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ABSTRACT

An experiment was carried out at the Rondebult sewage purification works, regarding
the use of underground mine water with a high iron content for phosphate removal
from sewage effluents, to comply with a limit of 1 mg/4£ soluble orthophosphates in
the effluent.

The theory of iron phosphate precipitation is discussed and reference made to
phosphate removal plants in Wisconsin, U.S.A. Iron and aluminium salts did not
seem to harm biological life on the filter. The dosing of mine drainage appeared
to inhibit nitrification, reduce the pH increase through the filters, increase TDS
by about 500 mg/£, but an equivalent dosage of 20 mg/f Fe maintained the final P
below 1 mg/£ at a cost of 0,1 c/m3, one-tenth of the cost if chemicals had been
used.
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INTRODUCTION

In terms of Notice No. R1567 published in the Government Gazette dated 1 October
1980, Section 21 (1) (a) of the Water Act of 1956 has been amended, in that the con-
centration of soluble orthophosphate in sewage effluents, discharging into certain
specified catchment areas, has been limited to a maximum of 1 mg/f expressed as P.
The object of the amendment is to abate eutrophication of the receiving bodies of
water.

Chemical and biological methods can be applied for removal of phosphates from sewage
effluents. Chemicals commonly used are ferric chloride, aluminium sulphate and lime,
in which cases phosphates are precipitated as FePO,, AlPOy or Cas (OH)y (POy)3,
respectively. 1In order to reduce phosphate concentration from 10 mg/£ as P to less
than 1 mg/f with chemical treatment, the cost for chemicals will amount to approxi-
mately 1,1 c/m® of effluent treated (Stover, 1981).
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An attractive alternative to the abovementioned chemicals is the use of acid mine
drainage (AMD) which is rich in iron content. Where such mine water is available
at a reasonable distance from a sewage works, or from part of the sewer system
draining to the sewage works, iron can be added to the sewage simply by piping the
mine water to the sewage works, or alternatively, to a nearby sewer draining to the
works. Several ad hoc and laboratory-scale investigations using acid mine drainage
water for phosphate removal have already been conducted by the NIWR in collaborat-
ion with outside organisations, all with promising results. Concern was however
expressed about the possible effect of iron sludge deposits on the biological
filter media and a literature survey was conducted to clarify this aspect. From
this survey it was concluded that no adverse effects have been reported from
various sources where iron or aluminium salts have been dosed onto biological
filters. A second ad hoc investigation was conducted at the Springbok coal mine in
the Witbank area where the sewage works consisted of two biofilters operated in
series. The acid mine water in this instance resulted from rain water seeping
through the mine dumps. The iron in this water was present in the Fe®t state and
the water had a pH value of approximately 3,0. Blending of this water with the

raw sewage confirmed that efficient phosphate removal was achieved with no adverse
effects on the nitrification of the biofilters (Maree, 1979).

The Rondebult sewage purification works of the Germiston Municipality has a main
outfall sewer which passes approximately 1 km from the ERPM Gold Mine South-west
Vertical Shaft. At this shaft some 33 000 m® of AMD is pumped to the surface daily.
This water contains on average 617 mg/f of Fe?*. Officials of the Germiston City
Council, in collaboration with the National Institute for Water Research, decided
tc investigate the possibility of utilizing this mine water for phosphate removal
at the Rondebult sewage purification works. A pipeline of 200 mm diameter,
approximately 1 km long, was laid from the mine to the main outfall sewer and this
work was completed during March 1981.

The main objectives of the investigation were to determine the efficiency of
phosphate removal and the possible effect that the dosing of AMD might have on the
biological filters regarding nitrification, COD removal, possible drop in pH values
and the effect on the volume of secondary sludge.

LITERATURE SURVEY

Ghassemi and Recht (1971) investigated phosphate precipitation by Fe?t in the ab-
sence of oxygen. With an initial phosphate concentration of 12 mg/f£ and the
equivalent concentration of Fe?t, 97 % orthophosphate was removed after one hour at
a pH value of 8,0. The precipitate formed, was vivianite, Fej (POy)2.8H20 and the
following reaction mechanism was suggested.

Fe’*t + H,0 = Fe (OH)* + HY
Ht + OH™ = H,0

Fe’* + 20H™ = Fe (OH),

2

+ - -
3Fe (OH) " + ZHPO“ — Fes(POq)2 + 2H20 + OH

3Fe (OH), + 2HPO,”? ___y Fe;(PO,), + 2H,O +40H"

From Fig. 1 it can be seen that Fe(II), in comparison with Fe(III) and aluminium(III)
has a very narrow pH range for phosphate precipitation. At neutral or higher pH
values Fe (II) oxidation is rapid and the result at Fe(III) has a broader optimum pH
range for phosphate precipitation. The pH dependency of the orthophosphate pre-
cipitation with hydrolysing cations can be attributed to the solubility of the pre-
cipitates which form and the competition that exists between the hydroxide and
orthophosphate ions for reaction with the cations.
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Fig. 1. Precipitation of orthophosphate with Fe (II), Al(III) and Fe(III)
at a cation to orthophosphate equivalent ratio of 1,0.

Original orthophosphate concentration = 12 mg/& P Na HPO, .
Since Fe (III) effects better phosphate removal than Fe(II), it is necessary to give
attention to the kinetics of Fe(II) oxidation. In the Rondebult experiment Fe (II)

needs to be oxidised to Fe(III) for maximum phosphate removal.

The rate of oxidation of the Fe (II), by means of oxygen in a bicarbonate buffer
system, is given by

-a[re (11)l _

= [x Fe (x1)][on~ [0, ]

Where the brackets represent concentrations in mol/ﬂg.

The value of K at 20,5 °C in a bicarbonate buffer system is 1 x 1016 mola/min.
From this equation it is clear that the rate of Fe(II) oxidation is greatly depend-
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ent on the pH of the solutions as well as on the concentrations of the Fe(II) and
the dissolved oxygen. Consequently, in the presence of 0,5 mg/f of dissolved
oxygen the half-life of Fe(II) is 7,5 hours at a pH of 7,0 and 4,5 min. at a pH of
8,0. The corresponding half-life values for a dissolved oxygen concentration of

5 mg/f are 45 min. and 0,5 min. respectively.

The influence of pH on the oxidation
rate is clearly demonstrated in Fig. 2.
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Fig. 2. Oxidation rate of Fe(II) is directly proportional to the Fe (II)

concentration and is strongly influenced by pH (Temp. 20,5 °C).

According to Ghassemi

(1971) no data are available concerning the oxidation of Fe (II)
in waste water.

During the treatment of waste water with Fe(II) in the presence of
dissolved oxygen the hydrolysis reaction of Fe(III) interferes with the phosphate

Downloaded from https://iwaponline.com/wst/article-pdf/15/2/155/95454/155.pdf

bv auest



TABLE 1 Summary of Phosphate Removal Treatment Plants in Wisconsin, U.S.A.

Aver. Treatment . . Total P (mg/L as P) .
flow plant Chemical dosing Comment removal
ML/4d Influent Effluent
521 - AS Chem-biol/PL (Fe:P = 2:1) 5,6 0,4 92
125 1 out of 11 AS Chem-biol/PL (Fe:P = 2:1) 4,0 0,9 78
72 17 out of 17 AS (Step Primary/FeCl, (Fe:P = 1:1) Polymer 10,1 1,3 87
aeration) added
19 13 out of 13 AS Primary/PL (Fe:P = 1,5:1) 7,5 1,5 82
13 0 out of 2 TF/AS Primary/PL (Fe:P = 1:1) 8,7 3,1 64
8 5 out of 5 AS Chem-biol/PL (Fe:P = 4,5:1) 5,9 2,3 61
7 0 out of 12 AS Primary/PL (Fe:P = 1,5:1) 10,7 1,6 85
5 4 out of 4 AS Chem-biol/alum (Al:P = 2:1) Polymer 4,4 0,2 95
added
5 8 out of 8 BF Primary/PL (Fe:P = 2,5:1) 9,4 4,3 54
4 0 out of 1 BF Primary/sodium aluminate Polymer
(Al:P = 1,2:1) added
4 11 out of 11 BF Na-biol/alum (Al:P = 1:1) 9,2 3,3 64
3 6 out of 9 AS Chem-biol/alum (Al:P = 2:1) 9,3 1,4 85
2 1 out of 7 BF/AS Chem-biol/alum (Al:P = 1,2:1) Polymer 19,8 2,2 89
added
7 out of 7 BF None 9,6 7,5 22
1 13 out of 14 BF Primary/FeCl3 (Fe:P = 3:1) 6,1 1,7 75

Chemical dosing indicated in terms of metal to P on weight basis

PL

Pickle liquor with dissolved Fe (II)

BF Biofilter

AS = Activated sludge process
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160 P.H. van der MERWE, J.P. MAREE and N.D. BASSON

precipitation reaction. 1In this case the phosphate precipitation will differ from
the case where Fe (III) and Fe (II) (in the absence of oxygen) are used as phosphate
precipitators.

Table 1 represents a number of activated sludge and biofilter plants in the State
Wisconsin where chemical phosphorus removal was applied. It is evident that
phosphate removal in the activated sludge (AS) plants was significantly more effici-
ent than for biofilter (BF) plants.

Derrington (1973) found that when chemicals were added before the final thickener
(after a biofilter) the quantity of sludge was doubled, but that after drying, it
could be removed in half the original time. Better results were achieved when
chemicals were added before the final thickener, rather than before the primary
thickener.

Davis and Ung (1973) asserted that aluminium sulphate posed no threat to the micro-
biological life of an activated sludge plant. Carter (1973) found that the meta-
bolism of the micro-organism was improved.

Barth (1969) investigated the removal of phosphate by means of dosing sodium
aluminate directly onto the filter media of a biofilter. The precipitation of the
insoluble aluminium phosphate thus occurred directly on the surface of the filter
media. No negative effects were found either as regards the physical operation of
the biofilter or as regards the biological layer. The effectiveness of the
phosphate removal, however, was not as good as in the case of the activated sludge
plant.

The acidity associated with chemical addition can be expected to depress the pH in
low buffered waste waters. A further reduction in pH also results from the nitrifi-

cation process.

The bacteria Nitrobacter and Nitrosomonas gave rise to the following chemical
reaction:

+ - +
NH, o+ 102 5 NO3 + 2HT + HZO

This means that 7,1 mg alkalinity (as CaCO,) is destroyed for each mg ammonia (as N)
which is oxidised.

Certain heavy metals and organic compounds are toxic to nitrifying bacteria
(EPA, 1975). These include Zn, Cu, Hg, Cr, Ni and Ag.

The optimum pH range for nitrification is between 7,0 and 8,0 (Stover, 1981)
indicating that for low buffered sewage the co-addition of lime may be necessary
with AMD prior to biological treatment.

EXPERIMENTAL RESULTS AT RONDEBULT

A simplified flow diagram of the Rondebult sewage works is shown in Fig. 3.

Average analysis of the final effluent and loading rates on an annual basis for the
period 1977 to 1981 is shown in Fig. 4.

An average analysis of the ERPM mine water is shown in Table 2.
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A, B — Primary sedimentation tanks
c — Activated sludge plant
D — Primary biofilters
E — Secondary biofilters
F — Secondary sedimentation tanks
C
Raw River
—— F

sewage

Fig. 3. Simplified flow diagram of the Rondebult sewage works.

TABLE 2 Average Analysis - ERPM Mine Water

pH Cond. TDS Zn Cu Fe
value mS/m mg/L mg/ L mg/L mg/L
5,5 418 7886 3,1 0,3 617

The iron concentration of the mine water has been reasonably constant for the past
three years except for seasonal variations.

AMD was introduced into a branch of the sewer reticulation system by means of an
approximately 1 km pipeline with a diameter of 200 mm . The rate of flow was con-
trolled by means of an adjustable valve. The effect of the AMD on the quality of
the treated sewage was monitored by regular sampling at various points in the plant.
The figures obtained were compared with those obtained before the dosing was started.
The samples were analysed for pH, COD, orthophosphate, NHQ+ and NO,~ on a daily
basis whereas TDS, alkalinity and Fe were determined on a weekly basis. Figs. 5

and 6 show the results obtained for the period February to October 1981.

During the experimental period the average ammonia value for the raw sewage was

30 mg/f as N. A typical spread of phosphate values over the various stages of the
works, both with and without AMD is shown in Table 3. Similarly the spread of COD
and Fe is shown in Tables 4 and 5 respectively.
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Fig. 4. Rondebult sewage works,

Average loading rates and effluent quality.
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Fig. 6.

Removal of phosphates from sewage effluent
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TABLE 3 The Spread of P at the Sewage Works with and without Mine Water

Dosing
With AMD (17,5 mg/4 Fe) Without AMD
Stages P mg/L % removal P mg/L % removal
g (cumulative) g (cumulative)
Date 6/10/81 . 2/9/81
Raw sewage 6,3 6,3
Primary sedimentation 4,4 30
Primary biofilters 1,9 70
Secondary biofilters 0,8 87
Final 0,7 +90 4,5 <30

TABLE 4 COD Values throughout the Works and without dosing of Mine Water

With AMD (15 mg/4 Fe) Without AMD
Stages
% removal % removal

COD mg/£ (cumulative) COD mg/L (cumulative)
Date 19/10/81 7/10/81
Raw sewage 2010 992
Primary sedimentation 1490 25 913 <10
Primary biofilters 239 88 177 82
Secondary biofilters 157 92 110 89
Final 118 94 98 90

TABLE 5 Fe Removal through Purification Stages of the Works

Stages Fe concentration % remov§l
mg/L (cumulative)

Date 29/8/81

Raw sewage 14,0

Primary sedimentation 9,3 33
Primary biofilters 7,5 46
Secondary biofilters 4,7 66
Final 2,2 84
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DISCUSSION OF RESULTS

Phosphorus Removal

From Table 3 it is apparent that progressive removal of phosphate was achieved
through the primary and secondary process stages resulting in a final concentration
of 0,7 mg/f as P. The biofilter stages accounted for most of the overall reduction
of about 90 %. By comparison the omission of AMD only achieved 30 % overall removal.
Prior to addition of AMD, that is, the period February to mid-April 1981, phosphate
values in the effluent ranged from 3 mg/f to 4,5 mg/& (Fig. 4). Addition of AMD
commenced in mid-April 1981 when approximately 30 mg/f was dosed through to 31 May
whereafter it was stopped for three days. AMD was again introduced for three days
and then discontinued for the period 6 to 15 June. Since the addition of AMD
started and including the periods of interruption, phosphate levels in the effluent
remained consistently below 1 mg/f£ P. From the period 15 June to 18 July 1981
approximately 45 mg/f Fe was dosed with phosphate values remaining consistently
below 1 mg/f . For the period 18 August to 12 September when no AMD was added a
significant increase in the P values in the effluent was noted. During the period
12 September to 6 October 1981, when approximately 15 mg/f Fe was dosed, a decrease
in the P level resulted, but not below 1 mg/£, indicating below optimum require-
ments. During the period 12 to 21 October 1981 the iron dose was increased to

17,5 mg/& with a drop in effluent P values, to below 1 mg/&

Effect on the Ammonia N Concentration in the Effluent

Prior to the addition of AMD, ammonia N levels in the effluent ranged between 7 and
15 mg/f (Fig. 5). When approximately 30 mg/f of Fe was introduced, ammonia N levels
dropped to the order 3 to 4 mg/f . With 45 mg/f of Fe addition ammonia N values in-
creased sharply to 16 mg/f thus exceeding the required limit of 10 mg/& as N. This
is taken as a clear indication of inhibition of nitrification probably due to excess
acidity of this relatively high AMD dosing rate.

COD Removal

From Table 4 it is seen that the addition of AMD brings about a significant improved
reduction of COD through the stages of purification. The bulk of COD removal
occurred through the primary biofilters. Prior to AMD addition, effluent COD values
ranged from approximately 85 to 100 mg/f with a distinct drop of these values during
the period when approximately 30 mg/f of Fe was dosed, the effluent COD values being
of the order of 70 mg/f (Fig. 5). With the 45 mg/f dosage of Fe (period 15 July to
18 August 1981) COD values increased sharply to about 100 to 120 mg/& . These high
values persisted. Even after dosing of AMD was stopped, a value of 150 mg/% was
recorded. It should however be noted that the COD of the raw sewage varied greatly
during October so that no firm conclusions could be drawn (Table 4). The organic
load to the works increased sharply during the period 1980 to 1981 (Fig. 4).

Fe Values throughout the Works during Dosing of AMD

Table 5 shows the progressive removal of iron through the purification stages with
approximately 84 % overall removal.

Effect of pH Values

Before AMD dosage the pH increased during passage of water through the biofilters
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(Fig. 6). This is contrary to what was expected. Possible reasons for an increase
in pH values could perhaps be explained by seasonal effects and also conditions of
organic overloading.

Nitrification

Prior to addition of the AMD as well as during the period of dosing with 30 mg/L Fe,
nitrate levels were of the order of 3 to 5 mg/f as N. However, a drop to 2 mg/4 and
lower in nitrate values occurred during the period of high iron dosage. This could

be taken as inhibition of nitrification during the period of excess iron dosage.

Total Dissolved Solids

TDS levels in the effluent normally ranged between 700 mg/{f and approximately
1000 mg/& . With addition of AMD the TDS increased to approximately 1500 mg/4
These high TDS figures were acceptable since the AMD would in any case have been
discharged into the same water course.

Effect of Sludge Volume

In practice no significant increase in the volume of the secondary sludge has been
noted. Dosing of AMD to achieve 30 mg/f iron in the raw sewage introduces approx-
imately 1000 kg of iron into the system per day. This represents about 5 % of the
weight of the total solids reaching the works daily.

Cost Aspects
The following is a breakdown of the cost involved in the project:

(a) Capital outlay - R32 800,00

(b) Maintenance of the flow meter and pipeline - R500,00 per annum

(c) Labour and transport of chemical staff for sampling, adjusting AMD flow and
chemical analyses - R6 500,00 per annum

(d) Capital redemption over a 20-year period at an annual interest rate of 9,75 %
- R3 240,00 per annum.

The cost per annum thus amounts to R10 240,00. Based on a flow of 37 MZ/d, the
treatment cost is calculated at 0,076 c/m3 of sewage. This is less than one-tenth
of the current cost of buying chemicals such as FeCla.

CONCLUSIONS

The results achieved in this full-scale experiment demonstrated that AMD is a prac-
tical and economically attractive alternative method for chemical removal of
phosphates in sewage works effluent. 1In this particular study a dosage of about

20 mg/f Fe could consistently maintain the final P below 1 mg/f . This is
equivalent to a ratio of about 3:1 of Fe to P which is in good agreement with the
literature.

During periods of excessive dosage of AMD the nitrification efficiency of the bio-
filter system appeared to be inhibited. It would therefore seem important to
synchronise optimum dosage for a particular situation in terms of diurnal flow
pattern.
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Removal of phosphates from sewage effluent 167

Of great significance is the fact that AMD could be bled into the nearest sewer
thereby minimising capital investment for a special pipeline to the sewage works.
The total cost for phosphate removal was confirmed to be less than 0,1 c/m3 of
sewage treated. This compares most favourably with the current cost of chemical
addition which is estimated at more than 1 c/m3.
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Discussion by A. S. Harley, Steffen, Robertson and Kirsten Inc., South Africa

Is there any chance of precipitation of either ferric hydroxide or
ferrous phosphate in the 12km pipeline between the ERPM Gold Mine and
the Rondebult sewage works?

Reply

The iron in the mine water occurs in the ferrous state. Little or no
oxidation occurs 1in the pipeline, the sewage being anaerobic or
nearly so. Therefore practically no ferric hydroxide should
precipitate in the pipeline.

Referring to Figure 1 in the paper it will be noted that ferrous
phosphate precipitate peaks at pH 8.0. The pH of the sewage
concerned 1is approximately 6.0-6.5. Whatever ferrous phosphate
precipitation may occur in the pipeline will merely amount to
phosphate removal in the pipeline.
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