 bst (a + 0,03.0,2.bRS) + 0,82
where Rs‘ = 20 days, o = 0,15, b = 0,24 and Y = 0,43
- 0,43.678 ' ' 0,0027 (678)
P —_- l+0,24.20 (0'15+O'O3-O‘2n0’24.20) + 0'82
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= 11,22 mg/l as P04—P
The removal obtained by Osborn and Nicholls is 11,3 mg/l

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 subseguent 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 from aerobic zone could be directed
into the first, second or third primary anoxic tank.

They found that directing the fléwAinto the first anoxic
tank gave poor phosphorus removal witﬁ 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 established
with no phosphorqs 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 nutrien£ |
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 Figuré 2.5). Considerable release, i.e. 8,66 mg/l

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/l, i.e. & of . 0,15. This
“work further establishes that good phosphorus removal can

be 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 reactors 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))

APpN

-P

8,66 mg/l as PO,

Uptake in anoxic zone

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

AX

0,45 mg/1 as PO,~-P
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Uptake in aerobic reactors

Reactor 1 - AP, = (3,1 -2,0).5,5= 6,05 mg/1l as PO,-P
Reactor é - vAP2 = (2,0 -1,3).5,5= 3,85 " "
,Reactor 3. - APy = (1,3 - 0,8).5,5 = 2,75 u Tw
Réactor 4 - 4P, = (0,8 -0,3).5,5= 2,75 " "
Reactor 5 - AP5 = (0,3 -0,3).5,5= 0,00 " "
Reactor 6 - AP6 = (0,3 -o0,1).5,5= 1,10 " "

.. Total uptake of phosphorus

APTU = - APAx + APl + AP2 + A‘P3 + AP4 + APS + AP6

~p

16,95 mg/l as PO,

Release in settler

AP 1,5.0,4 - 0,1.1,5

g

0,45 mg/l as PO, ~P

Doing a balance between influent and effluent including
the settler

P = (Pp + Pppn:0,5+ AP,  + AP ~ AP .0, 5)

Perp EFF v ~ PEFF

i

0,4 mg/l as PO, -P
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Overéll removal = P_ -~ P

(TOtal system dptake - Total system release)

= 7,84 mg/l as PO,-P.

4

Evidently the anoxic reactor gave very little uptake where~

as the aercbic reactor gave enormous uptake.

If one comparés the concentrations only a mistake can easily
be made by crediting 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/l, whereas the system uptake is 0,45 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/l as Ca. . This value seems to be an inordinately
. low value for Reef sewage and is p0551bly due to the method
- 0f 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.
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(b) Good phosphorus removal 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 nifrates 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 very poor release of phosphorus has
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
preciéely 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 system is necessary to induce excess phosphorus removal.
The evidence as to the characteristics of this state

(NO3
release of phosphorus in the anoxic state as against uptake

~N present or not, length of anoxic retention time,

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 enguire whether a combination of the
two nechanisms 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 Barnard and

Martin and Marais. .

Menar and Jenkins did not impdse anaerobic-conditions on

' their plants whereas Barnard and Martin, Marsden and Marais
did. If Menar and Jenkins' 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 rembving the biological luxury
uptake mechanism and, secondly, to identify the biological
'ldxury‘uptake mechanism by removing the physical-chemical

mechanism. .

The first part of the investigation constitutes the theo-
retical development of calcium phbsphate precipitation
from puré systems. Two phase conditioning diagrams for
the various calcium phosphate minerals were developed so
that they can be subsequently applied to experimental
wdrk 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 and 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 mechanisms 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,

37



38
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(PO (i1) hydroxyapatite Ca

(OH) (PO

ey 5

4)3, and (iii) dicalcium phosphate CaHPO,, .-

For pH values greater than about 7,0 hydroxYapatite (sz
= 55,6) is thermodynamically the least soluble of these
minerals followed by tricalcium phosphate (sz = 25,46)
and then by dicalcium phosphate (sz = 7,0). However,
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 phate (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 CaCO; or some
othervcalcium salt. Also Poi'can be adsorbed onto the
charged CaCO3
-or reduction of growth sites. The degree of adsorption

of»PO43m

surface; this will result in the poisoning
dépends 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

3~ = - . '
4 " HPO4 - H2PO4 - H3PO4 is a complex one

involving a number of ionic equilibrium equations which

‘The ca - po

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-relationship 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
(i.e. P-Alkalinity, P-Acidity and Pp) . This approach has
BCO, -~ H,CO

. . . ++
been extensively investigated for the Ca - CO

37 3 2-73
system by Loewenthal and Marais (1976). It can be extended -
guite 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-
lopmeht 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
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require adaption to our particular system. The following

equilibrium diagrams will be developed.

1. Single agueous phase equilibrium between phosphoric

acid species and water species, and

2. Two phase equilibrium between solid calcium phosphate

and aqueous species.

Eguilibrium 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 equilibria reaction between
the phosphoric species (H4PO,, H2POZ, HPOZ and PO43_) and
water species (H+ and OH ).

 The equilibrium equations for the orthophosphate species

are:

. _ .
[H‘][H2PO4]/[H3PO4] = K N <
[H' ) [(HPO, V/[H,POZ] = Kj eenneennnn.. (3.2)
(6" )P0, 1/[HPO, ] = Ky eeeeeeeeeenan (3.3)

+ - . : , :
[H ] [OH ] = K,  eee... Ceeeeen (3.4)
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Figure 3.1 Distribution of phosphoric species with P = 10 ™ M
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where [ ] indicates molar concentration

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

The total phosphoric concentration (Pp) must equal the
sum of the cbncentration of its ionized species in solu-
‘tion.

. _ - = 3- , |
i.e. P, = [H;PO,] + [H,PO, 1+ [HPO, ]+ [PO,"] ..... (3.5)
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 HyPO,,

HZPO_, HPOZ and POZ 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 Qalue 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

H

3PO4) is best explained by an example.

1f, say, PT mole/ % of H3PO4

equivalent H3PO4‘solution is obtained and the pH is de-

is added to‘pure‘water an .
fined by the equivalence point of H,PO,.

Using the concept of proton balance the H,PO, equivalent
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solution is derived as follows:

s . .A + . H+
‘Species gaining H l
zero proton condition H,PO, — H,0
» | "
species losing H' H,PO;  OH
-
HPO4 ,
4o
PO4)
. . . . . .
Sum of species formed by gaining H = sum of species formed
by losing .
i.e. [H'] = [Hzpo"] + 2[HPOZ] + 3[poi‘] + [OH™].

4

Referrlng to Figure (3.1) the intersection of the H3PO4 and
H' line (i.e. pt. 1). defines the pH of an equivalent phos-
phoric acid solution and hence the above equations reduces
+ . —
to [H] = [H2P04].

‘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 P_ moles/% of nett strong base (BOH) is added

B
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 HY " st
! |
zero proton condition ?P04 ?20 BOH
species losing H® H2P04 OH™
‘ .
HPO4

-
(@,
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The sum of the proton charges must equal sum of the nega-~

tive charges.

(8] + [H]

]

[H,PO, ] + 2[HPOZ] +_3[P02-] + [QH"]

*

i

i.e. (B [H

,PO; ] + 2[HPO, ] + 3[P02_J + [oE"] - (5]

]

but p_. = [BY] = [0H™] added

' Titrating the solution using a strong acid to the H3PO4
eguivalence point one must supply HY ions to balance the
OH™ ions added from the alkalinity definition. This con-
~ centration of ut is, expressed as the total P-Alkalinity,
‘hence

Total P-Alkalinity = [H,P0;] + 2[HPO,] + 3[P027]+ [oa~] - [ut]

ceese. (3.6)

Using similar methods of solution as above, the equation for

the H2POE, HPOi‘ and'Poz_ Alkalinities can be developed

giving:

H,PO, Alk = 2[‘poz‘]+ (HPO ] + [oB"] - [H,PO, 1+ [H'1 .. (3.7)

HPOZ Alk = [POZ'] +-[0H'] + [HY] - [H2POZ] < 2 [H3PO4].. (3.8)

3- .. L - + R - ' ‘
PO, bAlk = [OH  ]- [H ]—[HPO4] - 2[H2P04] - 3[H3PO4] . (3.9)

Phosphoric Acidity

Equations for total Acidity, HPO, 'cidity,'HzpoZ Acidity

and H3Po4 Acidity are derived by a similar method as that
used in developing the alkalinity equations giving:



45

s 9 - - = +q -
Total Acidity = 3[H;P0,] + 2[H,P0,] + [HPO, ] + [H"]- [OH ]

i (3.10)
A= o 3- - +
~ HPO, Acidity = 2[H3P0,] + [H,PO,] - [PO, ] - [OH ]+ [H]
e . (3.11)
, s +q 3-, = -
H,PO, Acidity = [H3P04] + [H'] -2 [PO4 1 + [HPO, ] + [OH ]

: seees. (3.12)
('] - [H,PO;] - 2 [HPO, ) - 3 [Poz"] - [oH]

i

.H3PO4 Acidity

DEVELOPMENT OF SINGLE PHASE MODEL

The single phase model assumes that no calcium phosphate
precipitation occurs from the water and that no Cbz exchange
occurs between the water and the air in contact with the

- water. It considers only changes in eguilibrium 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:

+ - = '
(5" ] [HZPQ4]/[H3PO4] = - K ... ceee. (3.14)
+ = ] _ .
(2] [BPO, V/ [H,PO, ] = K, e e.. (3.15)
(H%] [P0V [HPOS ] = K - (3.16)
: a 4 3 eeemeeeees .
[g¥] [oH”"1 = K., : e, (3.17)
where [ ] indicates molar concentrations
K;, K5, K} and K! = equilibrium constants which

have been adjusted for ionic
strength effects. '



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

with 6 unknown, i.e. H', oM™, H.PO,, H.PO. 2'.

3P0,, H,PO,, HPO, and PO
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.:
pH = -log (£ [H']) ...l (3.18)

in the system. Hence one more parameter needs to be
. pP-Alkalinity and P-

Acidity are in terms of the basic parameters and if it is

determined. The mass parameters, P

possible to measure one of them, the system will be com~-
- pletely defined.
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3 : = = 3- ;
i.e. ~ Pp = [H3PO, ) + [HZPOZ] +[HPO, ] +[PO, ] Cheenans (3.19)
P-Alkalinity = 3 boi"] + 2[Hpoﬁ’] +[H2POZ]'+ [oH™] - [E"] (3.20)
P-Acidity = 3[H,PO,] + 2[H,P0;] +[HPO,]) + [H'] - [OH™] .. (3.21)

. 3774 2774 4

where

PT = 'sum of concentration of its ionized species in solution

P-Alkalinity = moles of #t 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 practlce it is difficult to obtain P-Alkalinity and P-

Ac1d1ty experlmentally because of the low concentration

‘ present. However, PT can be measured experimentally very
accurately. : ’

Hence Eg. (3.19) is included in the system. This increases
" the number of independent equations to six and the number of
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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
‘phaseyconditioning 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)
and Eq. (3.21) respectively.

In water conditioning the only practical method of solution
ié by'usihg graphical aids which comprise graphical plots
linking Alkalinity, Acidity and pH. Choosing Alkalinity
and Acidity as cartegian co-ordinates, pH can be written 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

pﬁosphoric system.

A family of straight lines representing constant values of
Py A A
the relationship between the mass parameters PT' P-Alkalinity

can also be plotted in the single phase diagram using
and P-Acidity as follows:

P-Alkalinity + P-Acidity = 3B,
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 valueslPT/3 (see Fig.
3.2). ‘

The theoretical relationship between Alkalihity, Acidity
and pH for plotting the single phase diagram for the phos-

phoric,sYstem is developed as follows:
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From Eq. (3.15)

2774 - K.

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

| o . _ |
P-Alkalinity =3[po; 1+ 2[mpoy] + [H JUHPO4 Jyron™y - (5%) .. (3.23)
From Eq. (3.16) |
K: [ HPO, ]
[po3-1= =2— 4% ... (3.24)
4 +,
[H ]

Substituting Eg. (3.24) and Eq. (3.17) into Eqg. (3.23)

| [HPO, ] K} __ [H"1[HPO]
S. P-Alkalinity = T + 2[HPO4] + X
- [H™] 2
K' .
+= w0 (3.25
("]
Solving for [HPO,] : i.e.
Ky +
- P-Alkalinity - —Q + [H ]
HPO, = [H ]
K3 ‘o s [%:] _ ceees (3.26)
+
[H]
From Eq. (3.14)
- [H+][H2Po;]
'[H3PO4] = A (3.27)

Substituting Eg. (3.22) into Eq. (3.27)
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ce.. (3.28)

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

= +

2L, wpor; s 2 m*12 [HRO} ]

+ [HPO,] + —
4 Kl K2

- 2 1uY18HPO
Acidity = X

]

]
2

4+ ] - K&/[H+]
Solviﬁé for [HPOZ]

‘s + , + .
(Acidity - [H'] + K} /[H 1) et (3.29)

| (HPOS] =

4 Tt +12
(2 ég ] +1 4 3 (5" ] |
2 Kl * K2

Equating Eq. (3.26) and Eq. (3.29) the general equilibrium
equation in terms of Alkalinity, Acidity and H+, is obtained:

» ' + +42
~ Alkalinity - —— + [H'] ZLETl + 1 + %Lﬂxlg-
[H] 2 1 2
K' K, +
= Acidity - [H+] + [;ﬂ [3+] + 2 + [f; ] .. (3.30)
H

A graphical plot of Eqg. (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 (and hence some fixed value
of H+)'there is a linear relationship between Alkalinity and
Acidity (see Figs. 3.2 and 3.3).
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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-

cdlcium phoSphate, dicalcium phosphate and hydroxyapatite).

After various attempts to develop a diagram including all

' threé 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 applicable 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 (Mg2+, Fe3+
precipitants and complexes with the ortho-phosphate ion.

and Na+) can form

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:

(1) mono'calciuh phosphate - Ca(H2P04)

.,'(ii) ,dicélcium phosphate - Ca HPO,

(iii) = beta tricalcium phosphate - Ca3(PO4)2, and
(iV)' hydroxyapatite - Cas(OH)(PO4)3

Mono calcium phosphate is unlikely to precipitate from
natural terrestrial waters as the conditions for precipitation



are low pH (pH < 6) and high calcium and phosphorus concen-
trations. For this reason a conditioning diagram including

this mineral was not developed.

Devélopment of Two Phase Model

In order to develop a two phase COnditioning diagram for a
partiéular calcium phosphate mineral it is assumed that the
cOncentration of the species in solution is governed by
that calecium 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 system are:

(1) The equilibrium equation for the ortho-phosphate species

(8%] [H,P0,1/[H,P0,] = K] ..ee...... (3.31)
. _ o |
[H"] [HPOZJ‘/[H2P04] = K, SEREEEEEE (3.32)
("] [P0, 1/ [HPO] ] = S (3.33)
(a*] [or™] < = K, eeeeeennns (3.34)

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

following:
- R SO -2 '
Ca3(PO4)2 mineral Ky = [Ca ‘],[PO4‘] esees (3.35)
‘ + 3~
. 1 . ' ++ (H ][PO4 ]
CaHPO4 mineral K, = [Ca "] 7 caana (3.36)

3,
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1™ eol P
or Cas(OH)(PO4)3 mlneral‘Ks3 = n Kw
‘ : (5" ]
where K ;, K, and K 3 = the solubility products of the

three calcium phosphate minerals, adjusted for ionic

strength effects;

54

. (3.37)

Ki, é, K' and K& thermodynamlc equlllbrlum constants

adjusted for ionic strength effects.

[ 1 indicates molar concentration.

For equilibrium, Egs. (3.31 to 3.34) and one of the Egs.
" (3.35), (3.36) or (3.37) must be simultaneously satisfied.

These equations constitute a set of 4 independent eguations

'contalnlng 7 unknown parameters,»i.e. H+, OH™, H PO,

374’
-POZ and Ca++.

HPO4._
The parameters cat? ean be found by experimental determina-

tion of CaT If there is no significant ion pairing Cay,
++

= Ca. .. ThlS leaves two more unknown parameters to be de-~
termined. It is not p0331ble to determine separately any
of the phosphate species. However, H' can be determined
by measuring pH and including Eq. (3.38), i.e.

pH = -log f [H'] | R &

in the system.

Henee ohe 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 experlmentally found. The mass parameters are in.

terms of the basic parameters and hence if it is poss1ble'

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

38)
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PO,] + [H PO, ] + [HPOZ] + [PO37] e (3.39)

i.e. P = [H 4

T 3 2

?-Alkalinity.= 3[902'] + 2[HPOZ] + [H,PO, ] + [OH ] - (571 .. (3.40)

2

P-Acidity = 3[H

3

PO,] f.2[H2POZ] + [mPOy ] + (at] - [oH™] ... (3.41)

where

P, = sum of concentration of its ionized species

in solution.

is defined as moles of H' to change the pH

P-Alkalinity
‘ of a water to that of a phosphoric acid
_ _ solution. . ) |
P-Acidity = 4is defined 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 Eg. (3.39) is included in the system.

This increases the number of indepehdent 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 Egs. (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.

In conformiﬁy to Loewenthal and Marais (1976) the conditioning
diégramsvmake, use of the parameters P-Alkalinity and P~ |
Acidity. As the system is completely defined these can be -
calculaﬁed from Eq. (3.40) and Eg. (3.4l) respectively.

- Loewenthal and Marais (1976) pfoposed»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 = £, (Ca-Alk , Acidity)
Alk = £, ( " B
- ca = £, (" "o

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 Egs.(3.40) and (3.41l) respectively, These
parameters are expressed in moles/litre which gives a
different algebraié expression than when expressed as
eguivalent or as‘ppm‘CaCOB.

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).

4

(ALK-2Ca)

- _ACIDITY +_

L
v

Figure 3.4 Co-ordinate system for the two phase conditioning

diagram



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

acidity increases in the negative Y direction.

X = =~ Acidity
. _ -1._ + i - - _ =
i.e. Xx = lou"]l- [H"] 3[H3PO4] 2[H2PO4] [HPO3]
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 , Acidity)
Alk = £, ( " no)
ca = f, ( )

To'plot ﬁhe 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_gfﬁgblution for constant Alkalinity and

calcium lines are similar.

The mathematical development for calculating the above re-
lationships are set out in Appendix B and the corresponding

computer programme is listed in Appendix E.

The two phase conditioning diégram 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 ﬁreSent. 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. vDosage 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) wWithout 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
++

present) with Ca and POZ- ions and it is desired to
estimate whether the solution is undersaturated, saturated
or supersaturated with respect to the minerals Ca3(PO4)2,
Ca HPO, and CaS(OH)(PO4)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 P Ca,, and pH can be mea-

T’ T
sured experimentally very accurately.

'To obtain P~Acidity and P-Alkalinity the single phase.

diagram is used. Plot the P_ and pH lines on the dia-

T
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 intersection of the P-Alkalinity and pH
lines gives the ionic state of the water. To determine
1f the solution is undersaturated, saturated or supersa-
turated compare the experimental value Caexp with the
theoretical value Ca.y (found from the Ca intersection
at the ionic point). If Caexp > Cagy the solution

is supersaturated, if Caexp = Cath’

. < . .
saturated and if Caexp Cath then the solution 1is

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 = 17,0, PT = 0,3 mmole and Ca = 1,0 m

moles. Plot pH and PT on single phase diagram as

shown in Fig. (3.8).

P-ACIDITY

Figure 3.8 Estimation of initial P-Alkalinity from single
phase 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 Cag (0H)(P04)3 two phase

diagram.

(ALK-2Ca) ’

ALK Q43

pH7,0

,v_\ |

Figure 3.9 Initial state of water in the CaS(QH)(PO3)3

diagram

‘Point 1 gives initial ionic state. Ca line passing
through this point gives Cath = 0,27.

But Cae = 1,0 m moles.

XPp
The solution, therefore; is supersaturated with respect
to the Cag (OH)(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, P of 0,4 m moles/y and

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

addition of 0,6 m moles/ & of strong acid.

Referring to single phase phosphoric system diagram

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

(3.10).

P-ACIDITY

059 0% >
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 P, line is the frac-

‘tion of acid taken up by the phosphoric acid system.



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.

Plot pH 7,0 and pH 7,8 on the single phase carbonic

V 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 giveh by the intersection of the
vector tail and the pH 7,8 line (see Fig. (3.11)).

-

x

4

C ARBONIC-ACIDITY

10 >
CARBONIC - ALK ~

Pigure 3.11 Estimation of initial earbonic Alkalinity

From Fig. (3.11l) the initial carbonic-Alkalinity is
170 ppm as CaCO, = 3,4 m moles. Referring to the
single phase phosphoric diagram (Fig. 3.10) the inter-
section of pH = 7,8 and Pp = 0,4 gives the initial P-
Alkalinity. Plot, as before, this value versus pH on
-the .two phase phosphoric system diagram and obtain the
state of the water (i.e. undersaturated, saturated or
 supersaturated) . |
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Chemical Conditioning

(i) No carbonic species present:

If an undersaturated solution of Cas(OH)(PO4)3 is seeded
with calcium phbsphate crystals no precipitation will

oecur, but dissolution of the calcium phosphate seed

. occurs until a saturated state is obtained.

Example 3.3: BAnalysis of water gives total phosphoric

acid species, P, = 0,3 m moles/ % pH = 7,0 and Ca =

T
0,15 m moles/ .

Considering the CaS(OH)(PO4)3 mineral, the initial jionic
stgte 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.

Figure 3.12 Estimation of final saturated condition



From Fig.

‘New Alkalinity -

New Calcium

and New pH

Note that 2 ACa

(3.12) the saturated state gives:

Alki+ A Alk
0,43 + 0,05
0,48 m moles/%

Ca. + ACa
i

= 0,15 + 0,025

0,175 m moles/ &

7, 10

Ca (OH)(PO4) dissolved.

3

Accepting that the solution is saturated and it is re-

.quiréd to reduce the P

concentration by 0,05 m moles/

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

vector shown in Fig. (3;13).

( ALK-2Ca)
4 x

Ca(OH),

3X

Ca”

Fiif — A&HE"TY

v

Figure 3.13 Direction format diagram

In this example line, Ca(OH)2 is used to reduce P of
0,3 m moles/ % to 0,25 m moles /%

T’
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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 CaS(OH)(PO4)3
precipitates is 0,05.(5/3) m moles/l. = 0,083 m moles/l.

Hence new calcium value"

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

New Alk

= (Alki - 2Ca)
= (0,48 - 0,166)
= 0,314 m moles/l.

(ALK-2Ca)

CaQ
— R
pH75

o

'

ACIDITY

>

am eouf e o s e e W =

/

]

' IA ACIDITY

- ) - -
N

'Figure 3.14 Mass of lime required (i.e. 0,11 mM/%)



The intersection of the new Alkalinity value and the
qértical co-ordinate (Alk-2Ca), point 3, defines the
_fihal 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 Figuré 3.14.

lime reqﬁired = —~AE%§iEX

]

Qﬁ%l = 0,11 m moles/litre.

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

N

(ii1) carbonic species present:

PR

" Example 3.4: Considering that carbonic acid species

are also présent in the above phosphoric system and we
require to reduce P, by the desired amount of 0,05 mm/l
assuming no CaC04 precipitation, the procedure is the

" same as in the example above to give a final pH and
~hence dosage of liﬁe, as far as the phosphoric system
is concerned. ' '

| FQr the carbonic acid system, C,, stays constant provided

. . T
no CaCO, precipitation or co, is lost. Assume that
Cr is 2 m moles/litre. Con can also be obtained from
‘Example 3.2. Referring to the carbonic two phase dia-

gram pH = 7,1, pH = 7,5 and Cp =2 mm/litre are plotted
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pH75

r
]

40 45
CARBONIC- ALK

CARBONIC - ACIDITY

oo ot —

: Figure 3.15 Initial and final carbonie AZkaZinity

Initial carbonic Alkalinity = %% m moles/litre
Final carbonic Alkalinity = %g m moles/litre

. ,%. change in Alkalinity = 0,1 m moles/litre

.« lime dosage for carbonic system = Qél 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(oH), dosage = 0,11 + Qfl

N

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
soluﬁions made up wifh treated waste waﬁers, it'was neces—'

sary to inaugurate experimental precipitation tests.

To induce precipitation of calcium phosphate minerals, a.
series 6f 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 to0 those noted for the pure system.

2. Define the conditions necessary for calcium phosphate
_precipitation. '

: The range of pH over which the pfecipitatidn 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
bound: to Caf+ and CO, for CacoO precipitation; with P in

3 3
the solution the solubility product usually increases,

i.e. the CaCO3 becomes more soluble and less likely to

precipitate.



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 (NaHCOB) followed
by calcium chloride (CaCIz) and then disodium hydrogen
phosphate (NaHPO,) is added to a continuously stirred
effluent sample in a flask and allowed to mix for 8
hours. Phosphorus precipitation commences. This

Aprocedure is repeated using the same sample until a
slurry is formed. The sample is then centrifuged,
the supernatant discarded and the precipitate washed
with distilled water. The concentrated slurry is

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

2, A‘Sampie from the activated sludge effluent (Total P

| = 3 mg/litre) is aerated to establish equilibrium be-
tween 002 in the air and molecula:ly dissolved COZQ
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 CaCo;.

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 (after
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. 1In 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 1isted.

Table 4.1: Final saturated [Ca)] and [P] values in
' calcium phosphorus batch precipitation
tests using treated sewage

| ;pﬁ .CaT M PT M pK.S'l szZ
8,280 | 0,150 * 1072 | 0,337 * 1073 | -20,62 | -6,785
8,380 | 0,183 * 102 | 0,330 * 1073 | -29,20 | 6,735
8,440 | 0,140 * 1072 | 0,333 * 107> | -29,15 | -6,805
8,480 | 0,162 * 1072 | 0,280 * 1073 | -20,14 | -6,812
8,690 | 0,151 * 1072 | 0,230 * 1073 | -29,04 | -6,987
8,690 | 0,135 * 1072 | 0,248 * 1073 | -29,11 | -6,987
18,699 | 0,154 * 102 | 0,210 * 1073 | -29,06 | -7.038
8,720 | 0,156 * 1072 | 0,200 * 107> | -29,02 [ -7,073
8,750 | 0,135 * 1072 | 0,231 * 107> | -29,00 | -7,057
8,770 | 0,130 * 1072 | 0,213 * 107 | -29,10 | -7,085
8,880 | 0,163 * 1072 | 0,195 * 1073 | -28,77 | -7,107
8,945 | 0,131 * 1072 | 0,206 * 1073 | -28,73 | -7,133
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Figure 4.1 P-concentration and pH values of solutions saturated with
respect to the various caleiwn phosphates in systems that

contain only caleium and phosphate ions in water
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Table 4.2: Experimental [ACa] and [ AP ] molar

removals
| ‘[Cai] ‘[{Caf] [Aca] (e, ] (2] [AP] [ACa]/
mM | - mM mM mM mM mM - [ap]

1,72} 1,50 | 0,22 | 0,48:| 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 | 0,177 | 1,36
1,76 | 1,62 | 0,14 | 0,38 | 0,280 |o0,10 | 1,40
1,69 1,52 | 0,17 | 0.34 0,230 |{o0,11 1,55
k 1,55 1,35 | 0,33 | 0,45 | 0,248 [o0,20 | 1,65
1,78 | 1,54 | 0,24 | 0,33 | 0,210 |0,22 | 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 |o0,21 | 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 |o0,135 | 1,93

1,68 1,31 | 0,37 | 0,47 | 0,206 |o,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 Pr
versus pH data. The comparison is_made by plotting Ehe
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 consideréd that possibly a positive decision on the
mineral precipitated could be obtained from the experimen-
tal solubility products assuming either beta-tricalcium
phosphate or dicalcium phosphate. This was done as

follows:

T; PT and pH values of the final saturated state
the parameters Ca' ', HPOZ and POZ— were calculated from the

equilibrium relationship for the system (see Appendix C),

Using Ca

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

mine sz for beta-~tricalcium phosphate and pKs for di-

calcium ;hosphate. . The values are listed in Tible 4.1.
It is evident that the PK, values are pH dependent, PKg
decreasing and PKg, 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 .

gg33P0412 and CaHPO, .

Mineral Theoretical (pKS) Experimental (sz)

CaHPO4 - 7,00 - 6,97

Clearly the experimental szl is 4 orders of magnitude

greater than the theoretical, whereas szzAis approximately
the same as the theoretical value. This would support
the‘conclusion that the PKg, for dicalcium phosphate is

the correct one. However, if one calculates the experimental
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A Py/ A Ca, 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 [Cca]/[P ] ratios for Ca (PO412

and CaHPO,.

————g
Mineral Theoretical Experimental
Ca3(PO4)2 1,5 : 1,0 1,58 : ;,0
CaHPO 1,0 : 1,0 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,fthe data in toto does appear to indicate that hydro-
.'xyapatite'does not precipitate even though it is thermo-
dynamlcally 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 vital concern as it was more important
to establish that precipitation did, in fact, take place

and the ratio of ca’’ to'POZ- in the precipitate.

With regard to the condition necessary for precipitation
this can be roughly evaluated from thelconditioning diagram
using PK, = 29,08 and pK, = 7,00 in Fig. 4 2) and Fig.
(4.3)Arespect1vely. By inserting the flnal values for pH
and Pi it is clear for say PT = 10 mg/lltre and pH = 8,0
that no precipitation can occur if Ca,,
litre as catt, This prediction is supported by the batch

is less than 40 mg/

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 canbe partitioned and attributed to chemical preci-

pitation and some other phosphorus removal mechanism.

Effect of Sludge

Experiment 4.1: Sludge and distilled water + Rgi_ + 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 concurréntly:

to (1) calcium (CaClz) and phosphorus (NaéHPO4) was added
and ' :

to (2) only phosphorus was added (NazHPO4).

To ensure a uniform constitution of thevsamples, two batches
were prepared from one sample. Two litres of mixed liquor
were centrifuged, the supernatant discarded and replaced
with the same volume of distilled water. Tﬁe'sample was
then thoroughly mixed and two l-litre samples were prepared.
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In the first sample about 25 mg/litre of Na
50 mg/litre CacCl
litre Na,HPO

2 4 ,
aerated with air and continuously mixed by means of a mag-

2HPO4 (as P) and
2 (as Ca) and to the second sample 25 mg/
(as P) only was added. Both batches were

netic stirrer. The pH of the liquid was kept constant at
pH 7,2 by adding NaHCO,. '
- 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 supernatant were

observed in the molar ratio of [Cal/[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 latterksystem, the presence of the Na' ca-
tion assured the possibility of free Poi" being adsorbed
if the action was biological.  The fact that the Ca++

disappéared concurrently with the P, swhereas no P disappeared
with the Na+, seems to indicate that the removal of soluble
P is due to a precipitation phenomenon and not due to bio-

logical adsorption.

In system (1) the [cal/[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
phosphéte precipitation.
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Effect of Calcium Phosphate Seed

Experiment 4.2: Sludge and distilled water + Poi' + Ca++

+ calcium phosphate seed

In the previousvinvestigatipns no seed was added to the
samples érepared 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 [cal/[p] ratio.

' To'obtain two identical samples, one original sample was
‘prepared and divided. As in the prewious section, 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 Na,HPO, (és

P) and 100 mg/litre Cacl2 (as Ca++) were added. The
.sample was thoroughly mixed, by means of a magnetic stirrer,
to obtain a uniform solution. The sample was then divided
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 NaHCO, .
and continuously stirred.

Both samples were aerated with air

The dﬁration 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 the system without the cultured seed, calcium and phos - '
phorus removal from the supernatant was observed in the
molar ratio of [cal/[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 [cal/[p] = 2,9 (see
Fig. 4.8). If the disappearance of calcium and phosPhorus:
was due to precipitation onto the calcium phosphate seed
then a molar ratio of 1,58 should 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 sémples 1l 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 three po-

tential calcium phosphate minerals suggested.

Experiment 4.3: Mixed ligquor # pOS” + ca’t 4+ Seed

_4
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 CacCl
NazHPO4 '
Seed (approximately 200 mg/litre) was then added to the

2!
and NaHCO, to give a supersaturated solution.

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
[cal/[P] molar removal rate is plotted in Fig.-(4.10i and

a value of 2,5 is obtained. This value is very similar to
the values obtained for the standard solutibn5~of sludge
and distilled water. Again it appears that the seed exerts
no significant effect on tﬁe remdval 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 p01soned or captured in the sludge floc such that

the surface area is not exposed to thevsolutlon so that

the seed does not appear to have any influence on the
pfeqipitation; (3) the precipitant that forms is not one
oflﬁhe 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 co, or
air (i.e. by inducting or stripping C02) 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'behavioqr 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 C02.

Experiment 4.4: Solution containing sludqe‘+ 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-
5 for the first

two hours and subsequently aerated with air for 8 hours.

uously stirred, aerated with 92 percent CO

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),

Rerating the sample with 92 percent CO, caused a pH decrease

from about 7,0 to 5,0 due to the incregse of carbonic aci-
dity. A corresponding increase in dissolved phosphate,
calcium and magnesium took place, indicating that the

sludge contained some calcium, magnesium and phosphorus

that could be solubilized at pH values below 7,0. The
release rates of Ca and P, and Mg and P are plotted in

Fig. (4.12) and Fig. (4.13)réspectively. The molar ratio
of [cal/[P] is 3,4 whereas the [Mgl/[Plratio is 0,6. Again
the dissolution of calcium and phosphorus 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 CO,»
liquor pH to 7,4. A decrease in dissolved calcium, mag-

thereby causing an increase in the mixed

nesium and phosphorus was observed indicating the formation
of insoluble forms of calcium phosphate and magnesium phos-
phate, see Figs. (4.12 and (4.13). The disappearance

of calcium and phosphorus resulted in the molar ratio of
[cal/[p] = 3,1. That is, the [cal/I[P] disappearance
conformed to the values 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 initiai 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 liguor

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

aerated for 7 hours with 92 percent CO., and subsequently

2
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 co,
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 [cCa]/[Pl= 3,6
(see Fig. 4.15). Aerating the sample with air and strip-
ping excess co, the bbserved pH rise resulted in a rapid
disappearance of soluble calcium and phosphorus. The
‘[cal/[Plmolar ratlo of 2,4 was, however, less ‘than that

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

After 4 hours aeration with air the pH commenced to de-

- crease gradually fromv6,7 to 5,8. Resolubilization of

- the calcium phosphate mineral was observed in the [cal /[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 concentratlon increased from 2,15 to 30 mg/litre

as N (see Fig. 4.14). '

Experiments (4 4) and (4.5) showed very slmllar calc1um
and phosphorus release and uptake ratios. These ratlos
A again indicate that the mineral or mlnerals prec1p1tat1ng
are of some unknown form. However, it can ‘be concluded

that . the major cation in phosphorus prec1p1tatlon 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 somejoalciumv

' phosphate and magnesium‘phOSphateVmineralsntookAplace}



2. On increasing the pH of the same sample, recrystalli-

zation of these minerals took place; and

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 eoiu—
ble calcium and phosphorus. It is now necessary to in-
vestigate this phenqmena in continuous flow systems. With
this objective a series of phosphorus removal experiments

in semi-plug flow activated sludge systems were initiated.

To investigete the precipitation phenpmena‘in continuous
flow systems, using sewage from Cape Town, it was found
necessary to spike the mixed ligquor 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 semiéplug 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 oxygenfconcentrations to
stripvexcess co, 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 eolved 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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Figure 4,16 A diagrammatic representation of the d-tank series
activated sludge process, with hydraulie control of
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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 teéts) calcium was unfortunately

- not yet measured so it was ‘not possible to state categori-

cally that any removal observed was due to phosphate pre-

.cipitation.

For laboratory scale

‘Table 4.5: Design parameters f

semi-plug flow acti

v

ivated sludge units

Parameter Aerobic Ahoxic—aerqbic
Unit - Unit
Configuration Series .Series'
Number of tanks 4 6
Total volume of _ -
reactors (1) 8,10 12,25
Sludge age (days) 10 10
Influent COD (mg/0D/1 500 500
Volume of feed (1/d) 23,5 36,0
Wastage (1/4) O,8V 1,225
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Table 4.6: Steady state results of the aerobic-aercbic

and_anoxic-aerobic system w1thout the addi-
tion of chemicals

4,70

?;:gﬁesgiie) Aercbic Anoxic-aerobic
COD influent mg/1l 473 473
COﬁ-effernt mg/1 | 21 19,2
TKN influent mg/1l 25;? 25,7
TKN effluent mg/l 1,9 2,4
MLVSS lést aeration reactbr : ' »k ~
{mg/1 3240 3534
(NO,-N) reactbr 1 mg/1 13,0 5,6:
(N03—N) effluent mg/l 16,4 12;6 .k 
0, uptake rate last reactor
m§/1/hr - 22 8
pH first reactor 6,8 ;6 94
pH effluent | 6,7 '6,95,
(PO,~P) influent mg/l 8,1 o 8,1
reactor 1 mg/1l :3,6‘ v_z,j |
effluent mg/l 3,4 “‘2,6
removed mg/1 |  5,5 

99



Table 4.7: Steady state results of the aerobic system

and anoxic-aerobic system with alkalinity

addition of 100 mg/l-as CaCoO

3

?;;Zﬂg::{ﬁes) aerobic' anoxic-aerobic
CCD influent‘ mg/it 491,0 | ~ 491,0
'COD effluent mg/1 19,0» 25,0
TKN influent mg/l1 32,3 32,3
TKN effluent mg/l X 1,0 2,2
MLVSS ceration reactor mg/l 3240 3545
(NO3-N) reactor 1 mg/l 18,1 3,8
(NO;-N) effluent mg/l 19,7 11,7
0, ﬁptaké rate in last reactor x_y : ‘
mg/l/hr 21,9 22,1
pH first reactor 7,5 7,40
pH effluent 7,7 7,51
Ca filtered influent mg/1l 22,0 22,0
ca effluent mg/l 22,8 23,3
(904-9) influent mg/l 10,3 10,3
reactor 1 mg/1l 3,6 5,1
effluent mg/l 3,4 4,6
removed mg/l ‘6,9 5,7
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Table 4.8: Steady state results of the aerobic unit

and anoxic-aerobic unit with alkalinit
ZlOO m§Zl as CaC0.) and calcium (50 mg/1

as CA++) addition”

Parameters

(Mean values) aerobic anoxic-aerobic
COD influent mg/l 476 476
COD effluent mg/l 26,2 20,7
TKN influent mg/l 40,7 40,7
TKN effluent mg/l 2,0 1,9
MLVSS lastvaeratiqn reactor 2875 .3075
mg/1
(NO3-N) reactor 1 mg/1 20,9 9,7
(NO3-N) effluent mg/1 26,2 20,7
O2 uptake rate mg/l/hr . 20,7 21,8
pH first reactor 7,30 7,20
pH effluent 7,30 7,35
Ca filtered influent mg/l 88,5 88,5
Ca effluent mg/l 91,4 88,5
(PO,-P) influent mg/1 10,3 10, 3
reactor 1 mg/1 5,8 5,7
effluent mg/l 5,4 5,2
-removed mg/1 4,9

5,1
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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., with NaHCO., addi-

3 3
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 pH in 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. This was probably.due to the
high pH effect.

Calcium concentrations on the influent supernatént were véry/
low (i.e. + 25 mg/l as Ca) and it was therefore decided

to increase the influent calcium concentration by 50 mg/
litre as Ca++.using Caclz. Alkalinity dosage of 100 ppm

as CaCoO, was continued for both units. Results are given

3
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’t 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 Na,HPO,. The
addition of alkalinity and calcium to the aercbic system

was continued but the nitrification~denitrification system



Table 4.9: Steady state results of aerobic system
‘ "and anoxic—-aerodbic system with the addi-

tion of 5 mg/l as PO

-P to the influent

4

?;Zggetsiies) Aerobic Anoxic-aerobic
COD influent mg/1l 463 463
| cop effluent mg/1 25,5 18,3
TKN influent mg/l 26,9 26,9
TKN effluent mg/1 3,3 2,1
MILVSS last aeration reactor ' L |
mg/1 ‘ 2604 2770
(NO,-N) reactor 1 mg/1 11,5 3,6
(NO3—N) effluent mg/1 , 13,6 9,6
~02 uptake rate last reactor : : o
mg/l/hr 17,9 23,1 .
pH first reactor © 7,8 7,2 -
pH effluent 7,9 7,1
Ca filtered influent mg/1 73,3 26,1
ca effluent mg/1l 72,0 26,9
(PO,-P) influent mg/1 15,42 15, 42
reactor 1 mg/1 8,1 9,1
effluent mg/1 7,05 ‘8,2
removed mg/1l 8,37 7,20
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Figure 4.18 A diagrammatic representation of the 4-tank series

activated sludge process 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 werelunsatisfactory as calcium
measurements were not correctly done: calcium values were .
determined only on the filtered influent and effluent.
Subseqguently, it was found that a major portion‘of the cal-
cium removed was on the volatile material of the inf}uent.
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 expe;iments; 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
bécterié 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 anaercbic 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 thevsystem
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 ére 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 (aﬁoxic~aerobic) control system followed
the same pattern as the concentration of phosphorus on the
influent solid phase (see Fig. 4.21). The/partigqlate :
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 waé observed that after one week's operatibn 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 productibn of methane
thereby increasing the alkalinity. Measurements of phospho-
rus on the solid fraction and filtrate of the fermentation
ligquid 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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Figure 4.23 Filtrate caleiwn and phosphorus values follow identical trends

during passage through intermediate plug flow (siz series

reactors) system with two primary anoxic reactors.
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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 (éee 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‘reﬁoval of soluble phosphorus ohto 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 precipi-
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 [ACa]/ [ AP] molar ratio of about 3,0 was observed,
(see exps. 4.1 to 4.5). Accepting thié 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. -From this. calculation it would seem that biolo-
gical cum chemical removal is responsibka 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 50 and 60 mg/litre as N,



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
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in excess of the basic biological reqguirement for systhesis:

Excess phosphorus removal is due to two phenomena:

1. Calcium phosphate precipitation removes phosphorus

and calcium simultaneously in the molar ratio of [cal/ [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/litrekas Ca. If these conditions are fulfilled
the concentration of phosphorus removed will be depen-
" dent upon the influentvphosphorus 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. BiologicalAremoval 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
2Zone which receives the influent and the recycle flow
from the main reactor. The removal now appears no
longer to be dependent on the calcium‘cohcentration
nor to so specifically the pH value (these points will
‘be clarified later). Also, the removal is no longer
considered dependent on the initial phosphorus concen-

 tration.

It is evident from this'investigation that compared to ex?
cess phosphorus removal obtained in plants, the contribu-
tion by précipitation is small. Removal 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 placé 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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operatibnal 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 thé system are such that luxury uptake should have been
promoted?* It is not possible to give an explicit answer
to this guestion. 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



116

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 bbth 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 pfeciousAchapter‘that'the
condition for calcium bhosphate precipitation is rather
specific and, in particular, if the pH is below 7,0, this
me thod bf 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

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 presehted 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. '
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CONDITIONS FOR LUXURY UPTAKE

Martin and Marais (1975) formed the hypothe31s that a prl—
mary anoxic zone preceding an aeration zone is a necessary
prerequisite for theyluxury 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 fram the same'configuratiOn,
but with both reactors aerobic. Although their results
supported the hypothesis, the results were not positively .
concluslve because of their mode of conductlng the experl-h
ments: they used one set of reactors and ran the plant
first anoxic-aerobic, then aerobic-aerobic and then anoxic¥
aerobic again.~w This would have been satlsfactory if they
had not fed a new batch of sewage every time the system B
'was changed. By ‘doing th1s they 1ntroduced two. changes
simultaneously thereby cau51ng some uncertainty in the1r g

conc1u31ons.

The importance and 1mp11catlon of Martin and Marals hypo-
thesis is such that it should be tested conclusively.

Th;s sectlon deals with the various phases of tha experi-
mental work to test the hypothesis that;a primarylanoxic'
reactor is a prerequisite to luxury uptake. . -

The laboratory scale plants, procedures and test methods

are outlined in Appendlx A.

First Phase Investigation

EXperiment 5.1: Aerobic-aerobic and anox1c—aerob1c
systems compared

In the first phase of the investigation, two’ systems were
run 51mu1taneously, rece1v1ng the 1dentlcal flows of sewage.
The one system was run anoxic-aerobic (Fig. 5.1) with 50

percent hydraulic anoxieretention time and the other aerobic-
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act . N .
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Anoxic 5,71 114
aeration « 5,71 114
total- 11,42 228

Figure 5.1 Configuration and process data of anoxic-aerobic system
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Aeration 1 5,72 ' 114
Aeration 2 ‘ 5,71 114
Total 11,42 228

Figure 5.2 Configuration and process data of aerobic-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
sou;ée. The units were run for about two weeks to obtain
steady state conditions. No<chgmicals"were added to modi-
fy the pH. ‘ |

Table 5.1l: Design parameters for laboratory scale
semi~plug flow activated sludge»units

Parameter AerobicTaerobic Anoxic-§erobic
Unit - Unit
Configuration . Series | Series
No. of tanks. ; ) 2 2 or 3
Total volume of reactors (1) 6,0 6,0 or 4,5
Sludge age (days) 15,0 ‘ | 15,0
Influent COD (mgCOD/1) ' 500 500
Volume of feed (1/a) - 12,6 12,6
Wasteage (l/d) ‘ 0,4 { 0,4 or 0,3

The results for this investigation are given in Table (5.2)
for the anoxic-aerobic system, and for the aerobic-aerocbic
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 denitrification 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

i



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/l 506 506
COD effluent mg/1 27,8 27,2
TKN influent mg/l 45,9 | 45,9
TKN effluent mg/l 20,8 1,0
MLVSS aeration reactor mg/l 3740 3536
02 uptake rate reactor 2 mg/l/hr 40,0 ‘j33,9
Alkalinity effluent mg/lv(as CaCO3) 100,0 50,0
pH influent 7,19 7,19
reactor 1 7,07 6,30
reactor 2 7,17 6,13
(NO,-N) reactor 1 mg/1 0,6 25,3
| reactor 2 mg/1l 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/1l 27,6 31,6
(PO4—P) influent mg/1 10,63 10,63
o influent»particdlate mg/1 4,32 4,32
sludge mg/i 165,0 142,2
‘reactor 1 mg/1 6,4 5,7
reactor 2 mg/1 1,6 5,7
removed mg/l 9,03 4,93
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phospherus 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/l as P. However, the total phosphorus
removal in the system was 4,93 mg/l as P which exceeds the
metabolic phosphorus requirements. It is therefore conclu-
ded that a luxury biological uptake of phosphorus of 1,9 mg/1l
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/l 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. The uptake of calcium would indicate
that some of the soluble phosphorus was removed as calcium
phosphate. ‘ Dué to the higher pH, it is likely that the
calcium removed is the result of a precipitation phenomenon.
Accepting the molar ratio [cal/[p] of 3,0 obtained experi-
ment ally 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 Operatingéimultaneously - (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/l. 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/l phosphorus removal due to

~biological luxury uptake.

Comparing the aerobic-aerobic system and the anoxic-aerobic

system, it is evident that:

1. The 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/l 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 éupport the results of
the batch tests that pH has a significant effect on the
results, particularly on the calcium phosphate. removal.
‘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 fram
pH 7,2 to pH 7,6 by adding alkalinity, using NaHCO3. The

~units were run for about two weeks under identical conditions.



Table 5.3:

Results of anoxic-aerobic unit and aerobic-—
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aerobic unit operated at the same high pH
(Exp. 5.2)
Parameters Anoxic- Aerobic—
(Mean values) Aerobic aerobic
COD influent mg/l 513 513
coD effluent.mg/l 20,6 24,4
TKN influent mg/l 39,3 39,3
TKN effluent mg/l 6,7 2,5
MLVSS aeratioﬁ reactor mg/l/hr 3900 3640
0, uptake rate in reactor 1 mg/l/hr | 35,3
0, uptake rate in reaétor 2 mg/l/hr 41,7 30,5
Alkalinity effluent mg/l as CaCO, 79,0 fl40,0
pH influent | 7,19 7,63
 reactor 1 7,02 6,97
reactor 2 6,97 6,90
(NO3-N) reactor i mg/1 0,4 20,9
reactor 2 mg/1l 4,4 20,3
Ca influent mg/1 | 36,9 36,9
~imfluent particulate mg/l 11,3 11,3
sludge mg/l 177,1 114,5
reactor 1 mg/1l 31,6 32,3
reactor 2 mg/l' 31,6 32,3
(PO,-P) influent mg/1 10,34 10,34
influent pérticulate mg/1 4;5 4,5
sludge mg/1l 192,0 146, 4
reactor 1 ﬁg/l 4,7 4,4
reactor 2 mg/l 0,8 4,2
removed mg/l 9,54 5,96




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 CaCO3) was higher by
about 60 ppm as Caco, 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 mineral.
Comparing Table 5.2 and Table 5.3 for the aerobic-aerobic
system, the removal of phosphorus aléo increased from 4,9
"to 6,0 mg/1 as P. This increased phosphorus removal (of
1,1 mg/l) corresponds favourably to the calcium removal

of 4,6 mg/1 as Ca, giving a [cal/[P] molar 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;

(1) Calcium phosphate precipitation = 1,1 mg/l as P

(ii) metabolic reguirement - ' = 3,0 mg/1 as P

4,1 mg/l as P

As the removal of phosphorus is 6,0 mg/l as P, luxury up-
take of phosphorus is estimated at (6,0 - 4,1) mg/l = 1,9
mg/1. This value for the luxury uptake, 1,9 mg/l as P,
is approximately the same as 2,0 mg/l 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/l 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 aAvalue of 7,1 for both phases of the investiga-

tion. The calcium removal was 5,3 mg/l corresponding to

a phosphorus removal of 1,3 mg/l. The removal of phosphorus

for the anoxic-aerobic system can also be broken down as
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follows:
For (i) Calcium phosphate precipitation = 1,3 mg/l as P
~(ii) Metabolic requirement = 3,0 mg/l as P
4,3 mg/l as P
Total removal of phosphorus is 9,5 mg/1l as P. Hence luxury
uptake is (9,5 - 4,3) = 5,2 mg/l as P. Previously the value

estimated for luxury uptake was 5,0 mg/l as P, ‘so that the

behaviour remained consistent.,

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/l. This could point to the following conclusion:
The increase in pH of the aerobic-aerobic syétem had a
positive effect on the chemical precipitation mech anism.

In contrast, the biological mechanism was not affected.

The evidence so far indicates the following general 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 system 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.
lease of calcium (10 mg/l as Ca) was observed in the anoxic-

Initially a re-

aerobic system which in time reduced to zero, i.e. initially
the efflﬁent«calcium concentration was higher than the total
influent concentration, probably due to dissolution of calcium
phosphate that had precipitated in the prévious experiment.
The average removal of phosphorus compared with previous
investigétiOn, decreased from 9,5 mg/l to 7,6 mg/l as P.

The decrease of 1,9 mg/l, 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:

{i) Metabolic requirement = 3,0mg/l as P
(ii) Luxury uptake = (7,6 = 3,0)
4,6 mg/l 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-aercbic 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

Anoxic-aercbic:

- Derobic-~aerobic:

Low pH

High pH

(PO4—P)Concentration mg/1

‘(PO4-P) concentration mg/1l

, _| Ca-P } | Total Ca-P Total

pH Syg;:e precipi-~ Euigiz remo- pH SY?FZE precipi- Euzgiz remo-
tation P val - : . tation P val
5,81 3,0 - 4,6 7,6 6,97 3,0 1,3 5,2 9,5
6,13 3,0 - 1,9 4,9 6,90 3,0 1,1 1,9 6,0

- 67T
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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, abéut 40 mg/1 as Ca++ or more is
available an influent phosphorus of 10 mg/l as P or
more and pH > 7,0 phosphorus will be removed by calcium
phosphate precipitation in the ratio of [cal]/[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 orgahism mass must pass
through an anagrobic 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,was;elflow.

The recycle contains very low nitrates concentration which

jis 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
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.. 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 Sécond anoxic
reactor (see Fig. 5.3). The objective was simply to re-
move the nitrates before they entered the main anoxic reac-
tor. No attempt was made to create a 'deep anaerobic'

zZone.

- Stern and Marais (1973), to ensure the absence of oxygen
in the primary anoxic zone, proposed recycling from the
Secbnd 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 ahd the reduction

~in nitrates in this reactor became insignificantly small.
' Nitrates were still carried back into the primary anoxic

reactor.
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INFLUENT
Q=1261/d \
So=500mg/ |

ANOXIC

EFFLUENT
151

SETTLER

[ AEROBIC
300 /

! ‘ i
i Reactors - © Nominal Retention  Actual Retention

! Time (hrs) Time (mins)
Anoxic 1 ' 2,86 57
Anoxic 2 o i 2,86 o 57
aeration ’ : 5,71 ' 114
‘Total 11,42 228

Figure 5.5 Configuration and process data of unit with two anoxie
tanks in series ‘
Rs=15days

AEROBIC \

{ ANOXIC N
251 /

1,01

INFLUENT{ ANOXIC EFFLUENT
Q =126 1/d\

So= 500 mg/

S=2

‘ Nominal Retention - Actual Retention
Reactors Time (hrs) ‘ Time (Min)
| Anoxic 1 1,90 ‘ | 38,1
Anoxic 2 ' 1,90 38,1
Aeration 4,76 ’ ’ 95,2
Total 8,57 ‘ 171,4

Figure 5.6 Configuration and process data of unit with high MLVSS



The configuration of Barnard (1975), Fig. (2.1 ) is different
from the two procedures of Martin and Marais (1975) and Stern
- and Marais (1973) 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
- zZone had any effect on thé phosphorus removal. A number
of configurations were tested each sequential configuration

approach further along the way toward the Barnard process.

Experiment 5.4: 1Initial condition established

The firs£ configuration together with the process data are
‘shown in Fig. 5.5. The unit was operated with the design
kparameters 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/l as P; The

removal concentration compares favourably with the results
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obtained for Experiment 5.1 and Experiment 5.2, i.e. 9,0 and 9,5

mg/l respectively for the anoxic-aerobic system, where the
anoxic and aerobic volumes were the same as in this unit,
except thét there was only one anoxic reactor, instead of

two as in this unit. The calcium decrease of 3,7 mg/l 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 [cal/[P] molar
~ratio of 3,0 obtained from batch experimenﬁs, the corréspond—

ing phosphorus removal gives 0,9 mg/l. The concentration
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Table 5.6: Steady state results for anoxic—aerobic system

Parameters Exp. Exp. Exp.
(Mean values) 5.4 5.5 5.6
COD influent mg/1 518 | 500 | 486
COD effluent mg/l 20,4 | 20,8| 25,1
TKN influent mg/1 34,2 | 34,1 35,9
TKN effluent mg/l 1,9 o,0| o0,5
MLVSS aeration reactor mg/l ‘4160 5340 | 4350
O2 uptéke rate mg/l/hr‘ 46,5 46,7 55f4
Alkalinity effluent mg/l1 as CéCO3 62,0 - -
pH influent | 7,20 7,22 17,13
anbxic reactor 1 6,96 | 6,80 6,93
anoxic reactor 2 7,00 6,83 6,93
~aeration reactor 6,80 6,72 6,84
(N03 N) anoxic reactor 1 mg/l 0,7 0,7 0,4
anoxic reactor 2 mg/l 0,8 0,4 0,5
aeration reactor mg/l 7,9 6,4 4,4
Ca influent mg/1l 33,3 31,0 35,2
 influent particulate mg/1 9,9 7,3 7.6
sludge mg/1 124;2 140,0 117,0
anoxic’reactor 1 mg/1 28,4 27,1 30,0
anoxic reactor 2 mg/1l 30,7 27,9’ 30,4
aeration reactor mg/1l - 29,6 .28,5« 30,7
(PO,-P) influent mg/1 | 10,3 710;2 ‘10, 46
influent particulate mg/l 4,1 | 4,08 2,86
| slud§e~mg/L | 179,2 {233,0 }208,8
aﬁoxic reactor 1 mg/1l 4,7 5,13 14,2
~ancxic;reactof'27mg/l ‘4,8 5,37 3,3
aeration reactor mg/1 ‘1,8 | 1,8| 1,56
removed mg/1 8,5 9'4 8,9
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of phosphorus for normal metabolic requirement gives 3,1 mg/l
as P, and subtracting it from the total removal of phosphorus,
the luxury uptake of phosphorus is thus obtained, 4,5 mg/l.

In both the previous tests (i.e. Exps. 5.1 and 5.2) and this
- system there was a slight release of phosphorus in the
anoxic zone, accompanied by an uptake of 3 mg/l of Ca, in
the reactor. This behaviour pattern is in contrast to
behaviour invcontinuous tests (Chapter 4) where calcium

and phosphorus always decreased togéther 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 femoval

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/l to test if
increased MLVSS improved the phosphorus removal. This was
achieved by decreasiné 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/l,

" which is no improvement to the removal of 8,5 mg/l 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/l). Hence calculating the
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phosphorus removal due to calcium phosphate precipitation
gives 0,6 mg/l1 as P. Again, the fractions of phosphorus
removed can be sub-divided as follows: ‘

mg/l as P

For (i) Calcium phosphate precipitation = 0,6
‘ o

w O

(ii) Metabolic requirement : =

[o%]
[e)]

Subtracting this~value; 3,6 mg/1l, from the total removal of
8,4 mg/l gives the concentration for luxury uptake of 4,8
mg/l. - Previously the value estimated for luxury uptake was
4,5 mg/l,’so that the behaviour remained cdnsistent.

- In this experiment a reélease of 0,5 mg/l of phosphorus took
place in the first anoxic tank and a further release 0,2 mg/l
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 anaerocbic 2one, according to

him, is desirable.

- Experiment 5.6: Presence of nitrates

In Experiment 5.5, the nitrate concéntration in the first
anoxic zone was very near zero and zero in the second anoxic
reactor. = Therefore, if the recycle is increased the total
.reduction of nitrates can be further accomplished.k The »
following modification was done to the previous configuration:
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a=2

AEROBIC
2,51

ANOXIC
1,01

INFLUENT
Q=1261/d

EFFLUENT
SETTLER

| S°=500mgll
S
Reactors Nominal Retention  Actual Retention
© Time (hrs) Time (mins)
Anoxic 1 1,90 57,1
Anoxic 2 1,90 - 28,6
Aeration ’ 4,76 72,0
Total 8,57 158,0

Figure 5.7 Modified Barnard process with process data.
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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 § = 1, from § = 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 eﬁfluent decreased from 6,4 mg/i to 4,4
mg/l and the nitrates were always zero in the first anoxic
reactor. The phosphorus removed was 8,9 mg/l as against
8,4 mg/l in Experiment 5.5. 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/l. Subdividing the

phosphorus removal as follows:

For (i) calcium phosphate precipitation = 1,1 mg/l
(ii) Biological metabolic requirement = 3,0 mg/l
henceiiil Luxury uptake : = 8,9-4,1
= 4,8 mg/1l

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
(P04-P Concentration mg/l
Experiment Metabolic Ca~P preci~ |Luxury { Total PO, -P
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

§ystems release and uptake of phosphorus

Table 5., 8:
: by the sludge

(P04—P).in mg/1l
Experiment | Anoxic 1 Anoxic 2 Berobic Overall removal
5,4 - 0,20 .- 0,30 4 9,00 8,5
5,5 -~ 1,59 - 0,72 +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 phosphofus
was not observed, in fact, the removal was about the same
as in previouskexperiments. This.obserVation téndg to

"~ indicate that the degree of nett phosphorus release in the

141
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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
low nitrate concentration entering the anoxic zone. It
would appear féasible that the reasons for release of phos-
phorus in the anoxic zone is that the organism reguires an
energy source both for adsorption and metabolism. If ni-
trate 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/l.
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 pressuré
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 rel ease 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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Rg=15days a-recycle

R =0,36day

~INFLUENT EFFLUENT

> JANOXIC »—| AEROBIC - >
Q=126 udayw 25L \'/SETTLER
S=500mg/I| |
| '
s-recycle
s =1 a =2

Reactors

Nominal Retention
Time (hrs)

Actual Retention
Time (mins)

Primary Anoxic 1,92 38,0

Secondary»Anoxic 1,92 114,0

éeration 4,76 72,0
s = 1 a 1

Primary Anoxic 1,92 57,1

Sécondary Anoxic 1,92 114,0

Aeration 4,76 95,2

Figure 5.8 Modified Osborn and Nicholls' configuration with process

data
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These remarks tend to go contrary to the direct application
of Fuhs and Minichen'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. They 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 confiquration similar to the one sug-
gested by Osborn and Nicholls was proposed to investigate
the hypothesis 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 differentr In order to obtain the de-
sired anaerobic condition it was nédessary 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

3

Parameters Experiment|Experiment
(Mean values) 5.7 5.8
COD influent mg/l 521 474
CcOD effluent mg/l 25,7 26,0
TKN influent mg/1 34,3 34,9
TKN effluent mg/l 0,0 0,0
MLVSS anoxic reactor mg/l 2887 2242
| anaerobic reactor mg/l 7414 7695
aerobic reactor mg/l 3964,L 4008
(NO3—N) anoxic reactor mg/1 '1,3 0,2
anaerobic reactor mg/l 0,9 0,1
pH influent | 7,28 7,30
anoxic reactor' '7,28 7,32
anaerobic reactor 6,95 6,98
aerobic reactor 7,15 7,13
Ca influent mg/1 41,4 37,5
influent particulate mg/1 9,5 5,9
" anoxic reactor mg/l 30,0 29,3
anaerobic reactor mg/l 34,4 33,4
aerobic reactor mg/l 34,4 32,1
(PO,-P) influent 10,14 9,98
influent particulate mg/l 2,11 2,1
anoxic reactor mg/l 4,21 5,62
anaerobic reactor mg/l 4,92 4,31
aerobic reactor mg/1l 3,00 2.93
removed 7,14 7,05 -
0., uptake rate mg/1l/hr 50,2 42,7
(NO,-N aerobic reactor mg/l 6,0 7,8




145

The unit was operated for about 2 weeks to ensure steady

AN

'state condition.
 The results are given in Table 5.9.

The total removal of phosphorus was 7,14 mg/l, which is about
1,8 mg/l as P less than observed in the other experiments.

A sYs;em's;release of phosphorus occurred in the anaerobic
zone of 1,92 mg/l, but an uptake of phosphorus of 3,51 mg/l
was observed in the primary anoxic zone. The rélease of
phosphorus in the anaerobic zone can be attributed to the
4,depletion'of hitrates and hence the long anoxic :etention
time, whereas the uptake of phosphorus in the anoxi¢ zone

is to be expected as‘nitrates were still present‘(i.e;

.1,3 mg/l as N).

‘ . v\

According to Osborn and Nicholls the release of phosphorus
.-in the‘anaerobic zone is desirable to trigger off the mecha-
nism for subsequent excess uptake in the aerobic zone.
”Aithdugh this condition prevailédAin this experiment the
 oVeral1 removal of phosphorus was less than observed in the
modified Barnard process. If the primary anoxic zone,

i.e. reactor receiving the influent waste and recycle from
‘the aercbic zone, is the factor influencing the uptake of

' phosphor@s then a larger anoxic retention time is required.

Experiment 5.8:

,Witﬁ 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). The unit was again operated for about

two weeks.
The results are shown in Table 5.9

No improvement was observed in thé total removal of phosphorus,
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i.e. 7,05 mg/l. Again a release of phosphorus occurred

in the anaerobic zone of 1,38, mg/l, and an uptake of phos-~-
phorus in the primary anoxic zone of 1,67 mg/1l. In both,
the anoxic and aerobic reactor the nitrate concentration

was less than 1 mg/l as N. Although the nitrates were

less than 1 mg/l in the anoxic zone no release was observed
indicating that the organisms need to be longer under stress.

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

(PO4-P) concentration ng/1
Ca-P Preci- | Luxury | Total PO, -P

pitation Uptake | Removed

Experiment | Synthesis

A significant decrease in biological luxury uptéke was oOb=-
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 Exp. | Exp.
(mean wvalues) 5.9 5.10
COD influent mg/1 479 | 534
COD effluent mg/l 30,0 | 31,0
'TKN influent mg/l 56,7 43,3
TKN effluent mg/l 6,0 3,1
02 uptake rate mg/l/hr 49,3 56,5
MLVSS mg/1 3654 |3539
pH influent 7,95 7,61
anoxic reactor 1 7,21 7,38
anoxic reactor 2 7,24 7,38
‘anoxic reactor 3 7,06 7,28
(N03—N) anoxic reactor 1 mg/1 9,9 0,30
anoxic reactor 2 mg/1l 8,73 0, 30
anoxic reactor 3 mg/l 10,0 0,26
aerobic reactor 4 mg/1l 19,5 7,42
Ca influent mg/1 - -

" anoxic reactor 1 mg/l 37,8 | 27,0
anoxic reactor 2 mg/1 36,6 27,3
aerobic reactor ng/1 31,0 27,6

(PO,-P) influent mg/1 A 12,91 8,48
influent particulate mg/1l 3,45{ 3,45
anoxic reactor 1 mg/1 7,48 4,60
anoxic reactor 2 mg/l 7,12} 4,92
anoxic reactor 3 mg/l 6,40 5,26
aerobic reactor mg/l 7,31 4,54
removal mg/1l 5,60 3,94
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presence of nutrients) has no discernibleleffect on the re-
moval of phosphorus, in fact a decrease in biological luxury
uptake was observed. The reason for this behaviour is as
yet unknown 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/1l,
‘whereas Exp. 5.9 with nitrates present removed more phos -
phorus (i.e. 5,60 mg/l) 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 net 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.
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‘Rg= 10days ~a-recycle
R =035day

NFLUENT faNoOXIC | ' EFFL

Q=721/day
SL:E“)ONHQI'
r 3
s-recycle
a = 2 s = 2
Nominal Retention Actual Retention
Reactors Times (hrs) Time (mins)
Anoxic 1 . 1,0 o 30,0
Anoxic 2 1,0 30,0
Anoxic 3 2,2 '32,5
Rerobic : 4,2 , . 62,5
TOTAL 8,4 155,0
a = 2 s = 0,5 .
R tor Nominal Retention - Actual Retentioni
eactors Time (hrs) Time (mins) |
i
Anoxic 1 ‘ 1,0 40,0 g
Anoxic 2 ' 1,0 ' - 40,0
Anoxic 3 2,2 37,0 Z
Aerobic 4,2 71,4 é
Total 8,4 188,4

Pigure 5.9 Configuration and process data of modified Barnard process
with nitrates and no nitrates present in the primary anoxic

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 2 3 4
mgnt : Configuration
R PO4—P PO4—P PO4—P PO4—P ,
mg/1 mg/1 mg/1 mg/1
ANLXIL AERCHIC
5,1 - 5,37 | +14,40
5.2 - 2,16 +11, 70
5.3 + 4,26 + 3,30
5.4 - 0,20 | - 0, 30 + 9,00
5.5 -1,59 | =0,72 | +10,72 o
’AN’()X!L . f\ND“‘-’ AERCI/C
5.6 -16,38 | +18,32 | + 6,96 | l J —‘\i‘/
— ,5”"
5.7 + 3,51 | + 5,55 | - 1,92
] AEROLCIC
’@ —C )Y
R AS g Rc,
5.8 + 1,61 | + 6,76 - 1,38 Anoxic AN ]/
5.9 + 5, 09 + 1,08 + 3, 98 - 4‘, 55 AME g ANCAIC ANLLC Aé‘ﬁﬂﬁ‘(.
5.10 + 3,85 - 0,48 - 1,95 + 2,52

+ uptake of P by the sludge

-~ release of P by the sludge
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Previous 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 subsequént luxury

uptake in the aerobic zone.

An explanation for the reduction in excess phosphofus 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 précess 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.
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CHAPTER 6 , ‘ !

CONCLUSIONS

- From the series of batch and continuous activated sludge
pracess experiments conducted in this investigation the
foilowing omonclusions 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
fcal/[ P] molar ratio of about 3:1, i.e. Ca/P (in

i

mg/l) is 4,1, is formed.

(c) The pH value for precipitation is critical. For
pH > 7,'Ca++ = 40 mg/l and P = 10 mg/l, approxi-
.- mately 1,0 to 1,5 mg/l 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.



(d)

(e)

(£)

(g9)

(h)
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In an activated sludge piant the phosphorus uptake. =~
and removal by precipitation can be monitored by
measuring the change. in catt between the total

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 -
AP = % acatt
where AP, ‘acatt are the changes in phosphorus

and calcium respectively in mg/1l.

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 > 9,0.

. In the reactors, phosphorus removal or uptake by

precipitation is monitored by the removal or uptake
: ++
of soluble Ca .

Removal of phosphorus by precipitation is indepen-
dent of whether the condition is anoxic, anaerobic

aerobic, pfovided the pH > about 6,8.

Carbon dioxide has an effect on precipitation only
in possibly reducing the pH and thereby causing

dissolution of calcium phosphate.

Excess (Luxury) Phosphorus Removal

The exact conditions for triggering off the biological

removal mechanism is not yet established. There is

conclusive evidence that the ofganism must be placed
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in a form of anoxic stress but the condition under which

the anoxic 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 in 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 phosphorusf

only. From the work of Marsden and Marais (1977)

and Vogelzang and Marais (1977) the soluble phosphorus
concentration commences to increase (i.e. phosphorus
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
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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 coﬁcentration
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
thét 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 aercbic 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



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 dﬁder anoxicchndition with no nutrients
and nitrates present. Here again contradictory evidence

can be produced.

When the condition triggering off the 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 ekplain
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

156
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utilize all the stored COD in the organism, a situation

not diggimilar to the condition established in the configu-
ration 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 ‘
'_.fashionu equalising in some degree the presence of energy

in bdﬁh systems. Perhaps it is the establishment of the
sludge while under aerobic condition in a true endogenous
phase before stressing it anoxically (i.e. stressing the
‘organisms aerobically before stressing them anoxically)

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 organisms
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 hypdthesis set out above would be worthwhile. No
rational hypothesis should be discarded without testing.

At present the épproach used in design is purely phenomo-~
logical. Whereas such an approach is most valuable in

circumétances where little is known of the mechanism of

behaviogr‘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&.1).

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 O-ring between the cover and reactor body.
The paddlestirrer was driven by a small D.C. brush motor
at about 100 rpm. The paddle was simply 2 flat plates on
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 assiéted 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 wésVregulated by setting



— AERATION
' REACTOR
PRIMARY |
ANOXIC Z | |oPARGER
" REACTOR | E )
—
A K
o0 ' .
N L L It
/AN
INFLUENT | 1 In
— I

s- SLUDGE RECYCLE <

Figure A.1 General layout of reactor system

SETTLER

Y
EFFLUENT

(A4



N 115V D.C.
MOTOR
*lm——;(
ll 'l
300mm diam. PERSPEX
~—— TUBING
U-TUBE
} ,
BAFFLE °
PLATE
min -

Figure A.2 Design details of activated sludge Zabdratory scale reactor

SOFT PLASTIC
TUBIN

LEVEL

ADJUSTABLE

-

34



SHAFT CONNECTED

WINDSHIELD
WIPER BLADE

L ol

MIXED LIQUOR

FROM AERATOR

=]

JHII AR TR R M N N L N Y

TSI OIITY

—» EFFLUENT

80mm ext. diam.

 PERSPEX_TUBING

_ASLUDGE RECYCLE

Figure A.3 Design details of laboratory scale settling tank

a4



a5

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 measureﬁents. 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). Aeration 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 mixed 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
dailf 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°% + 1°c.

Unsettled municipal sewage was used as. influent to the units
througﬁbut 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/l. During the winter months the COD was usually of a
lower strength + 450 mg/l. '

Before removing the daily required gquantity 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/l. 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 5°¢c to reduce
degradation prior to feeding and the contents was continu-
ously stirred by means of a slowly revolving péddle. To

. prévent 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 breakdown
occurred during the night, the influent flow was_increased
in the morning to deliver 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 liguor volume per day. Sludge was

wasted before féeding 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

shown in Table A.l.



Table A.l: Daily tests conducted on the units

Unfiltered| Filtered Aﬂoxic Aerobic

Parameter |Influent Influent |Sludge | Reactor | Reactors
PO4-P mg/1 X X X - X X
Ca mg/1 X X X X X
pPH X X X
| COD X X
TKN X X
NO3 ‘ X X
NO2 X X
MLVSS X
O2 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 —N)'and nitrite (NOZ—N) concentration were measured

3
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

A8



- must be reduced to a value between O - 25 mg/l in order to
fall within the wbrking 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 féw'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 measure
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 1N HCl was added to the influent
and sludge samples until the pH attained a value of about
2,5. This dissolved any precipitated ¢alcium. 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
aikalinity 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
wasg 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/l to 6 to 8 mg/l by measuring the aeration

A9
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vraté. Aeration was stopped, and the change in dissolved
oxygen concentration 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

V 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 R

accuracyvof the phosphorus determination technique as follows:

in MPsludge/Rs mg/day
where
Mp, = mass of total influent phosphoru§ per day, i.e.
Pin’Q
Mpeff = mass of total effluent phosphorus per day, i.e.
Perg @
(MPsludge)/Rs = mass of total sludge phosphorus in the

reactor divided by sludge age to give

sludge wastage per day, i.e. (V.P )/RS

sludge

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 mng/1. See Tables (A.l) to (A.4).
However, when phosphorus removals were high, + 9 mg/l, the



mass per day into the process was greater than the mass out
of the process. The disérepancy 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 - 70% 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.



'DETERMINATION OF TOTAL PHOSPHATE 2HO§PHORUS USING

COLORIMETRIC MOLYBDATE-VANDATE TECHNIQUE

PRINCIPLE OF THE METHOD

Al2

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 wavelength.

of 470 u to a concentration of 300 mg/l.

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 0O,001%. This quantity is negligible).

2. Vanadomolybéate reagent

Solution A: 20 g of ammonium molybdate tetrahydrate
‘ dissolved in 250 ml distillediwater

Solution B: 1 g ammonium metavanadate dissolved in 40 .
: ml nitric acid (conc.) and 200 ml distilled

water

Mix solutions A and B, add 100 ml nitric acid and dilute
to 1 000 ml with water (stable for + 12 months).

3. Solution C: 1 HNO., solution

3
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TECHNIQUE

The sample is centrifuged or filtered using a Buchner

funnel.

25 ml of the sample is measured into a platinum bowl

- 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 Na,CO in the bowl strongly over a

Meaker Bunsen for i_lg - 15 minutes.* The Na,CO4

melts. Using tongs, turn the bowl while heating in the
flame to ensure that the Na,CO; 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.

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 HNO3 to the platinum bowl to ensure complete

dissolution of the PO4—P into the HNOa'solution and

rinse again into the 25 ml volumetric flask. This

procedure of adding HNO., solution and rinsing with

3
distilled water should be repeated 3 times. No more

than 10 mls HNO. is usually required.

3

- Make up volume to 25 ml.

Experience has shown that this time of + 10 minutes
applles more appropriately only 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-

V'ces31ve heating reduces the actual phosphorus content

of the sample.
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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 = 470 u

(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:

°t MP, ~ 366,1

(PO4—P concentrations in mg/1
Total
Influent ﬁfflgent Removal Sludge
10,88 : 4,00 6,88 135,4
9,66 4,77 4,89 139,9
10,66 7,22 3,44 122,1
10,55 5,44 5,11 108,8
10, 93 7,44 3,49 113,2
8,70 5,00 3,70 117,0
9,10 6,55 2,55 105,5
Average: | 10,17 5,94 4,23 120, 4
Sludge‘age = 10 days
Influent flow Q = 36 1/day
sludge wastage = 1,25 litres/day
' MLVSS = 3170 mg/l
average (PO, -P) balance on system:
total MPin - ‘total MPQut ‘= (MPwasted + MPeffluent
MPin = 10,17 * 36 = 366,11 mg/day
MPeffluent 5,94 36 213,§ mg/day
| o . _ : -
MPwaste = 120,4 * 1,25 150,5 mg/day
S MP = 364,3 mg/day
Mp .
- out%v . 364,3 100 = 99, 4%

)
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Table A.2:
(PO,~P) concentrations in mg/1
Total '
Influent Effluent Removal Sludge
14,1 6,22 7,89 197,6
12,8 6,22 6,58 185,4
11,99 5,88 6,11 189,8
11,88 6,55 5,33 186, 4
11,88 7,44 4,44 167,06
11,44 7,66 3,78 158, 0
10,99 7,55 3,44 155, 4
11,10 7,77 3,33 152,0
Average: 12,02 6,91 5,11 174,0
sludge age = 10 days
Influént flow Q = 23,5 litres/day
Sludge wéstage‘ = 0,75 litres/day
MLVSS = 3840 mg/l°
Average (PO4—P) balance on system:
Total MPin = Total MPout = MPwasted +'MPeffluent
Mpin = 12,02 * 23,5 = 282,5 mg/day
MP_ccq = 6,91 * 23,5 = 162,4 mg/day
. — * -
MP  .sted = 174 10,75 130, 5 mg/day
L. MPout = (162,4 + 130,5) = 292,9 mg/day
Mp
. out ., _ 292,9 _ o
v % = 2825 * 100 = 103,2%

in
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Table A.3:
(PO4—P) concentrations in mg/1
Total Effluent Removal Sludge
Influent
11,15 8,10 3,05 98,0
11,40 7,82 3,58 9,5
11,29 7,75 3,54 99,0
11,50 7,98 3,52 100,0
10,15 8,32 1,83 97,2
11,90 7,98 3,92 97,0
11,63 8,32 3,31 96,9
11,63 8,89 2,74 92,8
11,63 6,50 5,13 97,2
11,40 7,64 3,76 94,6
11,17 8,55 2,62 92,3
10, 90 8,53 - 2,37 98,3
12,10 9,07 3,03 89,6
11,66 8,50 3,16 91,8
11,23 9,07 2,16 88;5
‘Average: | 11,38 8,20 3,18 95,10
Sludge age = 15 days
vInfluent flow Q = 26 litres/day
Sludge wastage = 0,83 litres day
MLVSS = 2700 mg/l
Average (PO4—P) balance on system .
Tota; MP, = Total MP_ .« = (MPwasted + MPeffl) mg/day‘
MPin' = (11,38 * 26) = 295,9 mg/day
. = * = '
MPeff‘ (8,20 26): .213,2 mg/day
= 1 * = .
MPwastage (95,1 0,83 78,9 mg/day
MP_ .+ =, 292,1 mg/day
MP_ . : :
: out % = 29211 * . o,
'ﬁf_—_-/ | 2959 100 = 99%



Table A.4:
(PO4-P) concentrations in ﬁg/l

?gziient Effluent -Removal Sludge

11,06 8,44 2,62 126,5

11,51 8,44 3,07 135,6

12,31 8,66 3,65 130, 4

12,00 7,98 4,02 127, 3

11,86 8,78 3,08 120,6

12,25 8,55 3,70 115,6

14,25 9,35 4,90 101, 5

11,4 6,16 5,24 87,8

11,63 7,41 4,22 109, 4

10, 49 8,89 1,60 100, 3

12,31 7,87 4,44 103, 7

12,64 8,64 4,00 ~ 106,9

11,91 8,64 3,27 109,1

12,0 9,61 2,39 102,6

11,56 9,40 2,10 105,3

Average: 11,90 8, 50 3,49 112,1

Sludge age = 15,days‘

Influent flow Q = 17 litres/day
Sludge wastage = 0,5 litres/day
MLVSS = 2950 mg/lr

Average (PO, -P) balance on system

Total Mpin = Total Mgau = (MP

s 5% 8

t wasted
(o = (11,9 * 17) = 202,3 mg/day
eff = (8,5 * 17) = 144,5 mg/day
wasted = (112,1 * 0,5) = 56,1 mg/day
out = 200,6 mg/day
ﬁi°“tAJ = 299:5 + 100 = 99,2%

in

A22
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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

1. Beta Tricalcium Phosphate

Equilibria equation relating each of the parameters Alkali-
nity, pH and calcium to the co-ordinates X and Y aré derived

from basic equilibria equations as follows:

Equations for pH lines

Y = (Alk - 2ca) : (B.1)
From Eq. ( 3.6)

Ao 3 = - - +

alk = 3[ro,”"] + 2[HPO, ] + [m,P0, ] + [oH™ ] - LH"] - (B.2)
Substituting (B.2) into (B.1)

: 3- | = -~ - + ++ :
Y =3[P0, ] + 2[HPO, 1+ [H,P0, ]+ [OH ] - [H ] ~ 2[ca” "] (B.3)
and [ca**] 3 (ro}"1% = K&

where Kélfis the solubility product for Ca3(PO4)2 adjusted

for ionic strength effect.

1
[ k. 3 :
[cattl = —Ei= (B.4)
[POy ]
. /
From Eq. (A.3)
- CH' [PO3™]
tHpPO,J = 4 (B.5) -

K3
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From Eq. (A.2)

—

Cu'] [HPO, 3
(4. POT] = 4 (B.6)
2774 K, .
Substituting Eqgq. (B.5) into Eq. (B.6) gives
. mpeoy
[H2P04] = Ry ¥ K, » (B.7)
and from Eg. (A.5)
- Ky
foH ] = THFT , (B.8)
Substituting Equations (B;4), (B.5), (B.7) and (B.8) into.
Eq. (B.3) '
+q 3= +2 . 3= .
B 3~ 2 [H :IL‘Po4 1 L[H']"[PO,T] K.,
Y = 3[po; 71 + E t v Y T
3 2 3 [H']
1
K/ =
- rH+J -2 '—-—-—3-?_—1—5- 3 ! . (B-9)
[P0, 1
Also »
' X = Acidity
. e . C - _ - - _ +
i.e. X = 3[339041_ 2(H,PO,] ~ [HPO,] + fon] -[H] (B.10)
From Eq. (A.l)
i Cu*3 [1,P07 J
' [H,PO,] = 2 4 (B.11)
3774 Ky :
~ Substituting Eq. (B.7) into Eq. (B.11)
 tE'e0)3
[H3PO,] = s R v KO (B.12)

1 2 3
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Substituting Eqgations (B.5), (B.7), (B.8) and (B.l1l2) into
Egq. (B.1lO)

K}, - 3 * [H+J3[P02_J 2 * [H+32‘[1>02"J
X = - - [} | 1 - t ]
- [eh Ky " Ky " Ky Ky * K3
[ [P0} ]
- — . (B.13)
03

For a chosen fixed [Hfj (i.e. pH) and a range of values for
[Pbifj 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 [POZ-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 Y in Fig. 3.5
traces a line for the selected pH in the equilibrium diagram.

gguaticns for Calcium Lines
From Eq. (B.4)

[po3-] = | —3L_ (B.14)
4 Ccat*13 A

. Substituting Eq. (B.1l4) into (B.9)

K!' & + X! % g 2 K/
v = 3 sl L, 2MH7] sl .+ —LH] sl
7 : [Ca++]3 Ké [0a++]3 Ké * Ké [0a++J3
+ Y - 89 - 2@a™ (B.15
(']
andAsubstituting Eq. (B.1l4) into (B.1l3)
l . | » y
x = Ko - " - 3 *pEf3 Ks1 - 2rah?
[u%3 Kp * Ky * K3 |\ [ca™3 Ky * K3
. 5 L
_Es1 s:wl Ks1 (B.16)

[catty 3 K3 [catt]3
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For a‘fixed value of [ca'?] and a range of values for teh]
Eg. (B.16) has only one real root and can be calculated by
an iterative method of trial and error. Substituting‘[Hf]
in Eg. (B.16) into (B.15) gives the corresponding Y values to

each X value.

Plotting the corresponding X and Y values traces a line for

calcium in the equilibrium diagram.

Eguatiohs for Alkalinity Lines

Alkalinity lines plot in the beta tricalcium phosphate 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)  Eguations for Horizontal Section of Alkalinity Line

From Eg. (B.l)

fcat™ = lélEE:;X) o (B.17)

Substituting Eg. (B.l17) into Eqg. (B.l4)

: 2 3 L
3-
[PO; ] = Ky G % , (B.18)

sl (Alk - Y)

Substituting Egq. (B.18) into (B.13)

L. 1
v 2 =
T RTR \@Lk =) TRy
[H'] ‘ : 3
. \% oL B &
* | ' : o+
T _ 3* LH'J KRy, 2 - ru'] (B.19)
K; * Ké * Ké (alk - Y)
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From Eq. (B.1l)

Alk =Y + 2 [ca™t]
. - Py p— pu— '
s 2m*deoyT1 mhieo}y Ko + |
= 3[poy 1 + K t g t 5 - [H1 - (B.20)
3 2 3 ("] '-
Substituting Eq. (B.18) into (B.20)
._ L
5 L 2mhk, 7 L
Alk = 3 * K —_— + ,
s1 (Alk - Y) K3 (Alk - Y)
‘ 1
[’y 2y, 2 , ® & . |
+ T + - [H] (B.21)% -
K, K3 (Alk-Y) (et e

For a fixed value of Alkalinity and a range of values for
[H+J, using an iterative trial and error method, Y in Eq.
(B.21) can be solved. The value of EHf]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.

!

(b) Egquations for the Vertical Section of the Alkalinity Curve

From Eq. (B.20)

Kl
' Alk - —2— +[H'] , ._
[PO;7] = e | (B.22)
3 4 2[HJ (H ]
+ Kl + Kl *Kl
3 273



From Eq. (B.1l3)

BG“

“ . + | + 3 K
- * ) *
- x = [po, 3| 24— LU HL o PRIty - - (8.23)
| 2 3 3 1 R "R [H . :
Substituting Eq. (B.22) into (B.23)
S ‘ K' + +42
-X = alk - — 4 (pfy | 2LEL o, IS
‘ [H] 2 1 2
3 * K! + K' -
s 34 EE;J + 2 + [E1] —-—%%— (B.24)
e 2 ~E"]
From'qu. ('B.l)
| ++
Y = Balk - 2[ca ] (B.25)
Substitute (B.5) into (B.25)
| 1
| K.,y |\ =
¥ =alk - 2| —— | ° (B.26)
: [PO, ]

Substitute Eq. (B.22) into (B.26)

o+ ot 2 K’
3_F2m1 +LHJK')(AD<_ W +[ﬁﬁ)

Kl

Y = Alk-2.| K!
. S1 : 5 * K3

Eg. (B.24) is in terms of L‘H+J Alka]_.inity and X. For some

chosen Alkalinity and a range of values for EH+J , X can be

calculated by an iterative method of trial and error.. The
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correspondinng 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 ¥ 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
Adkalinity line is plotted at first using Egs. (B.19) and
(B.21) until the slope of liné is greater than 45°. Egs.
(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 .lower limit

of the Alkalinity line is then used again to plot the uppef
horizontal section of the Alkalinityvline.

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

. o 2
rca*t [P0} ] -
K/ = - Y
52 K]
.Kl * Kl
. [cath= S22 83 (B.28)

tuhl [POZ"J
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Note:

Kéz_is,the solubility product for CaHPO4 adjusted for ionic
strength effect.

Substituting Eq. (B.28) into Eg. (B.3)

2[u"] fPOZ_J - mt? [Poz'J K

 [po3" W +
Y = 3[PO, ] + ; + = + - [17]
. 4 K3 Ky * K3 cut]
2 * K'  * K!
- — ?2 — 3 (B.29)
[H'] (PO, |
, ‘ oty o3 + 3-
K 3*[HJLPO4J Z*EHJ[PO4J
and X = LA CH+J - T % T % ' - t %k 1
ety Kj * K3 ¥ Ky Ky 7 Ky
[H7lP0, "] |
. 2 . (B.30)
KJ ‘ .

For a chosen fixed [H+J (i.e. pH)and a range of values for
EPOZ"] the equation (B.29) in Y has only one real root which
can be calculated by an interative method of trial and:

3-

error. Substituting the value PO4 obtained in Eg. (B.29)

into Eg. (B.30) gives X value correSponding to each Y value.

Plotting these corresponding values of X and Y in Fig. 3.6
traces a line for the selected pH in the two phase diagram.

Eguations for Calcium Lines

" From Eg. (B.28)

-
3- s2 " K3
[po;, ] S i (B.31)
4 tcatty ™l :
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Substituting Eq. (B.31l) into Eq. (B.29)

* Wt % Tt vt 1 + f '
¢ - 3 Ifsz Ky . 2[H ] Kgo . H Kgo K.
Cca™) a'] rcatty R eat™  rah
- [HY - 2 *[catt] (B.32)
ahd substituting Eq. (B.31) into Eq. (B.30)
! . . * +12 1 * | + ' L :
_ K + 3 [H'] KSZ- 2 (B"] Kgo KS2
X=—" - [(H] - ++y + -, (B.33)
[(H'] Ky * KZ' [ca” '] K [ca™ "] Lca” ']

»

For a fixed value of ECa+ﬁ 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 ruh
in Eq. (B.33) into Eq. (B.32) gives the corresponding Y V

values for each X value.

Plotting the X and Y values in Fig. ( 3.6) traces a line for

Calcium in the Equilibria diagram.

Eguations for Alkalinity Lines

Alkalinity lines plot in the dicalcium phosphate diagram with
two horizontal sections, upper and lower part, joined by a

vertical section.

(a) Eguations for Horizontal Section of Alkalinity Line.

B From'Equation (B.1) -

[ca*™1 = _iz_%_lk_T-__y_)_ - ' (B.34)



Substituting Eq. (B.34) into (B.31)

R
KS2 2

LHPO,T = RIk-%)
But

Al = 3[poi’] + 2[HPo, ] + [H, PO,] + LOH] - [u']

From.Eq.n(B.S)
| 'EHPOZ] * KU

3
- [H']

'J[Poifj _

From Eq. (B.6)

_ LH"1THPO], ]
V£H2PO4] = K3

Substituting Eqs. (B.36) and (B.37) into Eq. (B.35)

3 * Ky * [HPO] o [HfJ[HPoZJ
« + 2[HPOZJ + %
A - K

Alk =
cuta

+ [oH™1 - [HM]

Substituting Egq. (B.35) into (B.39)

! ' : ' + .
ALk - 6 * Ky * Kg, . 4 * Ky, . [H'] K, * 2
igt1 (alk-y) (Alk-Y) Ky (ALK-Y)
N K'
+ w +
o+ - [HJ
LH ] o

Miultiplying both sides by [H' and Equating to zero.

Bl10”

~ (B.35)

(B.36)

(B.37)

(B.38)
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: %* - % '
21 K 2 + [H+] 4 K

| 82 -1 ——s2
(3 & B Gik-y) - ALk
6 * K! * K|
, 3 "s2 | _
Tl K 7 (Alk-Y) = 0 | (B.40)
Also from Eg. (B.1lO)
| 3 * [&'1[H"] HPO) + = Lo =
X = - i - 2 [ j[EPO,1 - [HPO,]
1 K
K |
+—— - |H7] | . (B.41)
fH] ‘

v

For a.chosen value of Alkalinity and assuming a range of
values for Y, [H+] has only one real root in Equation '
(B.40) . Substituting the [Hf] value obtained into Eg. (B.41l)
gives X value corresponding'to Y value.

Plotting the corresponding X and Y values traces the hori-
zontal section of the Alkalinity line.

(b) Eguations for the Vertical Section: of the Alkalinitv Curve

From Eg. (B.24)

. K/! + +, 2
- X = |{{Alk - Y + " ng;l, + 1 + ég%fLr ///
\ [H+J K K K

3 * K. P K' ‘
( " 3 +.LE,J + 2 ) + [HET] - Y (B.42)
, [H'] 2 [B'] *
Substituting Eq. (B.22) into (B.28)
| 5, 20 . peh?
. ‘ ¥ % 4 ' [} !
4+ Kso ™ K3 X3 K3 "3
[Ca ] = CET ' (B.43)
. Alk - —— 4 [g*]
[H"]
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But Y = Alk - 2Ca : (B.44)

Substituting Eq. (B.43) into Eq. (B.44)

* ! * '
_ 2 * KRy, YRy 2rH] rat?
Y = Alk - T 3 + —R-;—- + K * K
LH ] 3 2 3
Ky +
Alk - T + [H ] (B.45)
[H]

‘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+J obtained in
the interative method.

Plotting the corresponding 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 thé Alkalinity line is plotted at first using Egs.
(B.40) and (B?4l)'until the slope of line is greater than
45°, Egs. (B.42) and (B.45) are then solved to plot the
vertical section ofAthe Alkalinity line until the slope
of the line is less than 45°. Egs. (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.
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(3) Hydroxyapatite

The equilibria equations relating each of the parameters Alka-
linity, pH and calcium to the co-ordinates X and Y are as

follows:

Eqguations for pH lines

K*

£, = [ca*¥]> » [on™] * [POZ"]3 | (B.46)

where Ké3 is the solubility product for hydroxyapatite
(Ca(OH)(PO4)3) adjusted for ionic strength effect.

From Eg. (B.46)

1
+_ —
K., [H'] 5
[catt] =| —2——c (B.47)
K/, [Po4 J
Substituting Eq. (B.47) into Eqg. (B.3)
' 2 [u%] [po3-] 3ru" [po>"] K
3~ 4 4 W
Y=3[PO4]+ & + v R + n
» 3 2 3 A
1
+ Ké3 ruty 5
+ [H) -2 * — (B48)
K, [PO, ]
From Eq. (3.30)
K N 3 * LH+J3L_P02—] 2 * [at12(pol f‘l"
7 X = - [H ] - T 1 T - ] ] ’
tEh Kj * Ky * K3 Ky * K3
[H+JfP02_]

; (B.49)
K} ,



For a chosen fixed EH+] (i.e. pH) value and a range of Y
values, u51ng a trial and error lteratlve method, Egquation

(B. 48) in LPO ~1 has only one real root.

LPO ~] value into Equation (B.49) gives X value correspond-

ing to each Y value.

Substituting the

Plotting these corresponding values of X and Y in Figqg.
traces a line for the selected pH in the equilibrium diagram.

Eguations for Plotting Calcium Lines

From Eq. (B.47)

1 % ] ’ .
K2 X3 |k Lca™™1? u*l

' Bl4

‘ i
o K., [t 3 o
LP04,] = E7—TEE$xT5 (B.50)
Substituting Eq. (B.50) into Eg. (B.49)
. » _ 1
K., . 3 % (a3 , LB 3
X = - [H] - K] * K} * K. ;
EH+3 1 2 3 Kw LCa++ >
1 1
. . + 3 3
_2 *m)? bi mt [ Kés B
T % ) - ' .
Ky * Ky K., tcatt]? K3 \ Kyrcatty®
and substituting Eq. (B.50) into Eg. (B.48)
1 , . 1
R -+ = i gt =
v - 3 Keg [g’l \3 . 2uh KS3 CH'J . 3:
= \ 4+, 5 K! ++-5
K [ca*™h 3 .\ kg, [ca ]
| L
‘ ot 3 » L
+, 2 K!, [H'] , K' .
4 31 83 + —2 _ ' - 2fca™™ (B.52)
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For a chosen fixed value of [Ca++] and a range of values
for X, Bg. (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 Y in Fig. 3.7

traces a line for the selected [Ca’'] in the two phase equi-

librium 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) Eguations for Horizontal Section of Alkalinity Line
From Eq. (B.l)

rca™y = AESX - (B.53)

Substituting Eq. (B.53) into Eq. (B.50)

1
+ 3
‘ K., [H] S
3- _ sS3:
W 2 v

Substituting Eq. (B.54) into Eqg. (B.20)

By gy
s pet 3 . + 3
ALk = 3| SsatH 1 , z2mt [ KgalH .
K (Alk-z)b K] k' [Alk=Y
W 2 / W 2 '
L
e gt 3 ,'
e Ks3 [H] K,
Ké’*Ké-

. BLk-Y\5 + ~[H"] (B.55)
K, P45 e | >
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From Eg. (B.49)

. | .
-X = [POT ] 2_:_LE:13. + Lﬁil + 3rpty3 +[HTY - __%_
= 1 % [} ' ' —y Ty :
e’ Ky * K3 K} K] ¥1G TRy IS
/ N
(B.56)
Substituting Eq. (B.54) into Eg. (B.56)
: . |
' + 3 J \
P o Rk 2*ruh? gt 3t
= 1 * ] 1 T x 7 - ;
K' (Alk-Y\S K, K3 K3 K K, K}
w e——————
2 )
KI
+[HT - : . (B.57
[H ] :

For a chosen Alkalinity value and a series of LHfIvalues,‘
‘Eq.»(B.55)'in Y has one real root. The Y and LH+J values
obtained in Eq. (B.55) can then be substituted into Eq. (B.57)
“to calculate the corresponding X value. Plotting the cor -
yresponding 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 Eg. (B.24)

- . (B.58)
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Substituting Eq. (B.47) into Egq. (B.53) and re-arranging:

1
K. + 5
v=2alk -2 |22 LEL (B.59)
w LPO4 ]
Substituting Eq. (B.22) into Eq. (B.59) i
' C 3\ 5
+ 3 + ..2...L_I:I::.’_ + LH+—2
. K! LHJ Kl V Kl *Kl
_ S3 3 2 3
w Al - X + [gt1] (B.60)
[H] o

For a fixed chosen value of Alkalinity, X is solved for
series of values [H'J in Eq. (B.S58). The Y value corres-
~ponding to each X value is calculated from Eg. (B.60).
Plotting the corresponding X and Y values traces thé verti-
cal section of an Alkalinity line in the hydroxyapatite
diagram. A

The complete Alkalinity line for some fixed Alkalinity value
is plotted in the diagram as follows: the lower horizontal
limb is plotted at first using Egs. (B.5)) and (B.57) until
the slope of the line is less than 45°, Egs. (B.58) and
(B.60) are then solved to plot the vertical section of the
Alkalinity line until the slope of the line is less than 45°.
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.
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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 .

§:4 [u,P0,] / Lr PO, ] | = Kl' | - (C.1)
[ﬁ+1 (HPO, ] / (H,PO, ] | = K,' (€.2)
I3 (po}1 / [meo1 = Ky’ - (€.3)
‘rcaty FLHPO4=_‘T/LCaHPO4oj | = K,' | (C.4)
LH'I [oH™J = KK | (c.5)

Mass Balance Equation

-~ - = . 3= - |
— B r . .
Pp = CH3PO4.J + [H,PO, J +[HPO, 1 + LPO,~ ] + LCaHPo4J (c.6)

o reat o |
Cap = [ca +jF + [CaHPO, "1 . : e (c.7)

and if pH measured

.pH = - loglo.(H+) ( ‘ v » ' (C.8)

Subscripts 'T' ‘and 'F' refer to total and free ion species

concentrations respectively



c2

L J indicates molar concentration.
( ) indicates act1v1t1es.l
K' _1nd1cates an equilibrium constant which has been ad-

justed for ionic strength effects.

Equations (C.l) to (C.8) are eight equatlons with eight un-‘
knowns (EH3POJ LH,P0,7, [HPO, 1, [Po4 73, Ceal,,
_“[CaHPO491 [H"] and COHJ), the parameters pH, Ca and P

T
can be measured. These eight equations are solved by
numerical iteration using a digital computer. The values

determined for ECa+5 P EPO43j and EHPO423 are then used-
together with the measured values for ionic strength, to cal-
culate the solubility products for Ca3(PO4)2 and CaHPO,,

i.e.

3

i

(£4 Ccat*n) (£, [1=o43"J)2 K¢

K

it

(€4 [ ca*™) (g4 CHPO,]) -

‘where fd and ft are di and trivalent activity coefficients.



. APPENDIX D

PROGRAMME FOR SINGLE PHASE
PHOSPHORIC SYSTEM
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A AR A K R o 3 ook R ok R AR A AR R K Ak ok A ok ok ok o ok ok o K ok KK R oK ok ok ok ok ok RO R K K
PrOGRAM FLOTS SINGLE PHASE
PiiOSPHURIC-SYSTEM D1IAGRAM
****;44m4***4**************w4***#*****#*******4******
REAL Kl'Kd'VS'nH
DIMENSION ACID(500) rALK(500) rPH(50)
*a*****4*4++4**¢**¢¢****4***4******4*********r*******
FirRosT UATA CARDIDIAGRAM LIMITS
ReAu(Er10) ALKMAKr ALKMIN? ACIMAX » ACIMIN
FuilsAT )
WHEKE s ALRwiaa s MAX CALKALINITY)

ALKMLINsMINCALKALINITY)

ACIMAXIMAXCACIDITY)

t‘LIf:l‘v-MIi\l(AClDIT‘ )
Ao n A Kk K o A A T R K KO KK ok o ok R ok ok ok Kk Ok K K kb K R OK R K
SECUNL VATA CARUINO.OF PH VALULS
KLAulor LS)NPH .
FuRmAT(Lg) ' ' :
A A AOF 3R R A K R ook 30Kk Kok ok Kk R Kk 3 R K K K K ok K KK OK Kk ok K ok R Rk Rk
T11ID UATA CARDIIONIC STRENGTH=U:TEMP(DEGC)=T
ReA(Br20)UT
FUuRimnAT (2F10.4)

,r;**t»**i*t***a+***4********4*4;*********************

VDATA CARKULS FOR rPH VALUES
UU aU I=10iPH
REAL (Gres)PRT)
FoisAT(F1Uu )
LUH. InUL
*+*¥$*#***#4**4***#&******4*********#*********#**t***
cuUieloiud COHJTAJrS
Prl=g2.lt
Phé=7.2u
PR3=i2e3H
PRy=14 « U ) .
KA AR F R AR Rk kR R AR R R AR R KK Ak Rk kR ok kR R kKR kK
CALCULATING #MONUrDI+TRI VALENT ACTIVITY FACTORS
USIiiG DAVIES EQUATION
Ul=lUx*l«H

_(UL/(1+ul))—u Z*U
Frh=oeb#A
Fiml o/ (LU o %4F )

FLZE e %R
FuZle/(1U.**FD)

Fi=qeb*a
Fimae/ (10 ex*F )
4**+**+4**4*******4***14***#****4***#**************4*
LUthRT PR VALUES TO K VALUES

N1Z(1e/7(1U%*xPK1)) #1000«

Kg:(L./(lu.**PKZ))*iOUU-

RhoZt1le/ (10 e*#4Pn3)) %1000

KWwS=l1a/010e*2Fhiy) ) %10 2%,
*4****;****4******1***4******************************
CuNVuhT K VaLULS TO ACCOUNT FOR ACTlVITY

Ki=rnl/ (FMx%xga)

ReZing/F U

K3Zn3*Fu/ (FM+FT) :
t********1+#*************************************4***
PLOT LIAGRAM OQUTLITIL = : :

S5C=ey.

D1



D2

CALL SCALF(SCrSCr=045¢r=0.75)
JNTMAS CACIMAX=-ACIMINI /061
NTMYS(ALKMAX=-ALKMIN) 701
CALL FORRILUCGUPACIMINY —ALKMAX 0+ NTMX)
CihLL FORID(LPACTIMAX  =ALKMAX U1 NTMY)
CALL FGRID(Z2rACIMAXr=ALKMINI? 0.1 NTMX)
CALL FGRIUD(3vACIMIidr—ALKMINS G109 NTMY)
C KA R AR AR AOR KA K K AORHOR K OR K OR K KOR OKRR K K RO KR KO KKk
< CALCULATES PH L1INES AND PLOTS THEM ‘
CALL PLTIME (25)
LL=u ,
UL 2UU 1=1NPH
CPrinEPH(L)
MEZ((le /(10 ed*pPHH) ) /FM)I %1000
CUHZKw/H
Ju=1
IF(LL=-124001109110
L J ACIu(1)=ACLIAAX
bDu 60U J=10500
ALK () Z(ACIDU)Y =H40H) ¥ (3o % KB3/HA2 . +H/K2) /7 ( (3. *H**Z )/(Kl*K?)+2 *H/K
oé+lo)+\)h-}‘ . .
1 (ALK (G) —ALKMAX) 509500110
50 AP (ALK (U) =ALKMEN)GU»90r60
ol IF(ACIU(J)—ACIMJN)QUr90r7U
70 ACiu(Uil)=AC10(U)=-0.01
JUsSud+l
ol CUunNTIhUE .
9u Cabue FPLCOT(5eACID(1) v=ALK(L1))
 JusSJd-1
LU 10U UZieud
CALL FPLOT(2/ACID(J) r=ALK(J))
Lo Cuivi Inbe

wy 10 200
liv ALk (1) ZALKGAX
LL=1

Ju 190 JUz10500. '
ALIU(J)—(ALK(J)-OH+H)*((J AH*%24) / (K1*#K2) +(2.%H/K2) +1. )/(3 *K3/H+2.+H/K2
e tH/K2) Hii=0rd
IF(ACIu(UY=ACTiMIN) 191901910120
tev I CALKGU) =ALKMIN) 19101910160
1ot JU=udl '
ALh(J+1)—ALn(d)-U U1
ivlb  CONWIIhUL
iyi  CALL FPLOT(3rACIDI(1) r~ALK(1))
Juzud=-1
Du 193 Jd=iedd
Caleo r}LUT(drACIU(d)v—ALh(d))
193 CoNTINUE N
Zuv CulNt INULE
CALL PEILU(2e50=245)
S5T0F
Enins



APPENDIX E

PROGRAMMES FOR PLOTTING THE
THREE CALCIUM PHOSPHATE
MINERALS

1. Beta tricalcium phosphate
2. Hydroxyapatite
3. Dicalcium phosphate
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iv

1v

20

Bk bk ok b K Ak Ok ko K K K R Kok o ok ok K R K ok ok ok ko kK koK
PROGRAM PLOTS THE DI1AGRAM FOR
BeTh~TRI CALCIuM PHOPHATE-(CA)Y3(POB)2
*4*4#*******##***#**************#*************#******
REAL KWeK1 K2 KArKSPMAXAMC e MINAMC MAXACD eMINACD
DOULLE FRECISION PO4sFRACT I HeYrCoArAL
DINLNSION PH(50) f ALK(S0) rCAA(S0) ACID(3000) v AMC{3000)
o Ak A kK Ak Ok A ok ok R K R R Kk kR sk kK ok ok K K ok RO ok ok K ok ok ok ok ok ok
FlraT UATA CARUIDIAGKAM LIMITS ,
REAL (8¢ 7)MAXACD » MIWACD » MAXAMC o M INAMC
FORMAT(4F 10 3)
WHERE tWAXACUZPOSITIVE(ACIDITY)
MINACLUZHNEGATIVE (ACIDITY)
MAXAMC=MAX LALR-2CA)
MINAMCZMIN(ALK=2CA)
A kA0 K Nk RO o R R K 3o KR Ok KK OF 3 R b K 3 3 K K ok 3 K K K kR 3k ok ok ok ok ok 3 kR ok
SECUND wATA CARLINV.OF PH:ALK AU CA VALUES
ReAL (S )NPHe A NC
FURmAT (A1)
A 3 koK K KOk 3 3 K K ok K K K KR 40K OR 3R OK 10k ok 3k K kKK R ok ok K K K ok o ok k ROk X
Ti1IKD UATA CARD:IIONIC STRENGTH
REAL(BrRYU
FORMATIF10.4)
A b ok ok KRR kA Ak R 0 kR R Ak kK R Sk OK K R R kK K K K ok b oK K ok K ok K ok KK R A
ULATA CARDS FOR PH VALUES
DU 10 I=1+iPH
Reavlse9)pPHTL)
FORMATIFIU4)
Cuind IiuEe
0 AR OK Ik RO R R R AR K R K b ok ok op K ok ok K R kK Ok R ok R ok ok Ok KK
VATA LAKDS FOR AvKke VALUES
Ity ASCENDING ORUER
VU ed [Z1r4A
ReAp(Grin) ALK (L)
FORMAT(F104)
COUNT INUL
****#*****************#******************************
DATA CARDS FOR CA VALUES
Ity AHCENDLING ORUER
U0 S0 I=1r0C
ReAL (e 25)YCAALT)
FURMATAFL1O.4)
Cubit Tk
R RAEAF KPR F R R Ak 2R R AR RAOK & ¥k bk kb ok Rk Rk ok A R bRk Kk Kk
CALCULATING MONOsDI+TRI VALERNT ACTIVITY FACTORS
USInG, DAVIES EGUATION -
UlSU*%UedH
Fi1=04. b*((ul/(1+U1))-0 2+%4J)
FiZSie/(iU.*2FT)
Fuzeod ({ul/(1+dr))=0. 2*d)
Fuzle/ Ui «**FD)
FrizyeH*x ({ul/7(1+ul))-0.2¥%Y)
Fii=p e/ 10 e**kFiy)
AR AR A KOE 40K ROk ok bk Aok ok Ok A ROk S OR ok 40K K R ROK Ok K oK o KOk ok KKK K Ok &
EGULLIbRIUM CuubTANTJ
PRISZed4 .

 PR257.20
CPR3=12e3Y

PRSZeb 46

El



E2

PRW=14 .00 )
Aok A A kK A KK o oK o Kok ok K ok ok ok Kk K K Kk 3K b 3 ok ok ok ok ok ok K ok K Rk ok ok K ok XK KK ok ke
CUNVERT rK VALUES TO K VALUES
KoZ(1e/(10e*4PKS))210.%%15.
K1i=(1le/(10.+#*PK1))*1000.
KeZ(1e/(10e%%PK2)) 1000,
K3=(1./(10+*%PK3))+1000,
Ki=(1e/(10e%%PKWW) ) *10.%%5,
£ AR ARk ok R ok A KRR K KK S A KK AR K R ok ok o R o ok ok o A ok oK
CONVERT K VALUES TO ACCOUNT FOR ACTIVITY
KiZni/ (Finkxz,)
Ke=ng/Fu ‘
ROZKRI*FU/Z{FMxFT)
Ru=kw/ (FMik*2,)
LIRS/ LIFD*%3. )k (FT*%20) )
E R I I I TTT I I T ™
PLCT DIAGRAM OUTLINE
SCZ4e 0
CaLli SCALF(xCrSCr=2, b'-l 0)
Nimx={MAXACU=-MINACU) /U1
NiMYS IMAXAWC-MINAMC) /7001
Call FOorlulur=MAXACU»=iAXAMCrO ol e NTMX)
Cihil. FORIV(Lr=IiNACU»=ANAMC 0ol v NTMY)
Cali FORID(Z2r—MINACDr=MINAMCPOe1r NTNX)
CALL FORIDSr=MAXACD »=!4INAMCr Qe 1o NTMY)
Cabl FOorRID(UIi=MiaXACUr0er0sleNTMX)
Cali FORIO(1r0er=MAXAMCr0e1riNTMY)
Ak A K KK KOR K AR K 30 K ok K Aok K ok ok K ok K Kk ok K Ok K K A K o ROk kK ok X
CALRULATIONS TO PLOT PH LINRES
CALL PLILNME(2Y)
ChrirO4=Zus.y
vl &4ulU 1=1riPH
AMC UL ) EMINAMC
Nin=1
Pinti=pPhi(l) .
H=0(1. /(10 **Pnd))/Fq)*louO.
Ori=Kw/i
li=i~
Ju=1i
Po4=10U.
v oYU le'iUUU
fatd=1
PU4=10U.
CzAIC(J)
" Yo (oaxPUYy+2. *ntpuq/ﬁ3+2-*CAHP04+(H**2 )*Pou/(K¢*K3)+Kw/H H)=2.%(KS
L/ PUS)I 2 *2 0 ) +%e 3533 :
IF(Y=C)H3ur 0702325
&Y PU4=0614P04 . .
Gu- TU 520
Ju  FichCT=PuUy
POUZPOGTFRACT
5 Y5 e ¥PUl+2 o k¥ 04 /K342 A CAHPOR+ (H¥%2 4 ) ¥POL/ (K24K3) +KW/H=H) =2 . ¥ (KS
L/ (PUG) 232 ) %[+ 333 ' : -
IF(Y=C)o400 3700350
4u  POLG=POY4+FRACT
S0 10 335
50 POL=PO4-FRACT
- FRACT=FRACT#40.1
POUSPOLHFRACT
1F (NN"O)JDU '6600970



E3

Aol WNHENNTL
6U 10335
27U HPOLZH*PO4 /K3
HPOG=A*HPUL /K2 |
APV =HEH2P04 /K1
ACLUL(U) =34 ¥ HIPOY+2« ¥*H2POG+HPOY Hi4= OH+CAHPOR
AlC U+l =AMC(J)+0. 1
IF(ACIU(U) =MmINACD) 3710371372
371 Ju=udtl
37¢ IFr (ACID(J) ~MAXACD) 3730391391
R Y IF(AMC(J)-AAxAiL)374-391r391
274 11=11+1
dul  CuiINUL
) ok Ak b R Rk AR R KR KK OKOR R ROR OK K K ROk AR K KK R kK OK K K K o sk ok
PLUT kH LINCS
o091 ChlL FPLOT(J'—ALID(JJ)v—AMC(dJ))
Il=ii{-i
Uu 39z Jd=Jdrell
ChiL FPLOGT(zr=ACIDUJ) v=AMC(J))
292  Cuni IiNUE
v Wkliz(%r21) PHH
i FunMAT(aUXrt210+4)
sub  Cuidldinuc
. Chuli. FPLOT(3e0er0,) :
#Q»4**#***t***#****&***#*t**##i***********#**********
CaLLULATIVUNS TO PLUT ALKNALINITY LINES
ApC LL) =M TNAMC
Luc=1
DU 439Y u=1r7NA
**#*#*******t**J*****k*#***t**************+**********
CALVULATIONS TO PLOT LOwER HORIZONTAL
Livinp OF ALKALINITY LINE
LL=u
AL=aLk (J)
Ju=1]
Lizy
1F‘LUC-1)402v40224Ul
4U1l ACTL (1) =MAXACD
L=l
4ueg DU 490 1T1lr3000
JUuSuJtl
PaN—L )
Ik lie—- l)ubdr417 47u
4uS  CAZLAL=AMC(I)) /2. .
Pub=(KS/ICA**5s) ) k*x0aH
F=le/(1Ued%y,)
SU4 VRS /H
‘ Y23« ¥l UG+2 *H*Puu/Ké+lP0u*H*42.)/(KZ*K3)+OH-H+2.*CAHPOH
Ir(\—AL)kat4U9 405
Gub HEGel*H
GU 40 UL
4L FnALT=EH
HUT7  HA=SHYFRACT
Uh=hw/ 1 ‘
Y= d.*PQ4+¢.*H*PU4/K3+(POQ*H**a.)/(hZ*K3)+OH H+2.*CAHP04‘
IFCi=nii ) q07r4099408 .
wuts  HZH=FRACT
L WiN=jeivtl -
FRACTZU«1+FnACT
L (o) 407 rl07+ 409

s



409
4iv
414
412
413

“il
415

416

11l

Fyy°.
Gl
BeH

+IU

440

+Ou

Ao U

4ol
0
Yoo

E4

ALlu(l)~tj.*P04*it*5 )/(KI*KZ*K3)+(2 *POYAH*»x2, )/(KZ*K3)+(H*P04)/

sKatri-KW/H+CAHPOY
lr(ACIU(I)-MAXALO)HIIIQII 410

Luc=

ACIU(l)uMAAACU

Gu 10 417 .

IF(LI=-10412+4129413

A=SACIG(L) )
TYzaRC (D) ’ \

IF (AL (L) =AXAMCI 414950007500

Ir(al=-1)4ior4loryld

[1=1]+1

IF (ACLU(I=1)-ACID(I)=0.002)48160417 7417
ARCII+1)zaAmC(I)+0.01

Ii=altl

ou 10 490 »

ook b ok b ok Kok K R Rk R K R KK R ok 40K Ko ok ok ok K KK K o e o K ok ok ok ok kK
CALLVCULATIONS 10U PLUT VERTICAL LINMB :
OF ALKALLNITY LINE

LL=1

=1

Azicip(l)

.

t1Zle /(1lUe*%3,.)

Y2 AL =K /M) # (3 4 (H*%2.) )/ (K1*K2) +2 . %hi/K2+1.) /(3. *hs/H+2.+H/K2)
ith=rv/HECARPOY!

Lk (y=A)420r4600419

H<U e 39 %iH

WU 10 418

FinALT=R

HZ it ACT

Y= (AL=RaZbitr) % ( (3. (422240 ) )/ (KL1*K2) +2 o XH/K241 ) /(3. *K3/H+2.+H/K°)
LHri=iy /it CariP oL

It (Y =A)425 14309440

HZH=FRALT

FI.ACT=U1 4FACT

S HERHFRACT

Uf'lzl'\ d/H

LE Gli=4) 45014500460

tie=igitl

bu TV 430

Pult=(iaL=Ri./ntri) /(3«+2., *H/K3+(H** <)/ {K2¥K3) ).
Cam (RSZPOgr%2e ) )4 ¥U0 3333 :
ARLC(L)ZAL-¢z o *xCA

I CApC L) =iAXAMC) 46195000500

IF Ca=plNACL) SUUr50U0 462

L Cil=1)4063504037404

11=11+i

ASALLIL (L) -

r=AmC(L)

ou Tu 4ob ,
IF(AMCUi=1)=AnC(1)=u005)465r47Ur470
AClull+i)=ACIO(1)-0.01

ou 19 490 ,

R R AR A K oK A0k oK ok R ok R AR ok K K K o b K ok K R KRk kK ok kR ok
CALLULATIONS TO PLOT UPPER HORIZONTAL

LiMo OF ALKALINITY LINE

Li=eg .

LA-(AL-AMC(l))/

Pu4~(K5/(Ca**5.))**u.5

B (AL=5e¥PUY)



)
G490

50U

210

22U

055

DoU
bol

E5

Coh=4.x (2. *Poulxa o) ®Kw
U=pidrag o =CON

Ju=ur*x0ehH

Dul=p-Co

=D/ (2. ¢ (2. *PO4/KJ =1.)) :

ACIL (D)= (3« %POG*H*%3. )/(hl*Kd*K5)+(2 *PO#*H**E.)/(K¢¢K3)+(H*Pou)/K
e 3tii=Ky /H+CARPOY

IF(amC (L)Y =mINAMCIS0U,500e475
AMC1+1)=AMC(I)=0.02

CCil INUL

B A AR A OK KR K R KOk ok R bk R ok ook o ok K oK R ok ok ok R K R Rk ok Rk
PLOT ALRALINITY CURVE :

Chbku FPLOT (s r=aCID(L) »=AMC(1))

Ju=du=-1i :

AU 491 .1=1rdJ A

Che FPLUT(cr=ACID(I) »=-ARMC(T))

Cutibiile

L=y

-«

FUeAT(10X rLluaa)

Cutal LU

Cibi FPLUT(orUerGa) _

VTS I s i RIS I Tt TS S YIS 2SI s IS IS TSI I I IITYY
CaLCULATIUNS FOR CaLCIuM LlNLS

li=i

Ju=1

U0 LUu 1zZ1ennC

AClutl)=mInACD

CaL=CAA(])

FUAZCAL ’

winl1E(5r23) FCA

FORMAT(LOAPLLIC o is)

Du LoU J=1v5H00 .
=i

A-ALIL(Y) o

Puti SKS/Z{FCA*%34) ) %¥%0e

H 1- ’

r=(SexiPtolx (Fixx30) ) /7 (KLAKZ2#K3)+( 2. *POq*(H**z.))/(K2*K3)+H*P04/K3+H
=AW/ HECnHPOY

IFCY=A) H33ur5550520

A=Gel i :

LU 10 iU oo

Fr.ALT=H

AstitElAC] .
Im(d.*Puu*(u**q.J)/(Kl*ha*h3)+(a *POQ*(H**Z-))/(KZ*K3)+H*P04/K3+H
o =R/ T CAFPOYG

Ir (Y=A) 95505550540

1Zi1=F kACT

FRrACT=0. i+FACT

IF Gali=4) E90rnbHuer 555

AR ITR S Y

o 1L Hob '

ALK= 3. *Hu4+g-+H»PO4/KJ+(H*a2-)*Pou/(kZ*Kj)
et/ i=h¥2 s A CAHPUY

AiC LU) ZALR =2« XU AL

IF CauaC (U) = LiNAINC) 959595 460

1}' (HMC(\J) ""NA)\A: 1(.)503':)63 ’ _)L)l

tha— vk NACL®1J,

AF LI ﬂhbd)quc'de'bgb

Ju=JJdtl



oS
Y01

YU

5Y5

LYY

viu

IF (ACIDUJ) =MAXACD) 5640595, 595
ALIU(J+1)=ACID(U)+0.01

Il=[I+1

Culll TNUE o .

N Y I R LR LT L P ess
PLOT CALCIUM LIRES . '
CALL FPLOT (39 =ACID(JI) v=AMC(JU))

li=i1]~1

Ouv LYY J=udrlld

CALL FPLUOT Itz r=ACLID(U) 2 =AMT(J) )

Cuivit TNUL

Taz=)

Sdu=1

Cuiil 1hue

Cabi FPLOT(A220ar0)
CALL PEab (3er=34)
570k ‘

LTV

E6
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Ak ook ok Aok ok ok Ak R kR ARk K R R ok ok ek koK ok Aok ok ok R e ek kok ok Ak R oRok RoF Xk

PikOoKAM PLOTS THE UDIAGRAM FOR -

HYUROXYAPATITE=-(CAIS(OH) (POY) 3
Bk kR Ak R Rk R AR R ¥R kb ok ok Kk K ok R A ok ok ok Rk R R Rk R Rk

REAL Kuw?K12K2¢K30KS P MAXAMC ¢ MINAMC ¢ MAXACD
UuUuLE PRECISION PO4+FRACT H/Y¢CoOH

CDIMENSTION PH(50) s ALK(S0) »CA(50) + ACID(3000) » AMC (3000)

ok R R ROR K AROR R b ok ok K o Ak K OK R K K o R K Ok KKk R KR K kK R Rk Ak
FIKST DATA CARUIDIAGRAM LIMITS
ReEAL(Be 7)) ARACD y MINACD r MAXAMC e MINAMC

FURMAT (4F1U.3)

wHERE SMAXACD=POSITIVE (ACLLITY )
MLINACUSNEGATIVE (ACILITY)
MAXAMC=MAX (ALK=2CA)
MINAMC=MIN(ALK=2CA)
Rk R KRR R R K K AR OR Ok R R KR R ok ok ok R OK R Rk Ak P o R Kk R R
SeCudl JATA CARDINOOF PH» ALK ﬁND CA vALUES
Renu (Grd ) PHe A NG \
FUrRmAT (312)
*44;***#*******1****t**t*#*i4*##******#*******#****#*
ThIkD DATA CARDITONIC STKENGTH ‘
ReAau(agrolu
FUullisAT(F 10 eu4)
#**w***+*41****2***##*4****#**1**k*****************t*
pita CARDS FOR Pil VALUES
uu -du I=1re0iPH
HeAw(pe)PPiH(])
FUrRmAT (Fl Gel)
Cuidy Iz
Ak R kR AR g E R R ROk K o ok K ok ok ok ok R Ok R ko bk ok Rk R
UATH CAxDLS FOR ALK. VALUES ’
1 ASCENL NG GKDER
DU &0 1=1eih .
ReAu (8 iB)ALK(I)

VAFDRMAT(Flu-q)

COlvi INUC - .
Rk AR AR R R R R R AR A R KR R Rk Rk ARk R Rk kR Rk k%
UnYh CAKDS FOR CaA VALUES
Liv aSCeiniblie ORDER
vv o0 1=l
Kol lpres)Call)
FOFAT(F1uey)
CONT INUL

,**i*****$4*+##+t**14***4*44*a***w********************

CALCULATING MONOYDI+TRI VALENT ACTIVITY FACTORS
Uslivo Ul\VIr_J tGUATlUH
UlL=u*xy.,.

.F1=435*((Ui/(1+Ul))-U.2*U)

Fi=ie/10%%FT)

Fu=ge®x LIUL/(1HGL))~U2%U)

Fu=ie/(llio**FD) :

FriceS* ((UL/(14Ul))=0.2%U)

FiZp o/ (LU« ®¥F )

A R K OR R R KK R Ob kKRR R K Ok K R Ok KO ROk Kk K R Ok koK ok
CwUiLIBRIUM CUNSTANTS

PR1=2.1%

PR2=T7.20

Pr3=12+35 .
PRa=14400

- E7



E8

PrhS=27.41
Ak KK A R AOK R R KR KKK R O bk koo ROk Rk okok ok ok kR ok Rk
CunnvERT PR VALUES Tu K VALUES
KoZ(1la/010e2%PKS))
nl—(l /C1lUex*pPK1) ) %1000
2=(1./010*xPK2) ) *1000.
n,-ll /(10«**xPK3))*#1000.
Kiu=(1e/(10e%%Pryl) ) *¥10.%%6.
AR A b KR Aok A AR R R AOK KK O RO R R OROR K F ok Kok ok oK K
CusVERT K VALUES TO ACCOUNT FOR ACTIVITY
Ki=An1/ (Frix+zsa )
K,_-n.l/l"u
REZho*HFU/ (Fi*FT)
Riw=nw/ (FR¥x2,.)
ROSERS/(LFL*A2S . ) # (FT*£34) x(F 1))
WA b AR R W KOK K  KK KR R R R KOF K R ok B ok R 3 K o K ok R R R K R kR ok K K kR K
PLOT UDLAG{AM OUTLINE
S5CZ0eU
Cabl SCALF(SCrS5Cr=2.5r=2.0)
i IAS (MAXACD=MINACU) /0.1
WMy = (MAXAMC~MINAMC) /0.1
Chrl FOilO(ur=MAXACU» ~MAXAMCr 0190 NTMX)
Cnbtie Foidolle=mlnACDr=MAXANC IOl riNTMY)
Chie FORIDOZ2e=MiNACUr=MINAMCr Ol NTHX)
Cnbe FORIDI3r=axACDr=MINAMCr Qo1 v TMY)
Cabtl FORLID(Ur=MAXACD I DerUalriyTMX)
Chab FORIUCGLr Do r=MAXAMAC» 0.1 0JNTMY)
*444#*****44*****14#V**t**#¥*1***##***14#***4********
CnlauLAal IOns TU PLOT PH LINES
Cablr FuLilmeE(25)
v 4ulU L1=1 v tiPH
Al (.(l)~tlle\HC
liri=1
Pi 1H--13H( i)
ii=((1«7(10. **PHH))/rq)*looo.
Nk /A
Ii=.
JJI= L
"Pud4=10U.
DU 99U J=101000
I\u\l-—J.
PU4ZiuLe.
CzAMC ()
20 Y=L ¥PUl+2 o 1P 04 /K3 (1222 0 ) #POL/ (K2KKD) +KW/H=H) =2« * (KS/ ( (PO4 %% 3, )
e )2 b)) ) xwya2 o
lr(\—C)éauvo7uoaab
£ PUEZU1¥Pui
U 1V Acu
U FRALTZPUL
PU4G=POLHFRACT
33% Y= (. %Pugte, *n*rug/h5+(ﬁ**2 Y*RPOY/ (K2*K3) +Ky /H=H) =2« *(KS/((POQ**K )
o) Lupi) )y . 2 . .
1F (Y=C) 34093700550
MU PUGSPUSHFRALT
GO TJ Vi35
5U 0 Puad=pPO04=FiALT
FHALTZFRACT+0.1
TLORPOGGEROGTERALT
I (n=5) 000 r 5600 570
ol  iviv=idntl



E9

Gu T0 335
37U  HPU4ZH¥PO4 /K3
HePOYZH*HPOL /K2
HoPUL4=H*H2PUL4 /K]
ACIL(U) =34 xh3P0Y4 24 *H2P 04 +1{POG+H=OH
AMClu+1)=AMC(J)1+0.1
IF(ACID(J)-MINALD)371v371r372
371 Ju=uJti
372 1#(AC10(J)—MAAACU)373 391,391
978 i LAMCUJ)Y —MAXAMC) 3743910391
o974 Ii=11+1
o590  CUNTINULE .
; *444*********4t***t****¢*********¢***************t***
- PLOT PH LINCS :
Jvl CALw PPLUT(Q'—ALID(JJ)I—AMC[JJ))
i1=11-1
Du 992 J=udr 1l
CiabL FPLOT(gr—ACID(d)'-AMC(J))
292  CONT liuE
4uu Cuivt INUC
vabe FPRLOT (39 U0er04) .
*4*41*4*******;********¢*¢***************************
CALCULATIONS TO PLOT ALKALINITY LINES
AL (1) =M1 pAMC '
Lul=i
UG 499 JZ1eliA _
AK A R b KR AR KR ¥k A0k A K K Ak b Ak 3 ok Ok ok ok ok ok 3 ok Sk Kk ok kA kR Ok
CALLULATIONS TO PLOT LOWER HORIZONWTAL :
Lo OF ALKALLIWNITY LINE
L=y
ALZSHLK (J)
NN '
li=1
CIFGLuC=1)40205020401
wul HCIU(l);NAXHCU
LL=1
wueg Ju 490 Ii=13000
NN
tha=1
Ir(il=1)403e41709470
auS  CnziaL=nnc(I)) /72,
1=l /(1lUustxye)
U4  UhSRy/H
Puq—(Kg/((Ln**g.}*un))**o 333
CYZ3ekPOYHZ e AHFPOU/KOH (POY xH* 224 ) / (K2%K3) +0H-H
IF(Y=AL) G406 e4U9r 405
ou TO 4d4
4uu FrACT=H
407 H=1idFRACT
O =K /i :
Poa= (KS/C(CA*XS, ) %x014) ) 2% . 333
Y3 #P04+2 o * {¥POU/KS (POYXH¥ %2, )/(Ka*K3)+OH -H
. IFCYy=AL)Y 407 e090e403
40 H=h~-FKACT
HINENIt L
FRACTZ01#FRACT
 Ir Geii=0d 307 r8437,409 '
4y ACIu(l)—(j.*PuQ*d**j.)/(KL*KZ*K3)+(2 *POQ*H**g.)/(K2*K3)+(H*POQ)/
‘.ho+h—Kh/H



410

bll
4ie
413
414
415

blo

it

G418

41y

YU

4l
HAu

44U

DU

460

+tod

+Ld

ST

= tb
L 108

“tu

Elo

IF(ACID(I)-MAXACD)411r411410

rut=g

ACIUL(1)=MAXACD

QU 10 117

IF(lI l)@l&vﬂldtU15
=ALLL(L)

Y:[H"AC (1 ) . '

IF(AMCCL ) =maXAMCI 4145000500

LECII=1)41604106 415

Li=ul+1

IF(ACID(I-1)-ACID(L)=0e005)B16,417v 417

AMC(I+1)zZAMC (I) 4001

1izli+1

Gu 1V 439u . , )

AR R AR K EF E R AR R RS E R KA R R R RAR R AR KRR kR kAR KRk *

CALCULATIONS TO PLOT VERTICAL LIMH

OF ALKALIWNITY LINE

<

LiL=1
Ni=1
AZACLL(L)

1=l e /71U % 5,)
Y= (AL=Ku/Zn+i) #( (3, *(h**a ))/(K]*K2)+2 *H/K2+1.)/(3.*K3/H+2 +H/K2)
+Hh=ny/h ,
lt(1~h)4¢0r460r419
11=Je 1¥h
v U 4ip
Fract=H
HZH+FRACT
(2 (AL=Kw /i) A (3o (19220 ) ) /(K1 *¥K2) +2 . %}/K2+1.) /(3. HK3/HE2 . +H/K2)
=K/ H
IF(V=A)425r460 440
HaH=FRACT \
FRACT=U«1xFrACT
a=HrFRACT

‘ltcwn-qiubu.ugu 460

rann—isut 1

wu 10 Lo0

Pob= (AL=Kw/ii+iH) /(3. +2 *H/K5+(H**2-)/(K2*K5))'
CH»(KS/((PU#**Q.)*(AW/H)))**U 2 :
AriC (L) TAL-2. %CA )

1k CAMC (1) =MAXAMC I 461 15009 500

IF Ca=MInNACL)SHUI P HO0 402

Ir(al- l)HUD'HUJ'qu

1Izil+)

ASACIDC(L)

Y=zamC (L)

Gu 10 465

CIF (ARG (E=1) =AiC (1} =0+ 005) 4652870 v 470

ACIL(E+1)=ACID(1)=-0.01
G 10 490 ‘
*444*****4**4*&4+#4***#4****4************************

CALCULATIONS Tu PLOT UPPER HORIZONTAL
- ibMe OF ALRALINITY LINE

LL=e

LA (AL=AMC (1)) /2.

Ivie=d
Ori=oUe
THZK& /11

Pod= (hS/Z U(CAx%5 ) x0H) ) %0, 333 : ’ :
-u-*P04+2-*H*HuqlKé+(Poq*h4*2 )/(KZ*K3) +KW/H-H



471

472
475

474

470

75
GYu
u

Huu

491

4ey

c

J1lu

200
e }e)

o4y

Ell

IF(Y=ALI4T72470r471

OH=0OH*U .9

60 TO 470V

FrRACT=0r h

UHZUHHFRACT

H=Kw/0H .

POYUS(KS/ ((CA*¥%5.) 200) ) %% .333

Y234 %042 o %HAPOY/KIH(POYxHX %24 ) / (K2%K3) +KW/H~H
IF(i-AL)4151476v474

Qit=0hH=FxnCT

CFRALTZ0. L+FRACT

WIv=N+ L

L (nid=0) 475047004706

COoNtIhue
ACIU(1)Z(3e4P0G¥H*¥34) / (K1AKZHAK3)+ (2. %POUuAH%#24) / (K2*¥K3) + (H*xPOY ) /K
« 2+HH=KW/H

IFCAMC L) = INAMC)IBU0 500 475

ApC(1+1)=AMC(TI)-0.02

CONI INUL .

ook Ak oK KK R Aok KR R Aok o Ak KK KO ROk o ok oK K ok R K ok ok K o oK oK ok K KKK K & K
PLOT ALKALLWNITY CURVE

CALL FPLUT(éo—ACID(l)'-A»C(l))

Cdusdu=-1

UG a9l 1=1r0d '
CALL FPLOT(L'-ALID(I)O-AHC(I))
CUNTINUC
L=
CunT iNUL
CALL rPLUT(ovU.oU ) ‘
T A A RIOE ok A AR K kR ROK R K R R KR R F R K0k A ok kKK b ok ok ok b ok Kk ok ok Rk
CALLULA]IUNL FOr CALCIUM LINES
{i1=4
Juz 1
JuU oJdU 1z=1eiC
ACIU(L)=MINACD
LALZ=CAL(L)
JU 590 J=10500
Hin=1 :
AZACID (J)
i1=1 .
Puqz(ha/((QAL**b )*(KN/H)))**O 323
Yoo kPO (%34 ) ) /LKL AR2¥KI )+ (2 % POY % (H*¥ %2, ))/(K2*h3)+H*P04/K3+H
e=Kw/ii : .
Ir(l—A)DJU'DSbOJZO
H=0 e 14K )
Gu 1L 510
FALT=H
HZHAFRACTY
pb“—(r\_)/((Lr\L*"Jo)*(KN/H)))*TD 333 “
Y=(3. *Puu*(n**,.))/(Al*Kavh3)+(a *POLyx (Hx %2, ))/(K2*K3)+H*P04/K3+H
e =KV /ti
IF(Y=A) 93515552540
H=H=-FRKACT
FRACTZ0 e L4FRACT
LE (=40 55005500 555
WS+ '
oU 16 355
ALK-Jo*V04+4-*H*P04/K5+(H**Z )*POq/(KZ*Kz)
.'H'\V/H"' . .
AmClu) = ALK- *CAL



el
Hol

sbe
209
vby
dY9u

2UH

99

LUl

El2

IF (AMC LU) =MiNAMC) 595+ 595560
IF CAMCUY) =MAXAMC ) 563¢ 5639561
NABz==#4 INACU*10,

IF (11-NAEZ)S6215621595
NNESNES1 .

IF (ACID(U) =MAXNACD) 56405959585
ACIu(u+1)=ACID(U)+0.01
L1=11+41

CulT IUE -

Rt 4o ook Kk kb KK Rk ok R b F ok b ok ok kK koK KR K Sk ko Aok ok F Kok ok koK
PLOL CALCIUM LINES

SCALL FPLOT(39=ACID(JJ) r=AMC(JI) )

I =N N

U0 299 Jx=JdJdell

Chil FPLOT(2¢=ACID(J) v =AMC(U))
CUNT iNUL

li=)

Ju=y

Culil live -

CabLi. FPLOT(5r0erU)

Ciatue PERKUD(Der=3.)

©1 0K

Y



laNal ol o

[ o

C

o n

1

3]
S

¢**+*n***4*44******xt*****t**************************
PRUGRAM PLOTS THE DIAGRAM FOR

Ql-LALCIUM PHOSPHATt =-CAHPQOU4 .
ok kb ok o ok ek ok ok R ok R A K Ak ok oK ok o ok ok o ok o K K K ok koK K ok R ok Ok

REAL KWeK1rK2¢K30KSeMAXAMC # MIIJAMC MAxACDvMINACD
DGUBLE PRECISION PO4+FRACTH»Y,CoOH
DIMENSION Pri(50) sALK(50) ¢ CAA(S0) »ACID(3000) s AMC(3000)

AR KA R K R KK KR K R R KOk K K RO K AR KKKk KKk K

F1RS5T DATA CAROD:DIAGRAM LIMITS
RZAU(B e 7) MAXACD s MINACD ¢ MAXAMC » MINAMC

. FORMAT(4F10.3)
whERE:MAXACL= PUJITIVt(ACIDIT\)

MINACOSNEGATIVE (ACIDITY)

MAXAMCZMAX (ALK=2CA)

MINAMC=MIN(ALK=2CA)
****}***4**#******#***#******************************

 SeECONL UATA CARDINO.OF PHesALK AND CA VALUES

RLAL (B r4 ) PHe NA P INC
FORMAT (31 2)

**#4**4*#******4**#4***4#**‘1***********1*****##1****

TiilkD DATA CARD:10M1C STRENGTH
ReAu{srolu .

FORMAT(F10.4)

AR R KK R AR OR KR AR E RO b Ok K ¥R R R K KK K KR Ok KKK KK
DAHTA CARDLS FOR P VALUES

bu 10 1=1.543PH

Kebuw (s e9)PACT)

FOMAT(FLU=4)

CuinT InuE

AR A AOR AR A ¥R K 0K kR R OR R o Kk KOR R R ok Kk Rk kR R kKK
DATA CARDS FOR ALK VALUES

iy ASCLLDING ORutR

Uu 20 I=1e0in

RLAD(E015) ALK (1)

FURMAT(Flued)

- CONT INUL

**x*******4***4****4*****4*4*1**#*#******************
DATA CARDS FOik CA VALUES

IN ASCENDING ORUER

JO o0 i=1s4iv
KeAu(gres) CAACT)

FORKMATIF10..4)
CuivTiivle
*14*******l****#*##*i*****4**************#***********
CALLULATTIvG MO0 D1I+TIRI VALENT ACTIVITY FACTORS

SUsTive DAVIES t}UATIUN '

UiZu**xUa.bH
Fl1=4eS5*x((ur/7(1+Ul))=0.2%1)

CFT=1e/ (iU *4FT)

Fusce*x((Ul/A(14Ul))=0.22U)

Fu=ie/l1ie®xxFD)

Fiamue 52 ((yl/ (1+Ul) ) =0.2%U)

rm-;./(lU **Fm) .
******#********1*********t***************************

EGULLIBRIUM CONSTANITS

PRL=2.14

PK2=7.20
PR3T12095
PRS0

E13



[ )

[ o

deb
2eH
Jau
W39

SHU

o6l

370

) El4.
PEKW=14+00

R S e e T T T T I I

CONVERT PK VALUES TO K VALUES :
KSZ11a/ (10 #PKS) ) %104 %%5

KR1=(1.7010e»xPK1) )} %1000,

Ke=(1e/(10%%PK2)) %1000,

Ko=(1e/(20Ue*%PK3)) *1000.

Ke=(1e/(10ex*xpPKy))*x10:%%6,
*4*4****1***********k****#*****4********#************

CUNVERT K VALUES TO ACCOUNT FOR ACTIVITY

CK1=R1/ (Fiax2,)

Ko=ne/Fu

KOoSK3*FU/(FM*FT)

AvIEKw/ (Frrxg,)

KRSSRS/(FD*%x2)

A AR 2K R Ak A K R R KK AR A KK A0b R o o K R R OROROKOR o o sk ok K KR A K
PLOT LIAGRAM OUTLINt

aL= ‘TOU i

Cili bLnLF(JCoSCv—Z Se=1.0)

WIMAZ GiaxACU=MLINACD) /0.1

NIMYS (MAXAMC-MLINAMC) /0.1

CALL FGRID(Uo-MﬂXACDO—MAXAMCOD.10NTMX)

CALL FORID(Lr=4IiNACD r—MAXAMCr 04T NTMY)

CALL FORIS(Zr=mMINACD e —MINAMC rGelr NTMX)

CALL F‘\SKIU(.’)o—i"}AXACUrff~"|1{\iAi\1CoU.l!NTMY)

Civkre FOGRID(U»r=MAXACUP O rDelr NTMX)

Call FORID(1+U0e v =MAXANMCrOae1e NTMY) _
R e e Y L L T I I I T T T I LI
CALRULATIONS TO PLOT PH LINES |

Chbi CPLTIWMEL2D)

ve L0U 1Z1eiPHd
“k'i(o i 1 ) :1{;1 HHMC

CHiiNEL

Pii=PH (1)
=001 . /(1u.**PHH))/FM)*1000.
Ori=nw/ri - :

i1zi

JJ=1

PL4=100.

Uu S9U u=1¢1000

=4

Pud=luUe

C:l"\:\'ic ( d) . ’
r=(oexPuy+2 .*n*Hou/h3+(H4*¢.)*Puu/(KO*K3)+Ku/H H)—z *KS*K3/(H*P04)
IF (1=C)330r 5700325

Put=Q. 1*!94

Tou 10 320
FRACT=PUG

PUd=PUGHFRACT

1= (oeduy+2 *H*VUQ/K5+(H**do)*POH/(hE*K3)+hW/H H)-2. +KS5*K3/ (H*POY)
Ar(r-L)JquJTGréoo

Pubk=pPUu+FACT

ol U 235

Pud=PCO4-FRALT

FRACTZFRAC 401

PLU=POG+FRACT

IF(NN“b)JbUIJDUvJ7U

SNt 1

GU TO 335 '
HPO4=H¥POU/KS )



574

572
73

574

550

-y 1

g2

Ui

ue

vy

v

11
1l

iy

15 -

El5

HePUG=H#HPOL /K2

H3PLUG=H*H2PO4 /K1 ‘

ACIU(JUI=3 %H3PO4+2, *H2POQ+HP04+H-OH
AMC(U+1)=AMC(J)+0.1
IF(uClD(J)—MINACD)371:371'372
JusJdd+l
IF(ACID(J)~MAXACU)573'391'391

IF (AMC {u) =MAXAMC) 37403919391
[r=il1+1 '

CONTINUE _

A AR KR b AR OK A Ok KKK KKK A R R K K K KKK ok o R KR KOk ok kR ok KR Kk K
PLOT PH LINLS

Cili FPLOT(J:-ACID(JJ)'-AMC(ud))
lizii-i

D0 292 J=JdJdrll ,

CaluL FPLOT(¢'-ACID(J)p-AMC(d))
CunTInUE

WhITE(5e21) 1A

FORMAT(LOXeE10e4)

CONT INUE

CALL FPLOT(3¢0e00.)

A b AR KRR AR KK KKK Ok K KOk R ok A OK OB K K R K Kk 30Kk ko K Kok KK K K

CALCULATIONS TO PLOT ALKALINITY LINES

CARCUL) =M LANMC

LuC=1

00 499 uZ1NA

A0 A AR AOR R A KK A RO KK KRRk K OR KRR KR KRR AR KR R Rk Kk
CCALCULATIONS TO PLOT LOWER HURIZONTAL
Lilo OF ALKALINITY LInL '

wl=o v

AL=ALK (J)

Ju=a

1i=3

WFLUC=1)u02 404Ul

ACIL (1) =AXACU

wi-1

Lo 490 I=1,300U

Jusudtil

fan=1

IFCLi=1)4030417v470

CAaS(AL=-AMC(1)) /2

- U0e=RS/7CA

AZHPPOW /N2

322 ¢ *HPOG=AL

C=o e FKIFHPOLHK Y
H’(-b+(b**2o—‘+.*A*C)**0-5)/(2.*/-\)
PU4=K3*iiP04 /4

ALIDLI) S (Se*xPudkH*%34 ) /(K1 4xK2AK3) +( 2, *Poq*w**g )/(Ka*K3)+(H*P0u)/
eKStH=KwW/H .

Ir(ACIU(I)—bAXACJ)hll 411,410
Luc=g

ALIU(1)=AXACL
LU 10 447 ,

11T -1)4)12e84120413
ASACIGLL) '

YoamC{1) .

1F CAMC (1) =MAXAMCI 41405000500

Ir(ii~ 1)416:410'413" :

1I=41+1

lr(AClD(l 1)-ACID(I) =0 UUJ)ul6v417 417



¢
‘

4lib

C

—

i

4

+

-

-

-

+

-

417

1y

19
Gl

4e5H
4ou

w4y

Sy
4ol
40l

doc
403

4ok
465

470

475
To
490

’SOU

'E16

AMCUI+1)=AMC(I)+0.01
I1=11I+1 -

G6U TO 490 :

A 2 b K AR OK A K K OK Ok K ok K R K ok KK K ok ko o sk K R KOk 3K Aok kK ok ok o ok ok ok ok ok ¥ ook ok ok
CALLULArloub TO PLOT VLRTICAL LIMB

- OF ALKALINLTY LIHE

LL=1 .
HiN=1

S AzZALLL(L)

H-le/llUekr3e) '

V= CAL=Ra/HHD A LLS o+ k%200 ) /(K1¥K2) 42 HH/K2+10) /(30 4K3/HE 24 +H/K2)
o t}Hi= ’\H/H

IF(Y=-A)420r4600419

H=G0«95%11 )

OU 10 Y%y

FrRALT=H

HZHAIFRACT

Y= (AL-Kw/H+n)*((5.*(H**2.))/(Kl*K2)+2 *H/K2+1.)/(3 *K3/H+2 +H/K2)
ot uJ/H .

lr(Y-A)QEerbODQQO

H=H-FRACTY

FinhCTZ01xFRACT

HolH1FRRACT

Ir (NN=-4)450r4500 qéu

WHENNTL

GL v 44l

PUQ—(AL~hw/h+H)/(é T2 ¥ H/KZ+H(H%%2, )/(KZ*KS))
CA=(RKSAKZ) / (PO4#i)

I-\:.L‘.L) HL=c « *CA

IF CAMC (1) =X AMC) 464 15000 500

I (A=-MINACD)SLU P00 402

IF{1I=-1)4631 4550464

Li=lI+1

A:ACID(I)

Y=hAWC (1)

w0 10 465 ’

1IF (AamC (1= 1)-AMC(I)—U 005)405-470 470

ACLIlo(I+1)= ALlu(I)-u 01

GG U 490
#*****14**##***4**t*****#**4***##********************
CiaLCULATIONS TO PLQT UPPER HORIZONTAL

LiMb OF ALKALIWITY LINE

L=z

LM—(AL-AMC(L))/do

HPO4=KS/CA

A=ZHPO4L/ ke

B=2 ¢ ¥hPUY =AL

Co3 e ®#ROH*NP UG K

tH= (=5 -(b*#c.-q *ArC)*%x0.5) /(2. *A)

PUH-(KJ*hPUQ)/d

ACLUCTI)Z (3 *POd*H% %30 )/(AL*K2*K3)+(£ ¥POG kH* %2, )/(K;*K3)+(H*Dnu\’”
e 3+H~ "\\./h

IFCACIO(I) =mINACD) 50005000475

IF(AMCLL ) =MmiMAML)Y S00»500r470

AMC (I+1)=AMC(I)-0.02

CONIlivue .
***4*************4«*************»******************** :
PLOT ALAALINITY CURVE _

CaLL FPLOT(U'-MCID(l)'-AMC(I))’

Ju-dd-l '
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DU 491 I=1rJY
CALL FPLOT(2+=ACID(1) +=AMC(I))

491 CONTINUL N « )
LiL=0u '
WRITE(Her22) AL

ée FORMATCLOXPE1G.4)

459 CUNTINUE
CALL FPLCT(3¢04004)

¢ AR A R ROR K ROR R 3 K A HOR R A K RO ¥ K K K 3 AOR KOk 30K o K K ok b ok K oK ok ok ok
C ChLLULA!IUNa FUR CALCIUN LINES .

Li=]

Ju=1

DU 6uUU 1=154C
ACTu (1) =pMINACD
CAL=CAAL(I)
WhITE(S»23) CAL.

29 FOkAT (10X 10 4)
DU 090 Jz=1500
Nin= 1 .
AZACLG ()
HPO4ZRS/CAL
i1=1 '

U PUZK3+NPOY /R
Y—(a.4vuqt(H4*o.))/(Kl*hatK3)+(a *POg ¥ (Hx%2, ))/(Kz*K3)+H*Pou/K3+H'
o =W/ il
It (v=n) YK3U155%5r524

el AT ue 1R

) ou [V 51u

D3 FanlT=H

o4 HEHHFRACT
PUGZRKI*AF G4/ H
Y-(a-*Puu*(s**J.))/(Kl#K&*n3)+(2 *POu*(h**Z.))/(K2*K3)+H*POQ/K3+H,
o =i/ 1
Ir Cv=R) HL3L15551540

S iSH=FRACT
FRAUTZO « 1 #FHACT
IF =4 ) 550 e 5500 555

ooy NHZNN+1

40 509
DYo HLK J-*HOQ+c-4d*HOW/KJ+(H**Z.)*PU#/(hz*KS)
0+f\'n / H= s

ApPC LU ALK —c « #C AL
I (AC(U) =MINAMC ) 5950595 500
S0l I (aMC L)Y =HAXAMC) 563156371561
hol NAB == I MNACU¥1G .
IF{LI=HNnlzZ)562r5621595
Soud  JJTudtl '
Ded Ir CACLUL(U) ~ARACD) 64 15459 595
368 ACIul(J+1)=ACID(UY+0.01 '
il=il+i
290 Culi inNUw ‘ ,
******t*#**&**t4**¥******#*ﬂ****4********t***********
PLOT ChALCluM LINES -
Hyb Chl FPRLOT(or=ACID(JU) r=AMC(UJ))
ll=1(-1
DU 599 Jd=JJdr Il
CAaLu FP;UT(&:—ALID(J)'-AMC(J))
171" L0u11NUL
1i=i
SdJ=1
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Cuiv i LNUE
CALL FPLOT(3+0++0.)
CALL PENUL(3.r=3.)
S10rk -0
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APPENDIX F

PROGRAMME FOR CALCULATING THE
SOLUBILITY PRODUCT OF BETA
TRICALCIUM PHOSPHATE AND DI -
CALCIUM PHOSPHATE
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PKOVRAM FOR DETERMINATION OF SOLUBILITY PRODUCT

2K A ok Kok K kO o ok K R o AR Ok K AR K ko K sk ok 0K Kk K K 0K K Kok ok K

REAL K1rK2rR3rR41KSPLIKSP2/K111K221K350 Kbt s MGCA» MGALK s MGP r MGCAP
DOUBLE PRECISION PO4'PTrPTCrH2POL » HPOU » FRACT . .
DiMENSIUN CACL10G) vPH(L00) » T(lOu)'MGCA(IOU)oMGALK(luO) MGP(100)o
LHbCuP(lUU)'}(lUU) .

REAL(8PLIU) N

1y FulkmAl ()

KEAL(E1S) (CACL) sPHCI) »PT (L) ¢ MGP (1) ¢ MGCA(TL) ¢ MGALK(T) »MGCAP(I) »
zi=1ed) .

i) FURMAT(7FE&+4)

e

ARIIE(DrZ20)
2u FORmAT (1H olUAv'RKbPl'olux"PKSPZ'o10Xv'U"10x"CA(I)'v10Xv'Pou"
SLOXP YHPUL ' 110X YPH' 110X 'PT ) .
DU U 1=1wiv -
A Ak KK KR KK K KR KR R Rk R Kk KOK ok K ok K ok % ok o K ok K K ok ok KOk Ok
EwUiLlohIud CONSTANTS |
Ki=7.1
Ke=0UeUGSI
r\é = //(1[}0**16.))
KRGZ1e99/ (1Uar*y) .
ok ROR R R AR A K 3 kK Ok KR R Rk KR Kk R KR A R sk K oF R Rk R K ok ok kKK
CalCULATING TOTAL DISSOLVEL INSCOLUBLE SOLIDS
Tulbzzqiﬁo(l
FOISTTUISHMOALR LI ) +MGCA(TI ) +MGP (L) -MGCAR(])
***4**********##*******#****#****************
CALCULATING I0ONIC STRENGTH '
U (o710 x5) ) *TULS
b ¥ o KK KK K AR A Kk K R R KR KOR KO KO K ok Ok K ok ok ok ok bk koK ok ok ok
CaLte MUNOPDI+TRI VALENT ACTIVITY FACYORS
ULlZU¥*Ue b '
FTShebn®((1/7(1+J1))=-0.2%U)
FI=1eU/7C10eU**FY) :
FU:CQU*( (Ul/(l+ul) )_UOZ*U)
FuZi1eU/ (10 0%%F () v
Frizpeb*x((yl/7(1+uUl))=0. 2*U)
Fro=le0/(10eUdxkii)
B A R R R R AR A KA R ok ok o R ok K kA ok sk ok ok ok kKR K ok K
AYJUSTMERT GF K1r K2 K58KY
K11izK1/ (Fuix42 ) :
KezZKe/ (Fx%2)
KOdTKI/ T H42)
KGU=KY4/ (Fux*2)
*4****4;*1*r**4**¢*********************#*****
LHL\—o_h
ACI)=(1 a7 (010 exkprilI)) #F M) ) %104 04%3
#*a#****************#****#******#*4**********
Catlulaiive PO4
POy PT(1)/(n(I)*+3/(Kll*Kza*K33)+H(I)**2/(K22*K33)+H(I)/K33+1 0)
AR AR AOR KR R R R R KR AR ROk Ok Rk O KRk
CONVERSIUN OF #i4OLES TO- MOLES
Prei)zpiti) /(10 x*3)
KL11ZK11/(1U«*%0)
Kel2ZKe2/ (10« %%3)
KOBZRIZ/ (1ue k)
PULZPOG/ (16 e%3)
SCALIIZCALL) /(LU %%3)
'*»*»4:4***4**********t***t**;*********;
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LL=1 )
10u APO4=(1 (1) *P04 ) /K33
HePugz GI(I) #HPOY) /K22
CalPrOouz={(CA(I) *APOY) /KUY
P1C=PO4+HPU4+HEPOL+CAHPOL
IF(PTII)-PTC) 110:200';20
110 PLYZ0.9%P O ‘
Gu TO 1ud
1ct FRALT=POY
15u PULh=PUY +FRACT
HPOUe=(HL{L1) #P04) /K33
HePUulb= LHIT) 2 HPO4) /K22
CANPO4=(CALL) *xHIPLY ) /K4 G
P1CSPO4ThPOY +i12P04+CAHPOG
IF(PT(T)=PTC) 14002000130
14 J LL:LL+1
IF (LL=%) 150r200e2U0
L OuU Puy=Poy=- FnAL]
FRACT=Z0s1¥%FRACT
GO 10 130
U CoiniInuc
*4*****#*******1****#*********i*#*4**********
. Cablle SULLBIULITY PRODUCT JF (CA)B(PUYIR2
Kob1i=(CA(I) %x3) %« (PO4**2)
KoP1IZKOFLI# (R Ux*3) # (FT+%x2)
PRSF1I=(=1.)#ALUS10(KSP1)
IS LT TSRS SRS B S ES ****4**4-’##f****%**********4***4_*
. CALC. SOLUDILITY PRODUCT FOR (CA) (HPO4).
ROEZCA (D) xHPUY
Ko eTROP e (FL*42)
PRSP2E (=14 ) ¥ALUGL0 (KRSP2) -
anlTE(Le21) PKSPLvIPRSP2r U2 CACI) v POU 1 HPOY » PH(I)ePT(I)

1 FORMAT(OX eElUede4XrELD 4!4% E10e4r3XKrE104e3XrE10.4¢3XeELD Q'
GAXrlUGLH e 3K ELU4)
Hu - Cundidivut | :
STUP
Eicu
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