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ii ABSTRACT 

X-ray fluorescence spectrometry was used to determine trace and minor 
element content of raw materials from various locations used in manufacture 
of superphosphate and treatment of associated effluents at Albany, Western 
Australia. Concentration ranges of several elements in phosphate from 
Christmas Island, Nauru Island and Florida exceed 70 mg/kg. The ranges are: 
Cd, 19-100; Ce, 11-540; Cr, 50-150; Cu, 4-70; Fe, 1700-22300; I, 21-120; La, 
26-75; Mn,90-460; Sr, 320-1200; Ti, 90-2200; U, 25-130; V, 6-90; W, 25-95; 
Y, 3-120; Zn, 55-800 and Zr, 2-130 mg/kg. Element concentrations in sulphur 
are low, except for Se, which is 26 mg/kg and should be viewed as a 
potential pollutant. 

Lime treatment of scrubber fluids and contaminated storm water is most 
effective in reducing concentrations of Cu, Ce, Mn, Mo, Ni, Pb and Zn, while 
partial removal of Fe, Ga, Hg, Wand Y is achieved. Bi, Br, Dy, La, Rb, and 
U tend to remain in treated water. Most Hg found in water is associated with 
algae, which were shown, by atomic absorption spectroscopy, to contain up to 
40 mg/kg dry weight. 

It is 
treated 
into the 

highly desirable that superphosphate plants discharge only properly 
effluent to the environment and that plant runoff water be recycled 
system or be treated prior to discharge. 
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1. INTRODUCTION 

Superphosphate works produce toxic scrubbing fluids . Sittig (1979) suggested 
that these effluents should be collected and impounded in large pond systems 
and recycled as much as possible. He proposed that effluent water from such 
a process should be discharged to the environment only after treatment. 

Until recently it was thought that most of the contamination in 
superphosphate works occurs from acidified scrubbing fluids which are rich 
in fluorides . In 1984, mercury pollution affecting sediments, bivalves and 
fish of Princess Royal Harbour, Albany, Western Australia (Figure 1), was 
traced to the discharge of untreated effluent from a superphosphate plant 
(Jackson, Hancock, Schulz, Talbot & Williams, 1986) . The pollution resulted 
in closure of approximately one third of the harbour to fishing . 

Whilst Hg occurs in phosphate rock (Langmyhr, Solberg & Thomassen, 1977; 
Dumarey, Heindryckx & Dams, 1980), there is no report of it constituting a 
pollution problem within the fertilizer industry . In addition, reviews of 
mercury pollution problems and their sources do not mention the phosphate 
production industry as a potential source (Hartung & Dinman, 1972; Anon, 
1980a; Anon, 1982). Collett, Taylor and Chegwidden (1981) noted elevated 
concentrations of mainly inorganic Hg, in gypsum, being discharged into 
Cockburn Sound, Western Australia, during the manufacture of phosphoric acid 
in a fertilizer plant. These authors, however, did not mention other 
problems which could arise from mercury emanating from a fertilizer plant. 

This paper reports results of analyses for 42 elements in materials 
associated with production of superphosphate at Albany, including disposed 
waste materials. In order to (a) determine if any other elements in these 
materials are of environmental significance and (b) investigate the 
effectiveness of lime treatment on removal of contaminants from scrubber 
fluids, X-ray fluorescence spectrometry was used to determine elemental 
content in materials. Chemical phases of neutralizing lime, sediment from 
the lime treatment process and residues from evaporated effluent water and 
storm water were analysed. Mercury concentrations in algae growing in the 
treatment pond were also determined . 

2. SUPERPHOSPHATE PROCESS : SEMI-CLOSED LOOP SYSTEM 

Possible pathways by which trace and minor elements enter, circulate and 
leave the superphosphate manufacturing system at Albany are shown in 
Figure 2. When the system is in non-irrigation mode, the whole process is a 
closed loop and contaminants are recycled into process water and super
phosphate. This is likely to occur in summer when low rainfall and high 
evaporation occurs (Gentilli, 1971). This period corresponds to peak 
superphosphate production. In winter, some irrigation of lime-treated water 
(neutralized scrubber fluids) is necessary due to high rainfall. This water 
probably contains a variety of elements. Figure 3 shows the irrigated 
scene . 
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Figure 1. Location and bathymetry of Princess Royal Harbour , Albany. The 
area west of the line A-Bis closed to fishing . X1 and X2 are 
locations where mercury-contaminated effluent was discharged 
until 1982 and 1984 respectively. 
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Figure 2. Flow diagram showing the movement of materials during the manufacture of superphospate. Materials 
enter the system via points 1-7 and leave at points 8 and 9. 



Figure 3. Lime-treated scrubber flinds and contaminated storm water are used 
for irrigation when the process is in open loop mode. 

3. METHODS AND MATERIALS 

3 . 1 SOURCE MATERIALS AND RECOVERED POND SEDIMENTS 

Rock phosphate samples (supplied by superphosphate plant Albany) were 
obtained from Christmas Island, Nauru Island and Florida. In addition, 
sulphur extracted from natural gas in Canada, lime and sediment from the 
lime treatment settling pond at Albany were collected for analysis. All 
samples were dried at 30°c for 48 h, then ground in a Terna ring mill to 
particle sizes of less than 200 µm . Resulting powders were pressed into 
30 mm diameter disks and analysed using a Philips PW 1400 X-ray fluorescence 
(XRF) spectrometer, following the methods of Talbot and Chang (1986). All 
quality control procedures employed were the same as those used by others 
(Talbot & Chang, 1986; Talbot & Chegwidden, 1982). Chemical phases of 
neutralizing lime and sediments from the lime treatment process were also 
determined by X-ray powder diffraction (XRD), using a Philips PW 1700 
automatic X-ray powder diffractometer. 

3.2 PLANT RUNOFF WATER AND TREATED EFFLUENT WATER 

Twenty litres of storm runoff water from the plant stockpile holding area as 
well as treated effluent (irrigation water) were collected in acid-washed 
glass containers. Each sample was evaporated to 200 mL at 600c over a five
day period. Remaining water was removed by freeze drying to avoid loss of 
volatile metals. Salt residues were then weighed and analysed by XRF for 
elemental concentrations, and by XRD for chemical phases. 

Algae growing in the treatment water pond were filtered using 1 µm filters 
and analysed for Hg using a modified atomic absorption method of Knechtel 
and Fraser (1979). 
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4. 

4.1 

4.1.1 

RESULTS AND DISCUSSION 

ELEMENTS IN SOURCE MATERIALS 

GENERAL 

Results for multielement analysis of source materials used in production of 
superphosphate and treatment of scrubber fluids are given in Table 1. This 
table shows that considerable concentrations (>100 mg/kg) of the elements 
Cd, Ce, Cr, Fe, I Mn, Rb, Sr, Ti, U, Y, Zn and Zr were found in one or more 
materials. With the exception of Rb, all elements were present in at least 
one phosphate rock at concentrations equal to or greater than 100 mg/kg. 
High concentrations of Rb were found only in neutralizing lime. Concentra
tion of Ga , Hg, Mo, Nb, Ta, Te and Th were less than 10 mg/kg. Er, Ge and Sn 
were not detected in any materials. Remaining elements were present in the 
concentration range of 10-99 mg/kg. 

4.1. 2 Hg 

Whilst Hg concentrations in phosphate rock were below detection limit 
(9 mg/kg) for the XRF method used, Langmyhr et al (1977) have shown that Hg 
is present in phosphate rock and that its concentration depends on the 
rock's source . Although the XRF technique was not suitable for detection of 
Hg in phosphate rock, Jackson et al (1986), using atomic adsorption 
spectroscopy, have shown that phosphate rock is the source of Hg pollution 
at Albany. 

4 . 1.3 As 

Concentrations of As in this study's source materials were found to be in 
the range of 1-9 mg/kg, which is in good agreement with those of others 
(McConnell, 1970; Anon, 1980b)(Table 2) . Since it has been shown that low 
concentrations of Hg are sufficient to cause environmental problems (Jackson 
et al, 1986), some consideration is given here to As. As can substitute for 
P in phosphate rock via isomorphic replacement (McConnell, 1970). Like Hg, 
As is somewhat volatile; it sublimes at 616°c and has been regarded some
times in the phosphate industry as a pollutant (Kanamori & Sugawara, 1965; 
Angino, Magnuson, Waugh, Galle & Bredfeldt, 1970). 

At Albany, superphosphate is manufactured 
rock which contain approximately 1 and 
unlikely that As will cause an environmental 

4.1.4 Se 

from Nauru and Christmas Island 
6 mg/kg As respectively. It is 
problem at these concentrations. 

Table 1 shows that Se is prevalent in phosphate rock, sulphur and neutraliz
ing lime. Like As, Se is of environmental interest (Martin, 1973) as it is 
volatile. Se can form volatile, methylated derivatives in many environmental 
situations (Challenger, 1951; Doran & Alexander , 1977; Shift, 1973; Lewis, 
1976). 

4.1. 5 PROBLEMS WITH ELEMENTAL MASS BALANCE CALCULATIONS AS A GUIDE TO 
ELEMENTAL MOVEMENT IN THE PROCESS 

Production of superphosphate has traditionally been simplified and described 
by the following reaction (Sisler, Vanderwerf & Davidson, 1961): 

Ca3 (P04)2 + 2H2S04 + 4H20 = Ca(H2P04)2 + 2(CaS04.2H20) 
rock phosphate superphosphate .. .,,. 
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Table 1. Results of multielement analysis (mg/kg) for raw materials used 
during the manufacture of superphosphate and the treatment of 
effluent. 

ELEMENT 

As 
Ba 
Bi 
Br 
Cd 
Ce 
Co 
Cr 
Cs 
Cu 
Dy 
Fe 
Ga 
Hf 
Hg* 
I 
La 
Mn 
Mo 
Nb 
Ni 
Pb 
Rb 
Sb 
Sc 
Se 
Sr 
Ta 
T~ 
Th 
Ti 
Tl 
u 
V 
w 
y 

Yb 
Zn 
Zr 

PHOSPHATE ROCK 

CHRISTMAS IS 

6 
<8 
12 
17 
32 

540 
so 

150 
<7 
70 
17 

22300 
7 

21 
<9 

120 
26 

460 
<2 
<2 
17 

7 
22 
<5 
<3 
22 

1200 
<4 
<4 
<2 

2200 
<8 
25 
29 
95 
26 
<8 

290 
60 

NAURU IS 

1 
<8 
13 
17 

100 
11 
24 
60 
12 
16 
<9 

1700 
<3 
13 
<9 
so 
15 
90 
<2 
<2 
<3 
10 

3 
<5 
<3 
22 

320 
4 

<4 
<2 
90 
<8 
70 

6 
25 

3 
<4 

800 
<2 

FLORIDA 

9 
<8 
14 
12 
19 

320 
26 
so 
12 

4 
10 

16700 
<4 
30 
<9 
21 
75 

460 
<2 
<2 
21 
20 

4 
11 
<3 
22 

970 
<4 
<2 

2 
980 
<8 

130 
90 
72 

120 
17 
55 

134 

SULPHUR NEUTRALIZING 
LIME 

2 
35 
17 
10 
<3 
<7 

4 
<2 
14 
<2 
<9 
<2 
<4 
12 
<9 
<8 
<6 
<6 
<2 
<2 
<3 
<3 

7 
<5 
11 
25 
<2 
<4 
<6 
<2 
<4 
10 

6 
<5 
<6 
<l 

5 
<2 
<2 

2 
<8 
16 
75 
13 

440 
11 
65 
<7 

3 
15 

27000 
7 

17 
<9 
85 
26 
90 
<2 

2 
9 

55 
100 

<8 
<3 
21 

800 
4 

<4 
<2 

1750 
10 

9 
so 
<6 

8 
<7 
18 
so 

*Hg concentrations in phosphate rock range 0.43-0.53 mg/kg (Jackson et al, 
1986). 

Sittig (1979) has modified this equation slightly to take into account the 
water balance in the reaction: 
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Table 2. Some_ typical values for arsenic i,n _phosph<;!.:t;:_El. rock from different 
sources (Anon, 1980b) . 

P205 EQUIVALENT ARSENIC CONTENT IN ARSENIC CONTENT 
SOURCE IN THE MINERAL(%) THE MINERAL (mg/kg) ON 100% P205 

BASIC (mg/kg) 

Morocco 33 12 36 

Nauru 37 1 3 

Taiba 38 12 32 

Florida** 30-34 9-40 26-130 

S Carolina 27 8 30 

Kola 39 45 ll5 

Negeu 29 4 14 

Senegal 37 1 3 

** McConnell (1970) has found As values ranging between 3-15 mg/kg in 
phosphate rock. 

In practice, however, mineralized rock phosphate is not pure and contains 
elements including fluorides (average fluorine concentration in rock 
phosphate is 3 . 5%) and silica. Slack (1967) recognized that rock phosphate 
contained considerable quantities of fluoride and proposed an alternative 
equation: 

Slack (1967) noted that the product grade was relatively low, usually about 
20% P205, and varied over a range of 16-22%. 

It has also been noted that superphosphate comprises 15-20% of Ca (H2P04)2, 
0.5% of CaHP04 and 1.5% of Ca3 (P04)2. 

Denzinger, Konig and Kruger (1979) noted 
reaction subsequently reacted with silica 
which is collected in scrubber flinds: 

4HF + Si02 = SiF4t + 2H20 
3SiF4 + 2H20 = 2H2SiF6 + Si02i 

that the HF produced in the 
present, thus liberating SiF4 

Taking the variations of the above equations into account, and as impurities 
are likely to be present in sulphuric acid used in the manufacture of 
superphosphate, it would be difficult to say that any one equation truly 
represents the real chemical reactions (mass balance) taking place . Given 
that the phosphate rock used at Albany is largely fluo-aps.tite (Ca5F(P04)3), 
Slack's equation above could be used as the best reasonable de~cription of 
manufacture of superphosphate. It follows that for each unit weight of rock 
phosphate consumed, 1.69 units of superphosphate will be produced. 

7 



For any element, a concentration factor (X) may be defined as the average 
elemental concentration in phosphate rock (xp) divided by 1.69 times the 
mean elemental concentration in the superphosphate (xs), that is : 

Table 3 shows calculated X values for elements measured in this study . 
Theoretically, concentrations of elements in phosphate rock (Table 3) will 
be reduced by a factor of 1/1.69 in superphosphate unless it is an additive 
or a contaminant. Therefore, X should be equal to unity. Values of X >land 
<l should indicate a loss or gain of element in the process , respectively. 
If this is true, elements like Co, Ni, V, Wand Y are lost in the process, 
which is unlikely since they are not volatile elements. Other elements such 
as As , Br and I could volatilize and collect in scrubber fluids since the 
operating temperature of the reaction vessel is 12O-14O°C; however, there 
are no data to support this suggestion . Although Cu and Zn are used as 
additives (nutrients) (Mann, 1977), this is not very evident for Zn ratio 
(X=O.6), while value for Cu (X=l.5) indicates that Cu is lost in the system. 
The low value for Pb (X=O.3) is a result of Pb being added to the system via 
contaminated H2SO4 from the lead chamber process and from a lead-lined 
holding vessel (Talbot, 1983) . 

Elemental mass balance calculations may fail to describe movement of 
elements in the system because: 

elemental composition of rock phosphate is source-dependent and varies 
greatly within and between batches; 
results from spot analyses may not be representative of the process; 
the exact amount of moisture present can vary in the final product; 
trace elements (Cu and Zn) are added according to the needs of the 
consumer; and 
contamination by Pb can occur. 

4.2 

4.2 . 1 

LIME TREATMENT SETTLING POND 

PRODUCTS OF NEUTRALIZATION REACTION 

Results from XRD analysis (Appendix 1) show that dried neutralizing lime 
and precipitated lime treatment pond sediment are composed mainly of calcite 
(CaCO3) and quartz (SiO2). This indicates that lime slurry is added greatly 
in excess for neutralizing scrubber acid . In addition, final neutralized 
products are mainly insoluble silicates, sulphates, and small quantities of 
insoluble fluorides such as CaF2. This implies that the bulk load of solid 
neutralized product is greater than the initial bulk load of neutralizing 
lime. Therefore, concentrations of elements in neutralizing lime will be 
greater than those in treatment pond sediments unless the neutralization 
process causes elements to precipitate, as it is designed to do. 

4 . 2.2 SEDIMENTS 

Comparison of Tables 1 and 4 shows that Cu, Mn, Mo, Ni , Pb and Zn are 
removed from scrubber and contaminated waters upon liming. Other elements 
such as Fe, Ga, and V may be only partially removed. Elements such as Bi, 
Br, Dy, I, La, Rb and U show less tendency to precipitate out; this is due 
to the formation of water soluble fluoro-compounds and sulphates. 
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Table 3. Concentration factor, X,* for trace and minor _elements measured in 
this study. 

ELEMENT X ELEMENT X ELEMENT X 

As 0.9 Fe 1. 0 Sr 0 . 8 

Bi 0.3 Hf 0.7 Te 0.2 

Br 2.0 I 2.1 Ti 0.9 

Cd 1.1 La 0.7 u 1.1 

Ce 0 . 9 Mn 0.8 V 1.1 

Co 2.9 Ni 1. 7 w >5 

Cr 1. 2 Pb 0.3 Yb 0.7 

Cu 1.0 Rb 1. 2 Zn 1.2 

Dy 0.8 Sb 0 . 4 Zr 0.4 

Ga 0 . 9 Se 1.1 

* The concentration factor X is defined as the average elemental 
concentration in phosphate rock divided by 1. 69 times the elemental 
concentration in the superphosphate . 

4.2 . 3 EQUILIBRIA BETWEEN ELEMENTS IN TREATMENT-POND WATER AND SEDIMENTS 

Table 5 indicates that Bi, Ce, Co, Cu, Ga, Mn, Mo, Pb, U, V, W, Yb and Zn 
are removed from effluent water by lime treatment. While some Fe remains in 
solution, its partial precipitation (probably as a sesqui-oxide or 
hydroxide) influences precipitation of many other elements. As, Cr, Hf, Sb 
and Se were not detected in the treatment pond water. 

One major problem with trying to estimate concentration factors for elements 
in pond water and sediment is that excess amounts of neutralizing lime were 
used. Unreacted lime containing interstitially bound elements is not 
involved in the neutralization mechanism, but appears in analytical results 
for elements in treatment pond sediments. 

4.2.4 MECHANISMS FOR REMOVAL OF ELEMENTS FROM TREATMENT POND WATER 

The effects of various influencing factors on the bonding and enrichment of 
elements in natural or contaminated sediments are dependent on the 
depositional environment . These influencing factors are characterized by the 
chemical impurities of the water, particularly the amounts of dissolved Fe 
and carbonate available for reactions, as well as other conditions, eg 
salinity, pH, and redox values. Two of the more pertinent mechanisms are 
noted below. 
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Table 4. Results of multielement analysis (mg/kg) of superphosphate and 
lime treatment pond sediments produced at Albany. 

ELEMENT 

As 
Ba 
Bi 
Br 
Cd 
Ce 
Co 
Cr 
Cs 
Cu 
Dy 
Fe 
Ga 
Hf 
Hg 
I 
La 
Mn 
Mo 
Nb 
Ni 
Pb 
Rb 
Sb 
Sc 
Se 
Sr 
Ta 
Te 
Th 
Ti 
Tl 
u 
V 

w 
y 

Yb 
Zn 
Zr 

4.2.4.1 Adsor:Qtion 

SUPERPHOSPHATE 

2 
<8 
22 

5 
40 

150 
7 

46 
<7 
22 
<9 

6200 
<3 
14 
<9 
22 
16 

180 
<2 
<2 

3 
21 

5 
7 

<3 
12 

490 
<4 
10 
<2 

650 
14 
35 
11 
<6 
13 

<4-5 
300 

36 

SEDIMENT IN 
NEUTRALIZATION POND 

<l 
<8 
10 
22 
14 

430 
10 
48 
<7 

1750 
<9 

32000 
8 

14 
11 
60 
<6 

270 
13 
<l 
20 

300 
55 
<5 
<3 
26 

650 
<4 
<4 
<2 

:poo 
<8 
<3 
50 
<6 

9 
5 

1750 
50 

A generalized sequence of the capacity of solids to adsorb heavy metals was 
established (Guy & Chakrabarti, 1975) as Mn2 > humic acids> Fe oxides> 
clay minerals. Since low concentrations of Fe and Mn are present in the 
neutralizing process (Table 1) , they play a part in the removal of some 
elements from the treated water. 
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Table 5. Average concentrations (mg/L) of elements in treatment pond water 
after settlement of sediment (A). Concentration factors* of 
elements between treated water and sediments (B). 

11 
ELEMENT A B 11 ELEMENT A B 

11 
Ba 0.50 nds 11 Pb 0.003 68667 

11 
Bi 0.03 333 I Rb 1.09 53 

Br 0 . 64 34 Sc 0.46 nds 

Cd 0.13 104 Sr 1. 33 489 

Ce 0.01 43100 Ta 0.01 nds 

Co 0.002 5000 Th 0.001 nds 

Cu 0.33 5335 Ti 4.3 501 

Fe 5.4 5909 u 0.01 300 

Ga 0.02 492 V 0.04 1275 

Hg 0.85+ 14 w 0.02 300 

I 1.5 38 y 0.18 so 

Mn 0.03 9167 Yb 0.001 5500 

Mo 0.06 225 Zn 0.18 9778 

Ni 0.11 186 Zr 0.15 353 

nds = not detected in sediments. 

Elements detected in sediments but not in water were As, Cr, Hf, Sb and Se. 

* Ratio of concentrations of elements in water to sediment in lime treatment 
pond. 

+ This high value may have been a result of metal-accumulating algal build 
up in the pond during summer months. 

4.2.4.2 Co-precipitation with Hydrous Fe/Mn Oxides and General Carbonates 

In aquatic 
constitute 
(1971) has 
waters with 
as a major 
oxides or 
carbonates 
and Zn. 

systems where oxidation occurs, hydrous Fe and Mn oxides 
a highly effective adsorber for heavy metals (Lee, 1975). Groth 

shown that Co, Zn, and Cu co-precipitate from natural fresh 
Fe/Mn hydroxides. He also indicated that when carbonate occurs 
component, ie when other substrates (particularly hydrous Fe 

organic substances) are less abundant, co-precipitation with 
may be an important mechanism for eliminating metals such as Cd 
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Other elements, such as Al, which is a common element, and Cr also form 
oxides and hydroxides which behave in a similar manner to those of Fe/Mn 
counterparts (Rutherford, 1977). All such scavenging elements form 
positively charged and amorphous particles when initially introduced into 
the system. However, they gradually crystallize and slowly become negatively 
charged (Rutherford, 1977). At pH values below the iso-electric point of the 
oxides, adsorption of positive ions onto these amorphous colloidal oxides 
occurs preferentially on the negatively charged plane surfaces (Follet, 
1965; Jenne, 1976). This mechanism has been demonstrated, using the example 
of Pb 2+ adsorbed by Fe hydroxides (Hildebrand & Blum, 1974). Others 
(Lockwood & Chen, 1973; 1974) have found that Hg2+ was adsorbed by hydrous 
manganese oxides and ferric hydroxides. The implication of these adsorption 
effects is that precipitation of metal oxides in lime treatment ponds is an 
effective way of reducing trace metal pollution. 

In the case of Fe, flocculation takes place ideally at pH 7.6, and lime 
neutralization using CaO must be carried out after the addition of Fe 
flocculant, ie FeCl3, FeSO4. Although the treatment system at Albany does 
not use flocculant, it may not be needed in this case. Table 5 indicates 
that Fe is present in solution and XRD results show that the major anion is 
so42-. 

4.2.5 CHEMICAL PHASES OF EVAPORATED WATER RESIDUE FROM TREATMENT WATER 
POND 

The results from XRD analysis given in Appendix 1 show that the major phas~s 
in the residue are CaSO4 . 2H2O (gypsum) and CaF2 (fluorite). These minerals 
indicate that the major anions are SO42 - and F-. We believe that it is these 
SO42 - ions in conjunction with elements such as Al, Cr, Fe, and Mn which 
probably act as flocculants and decrease the solubility of many other 
elements. 

4.2.6 FLUOSILICATES AND SULPHATES 

Whilst most heavy metals' salts are likely to remain with crystallizing 
superphosphate, it is also probable that some will volatilize or be 
mechanically carried into the scrubbing system due to the elevated 
temperature of the reaction. Appendix 2 shows the solubility of 
fluosilicates of Ba, Cd, Co, Cs, Cu, Fe, Hg, Mn, Ni, Pb, Rb, Sr and Tl . It 
may be seen that fluosilicates of Cd, Co, Cs, Cu, Fe, Mn, Pb and Tl are 
moderately to very soluble. Whilst no data is available for HgSiF6, it is 
likely to be sufficiently soluble to cause problems if discharged to the 
environment, owing to the low levels of Hg permitted in the human food 
chain. This implies that it is highly desirable that superphosphate plants, 
generally, discharge only properly treated effluent to the environment . 

Although the solubility of SO42 - is lower than many other anions, SO42 - is 
generally very soluble at low levels (Appendix 2). Solubility for sulphates 
of Al, Cd, Co, Cr, Cs, Ga, Mn, Ni, Rb, Sc and U appears to be very high, 
while Ce, Cu, Dy, Fe , Hg, La, Th, Tl and Y are moderately soluble. Due to 
the uncertainty of the minor chemical reactions taking place in processes, 
it is not possible to identify which sulphate is present in the treated 
effluent water. It is reasonable, however, to assume that the majority of 
sulphates in the system are soluble. To improve the treatment process, use 
of flocculants (FeCl3, FeSO4) and removal of algae from treated water may 
be beneficial. 
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4.2.7 ELEMENTS IN STORM WATER HOLDING POND 

The storm water holding pond's salinity was 0.13%, which was identical to 
that in treated pond water. This water comprised rain water and waters 
washed off from plant, and sulphur and phosphate rock stockpiles. It 
probably included runoff containing waste contaminants and spillage. Such 
spillage could include metal additives as well as superphosphate. Comparing 
Tables 6 and 7, it may be seen that concentrations of Ce, Co, Cr, Cu, Fe, 
Ga, La, Mn, Mo, Nb, Pb, Th, V, Y, Yb and Zn were higher in the storm water 
holding area than in treatment pond water. Whilst low pH (2.5) and metal 
solubility may partly account for the presence of some metals in holding 
area water, it is more likely that their presence was due to the proximity 
of the holding pond to potential sources of contamination. Support for this 
conjecture is found in the concentration of Mo in these waters. The 
solubility of Mo increases with pH (Jones, 1957), yet it was present in 
higher concentrations in storm water (pH=2.5) compared with the treated 
water (pH=6.0-8.0). Interestingly, concentrations of Ba, Br, Hg, I, Rb, Sc, 
Ta, and W were higher in treated water than in holding pond water. This 
suggests that these elements' salts are quite soluble, which is possibly due 
to high pH in treatment water. Comparisons should only be used, however, as 
a guide and it should not be assumed that both ponds received the same 
elements in the same concentrations. A good example is Hg which was not 
detectable in the holding pond, but was present in algae of the treatment 
pond at concentrations of up to 40 mg/kg dry weight. Other elements such as 
Cr, La and Nb were more prevalent in storm water runoff. 

4.2.8 CHEMICAL PHASES OF RESIDUE FROM EVAPORATED WATER FROM STORM WATER 
HOLDING POND 

XRD results indicate that the major chemical phase in water of the storm 
water holding pond was CaS04.H20 (Appendix 1). Regardless of the sulphate's 
source, the low pH of the water would help mobilize many elements in its 
pathway and hence lead to accumulation in the holding pond. Whilst 
concentration of Fe was high in this water (Table 6), it is very unlikely 
that it could act as a flocculant (FeS04) at the low pH values found in the 
storm water holding pond (2.5-3). Hence, as is the ~resent practice at 
Albany, this water should always be treated before discharge to the 
environment. 

5. CONCLUSIONS 

Major contaminants (elements which have concentrations equal to or greater 
than 100 mg/kg of source material used in both manufacture of superphosphate 
and treatment of associated effluent waters) are : Cd, Ce, Cr, Fe, I, Mn, 
Rb, Sr, Ti,U, Y, Zn and Zr . With the exception of Rb , all elements with 
concentrations >100 mg/kg are present in at least one of the phosphate 
rocks used at Albany. 

Contaminant concentrations in sulphur, used in production of H2S04, are low; 
the highest value being 44 mg/kg Ba and 26 mg/kg Se . 

High concentrations of Ce, Fe, Rb, Sr and Ti (>100 mg/kg) were noted in 
neutralizing lime but are of no environmental consequence . 

Major chemical phases found in treatment pond sediments were quartz (Si02), 
fluorite (CaF2) and calcite (CaC03). Major phases found in evaporated 
treatment pond water were gypsum (CaS04.2H20) and fluorite (CaF2), implying 
that S042 - and F- are the major anions present. 
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Table 6. Average concentrations of elements in water o,f ___ storm~:w:ater . holding 
pond . 

11 
ELEMENT 11 ELEMENT 

11 
As 0 . 02 I Nb ++-0.01 

I 
Ba ++ I Ni 0.12 

I 
Bi 0.10 I Pb 0.15 

I 
Br 0.37 I Rb 0.16 

I 
Cd 0.17 I Sc 0.02 

I 
Ce 0.75 I Sr 1. 5 

I 
Co 0.02 I Ta ++ 

I 
Cr 0.05 I Th 0 . 02 

I 
Cu 2.65 I Ti 4.2 

I 
Fe 76.00 I u 0.02 

I 
Ga 0.06 I V 0.15 

I 
Hg ++ I w ++ 

I 
I 0 . 62 II y 1.1 

11 
La 0.14 11 Yb 0.09 

II 
Mn 0. 77 II Zn 8.75 

11 
Mo 0.88 11 Zr 0.10 

11 

++ = not detected 

Lime treatment of scrubber fluids and contaminated storm water is most 
effective in reducing concentrations of Cu, Ce, Mn, Mo, Ni, Pb and Zn while 
partial removal of Fe, Ga, Hg, and Vis achieved . Bi, Br, Dy, I, La, Rb and 
U appear to remain largely in solution. Most Hg in lime-treated water is 
present in algae; it is noted, however, that no Se or As has been found in 
the treated water from the plant used for irrigation. 

Treatment pond sediments should be recycled back into superphosphate as soon 
as possible after removal from the treatment pond, to reduce contamination 
from storm water runoff. It is recognized, however, that the material has to 
be sufficiently dry so that it can be handled. 
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Table 7. Ratio of elements in treatment pond to storm water holding pond. 

ELEMENT 

Bi 

Br 

Cd 

Ce 

Co 

Cu 

Ga 

Fe 

I 

Mn 

Mo 

Ni 

0 . 30 

1. 73 

0 . 77 

0.01 

0.11 

0 . 13 

0.33 

0.07 

2.42 

0.04 

0.07 

0.92 

11 
11 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

11 
II 
II 
II 
II 

ELEMENT 

Pb 

Rb 

Sc 

Sr 

Th 

Ti 

u 

V 

y 

Yb 

Zn 

Zr 

Ba, Nb, Ta and W were present only in treated water. 

As, Cr, La and Nb were present only in storm water runoff. 

0 . 02 

6 . 8 

23 

0.89 

0.05 

1.02 

0.5 

0.27 

0.16 

0.01 

0.02 

1. 5 

It is highly desirable that the effluent stream remains in closed mode when 
the plant is in production. When closed mode is not practicable, the 
effluent should be properly treated prior to discharge to the environment. 
Open mode should only be used when heavy rain occurs and during shut down 
periods. 

The build up of green algae containing mercury during the summer in the 
treatment ponds could be further investigated. 
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APPENDIX la 

XRD PATTERN FOR LIME SLURRY USED IN THE TREATMENT OF EFFLUENT. 
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APPENDIX lb 

XRD PATTERNS FOR SEDIMENT REMOVED FROM LIME TREATMENT SETTLING POND. 
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APPENDIX le 

XRD PATTERN OF RESIDUE FROM EVAPORATED WATER FROM LIME TREATMENT SETTLING 
POND. 
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APPENDIX ld 

XRD PATTERN OF RESIDUE FROM EVAPORATED WATER FROM STORM WATER HOLDING POND 
WHICH SERVICES STOCKPILE AREA. 
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APPENDIX 2 

SOLUBILITY OF FLUO-COMPOUNDS AND SULPHATES WHICH MAY FORM IN THE WATERS OF 
THE TREATMENT POND OR THE STORM WATER HOLDING POND: UNITS, g/100 m COLD 
WATER. 

ELEMENT FLUG-COMPOUNDS SULPHATES 
FORMULA SOLUBILITY FORMULA SOLUBILITY 

Al AlF3 0.559 Al2(S04)3 98.1 
AlF3 .3 .5H20 i Al2(S04)3l8H20 1104. 0 

As AsF3 d n.d. 
AsF5 s 

Ba BaF2 0.12 BaS04 0.02 
BaSiF6 0 . 026 

Bi BiF3 i Bi2(S04)3 d 

Br BrF3 d n.d. 
BrF5 d 

Cd CdF2 4.35 CdS04 75.5 
CdSiF6_6H20 s CdS04.H20 s 

CdS04.7H20 s 
3CdS04.8H20 s 

Ce CeF3 i Ce(S04)2 sl d 
CeF4.H20 i Ce2(S04)) 10 . 1 

Ce(S04)2 . 4H20 V s d 
Ce2(S04)3 . 9H20 11. 87 
Ce2(S04)3.8H20 12.0 
Ce(S04)3.5H20 3.9 

Co CoF2 1. 5 CoS04 36.2 
CoF3 d CoS04.7H20 60.4 
Co2F5.7H20 d CoS04 . H20 s 
CoF2.4H20 s 
CoSiF6.6H20 118.1 
CoF2 . 4H20 s 
CoSiF6_6H20 118.l 

Cr CrF2 sl s CrS04.7H20 12.35 
CrF3 i Cr(S04)) i 

Cr(S04)3.15H20 s 
Cr2(S04)3.l8H20 120.00 

Cs CsF 367.00 Cs2S04 167.00 
CsF .1. 5H20 366.5 
CsSiF5 60 . 00 
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APPENDIX 2 (contd) 

ELEMENT FLUG-COMPOUNDS SULPHATES 
FORMULA SOLUBILITY FORMULA SOLUBILITY 

Cu CuF i CuS04 14. 3 
CuF2 4.7 CuS04.3Cu(OH)2 i 
CuF2.2H20 4.7 CuS04.5H20 31. 6 
Cu2SiF5 n.d . 
CuSiF5.4H20 42.8 
CuSiF5.6H20 232.00 

Dy DyF3 i Dy2(S04).8H20 5.1 

Fe FeF2 sl s FeS04 .H20 sl s 
FeF2.4H20 v sl s Fe(S04)3 sl s 
FeF2.8H20 sl s Fe(S04)4.7H20 15.65 
FeF3 sl s FeS04.5H20 s 
FeF3.4.5H20 sl s Fe(S04)3.9H20 440.00 
FeSiF5.6H20 128.2 
Fe2(SiF5)3 s 

Ga GaF3 0.002 Ga(S04)2 V S 

GaF3.3H20 i Ga2(S04)3 . l8H20 V S 

Hf HfF4 n.d. n.d. 

Hg Hg2F2 d Hg2S04 
Hg2SiF5.2H20 sl s Hg2S04.2Hg0 0.003 
HgSiF6.6H20 n.d. 

I IF5 d n . d 
IF7 V S 

La n.d. La2(S04)2 3 . 0 
La2(S04)3.9H20 3.8 

Mn MnSiF6 . 6H20 140.00 MnS04 52.00 
MnF2 0.66 Mn2(S04)3 d 
MnF3 d MnS04.2H20 85.3 

MnS04.7H20 172. 00 
MnS04.H20 98.5 
MnS04 . 6H20 147.4 
MnS04.5H20 124.00 
MnS04.4H20 105 . 30 
MnS04. 3H20 74.22 

Mo MoF5 s d n . d. 

Nb NbF5 d n.d. 

Nb NbOF3.2KF .H20 7.8 
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APPENDIX 2 (contd) 

ELEMENT FLUG-COMPOUNDS SULPHATES 
FORMULA SOLUBILITY FORMULA SOLUBILITY 

Ni NiF2 4.0 I NiS04 29.3 
NiSiF6.6H20 n.d. I NiS04. 7H20 76.5 

I NiS04.6H20 62.52 
I 

Pb PbF2 0.064 I PbS04 0.004 
PbSiF6.2H20 s I PbS04.PbO 0.004 
PbSiF6.4H20 n.d. I 

I 
Rb RbF 130.6 I Rb2S04 42.4 

Rb2SiF6 0.16 I 
I 

Sb SbF3 384.7 I Sb202S04 d 
SbF5 s I 

I 
Sc n.d. I Sc2(S04)2 10.3 

I Sc2(S04)3.6H20 V S 

I Sc2(S04)3.5H20 54.6 
I 

Se SeF4 d I n.d. 
SeF6 s d I 

I 
Sr SrF2 0.011 I SrS04 0.011 

SrSiF6 . 2H20 I 
I 

Ta TaF8 s I n.d. 
I 

Te TeF4 d I n.d 
TeF6 d I 

I 
Th ThF4 n.d. I Th(S04)2 s 

ThF4.4H20 0.017 I Th(S04)2.4H20 9.41 
I Th(S04)2.6H20 1.63 
I Th(S04)2.8H20 1. 88 
I Th(S04)2.9H20 1. 57 
I 

Ti TiF3 s I Ti2(S04)3 i 
TiF4 s d I TiOS04 d 

I 
Tl TlF 76.8 I Tl2S04 4.87 

TlF3 d I Tl2(S04)3.7H20 d 
I 

u UF3 sl d I U(S04)2.4H20 23.00 
UF4 v sl s · I U(S04)2.8H20 11 . 3 
UF6 d I U(S04)2.9H20 n.d. 

I 
V VF3 -i I VS04.7H20 n . d . 

VF3.3H20 s I 
VF4 s I 
VF5 111. 2 I 

27 



APPENDIX 2 (contd) 

ELEMENT FLUO - COMPOUNDS SULPHATES 
FORMULA SOLUBILITY FORMULA SOLUBILITY 

w WF6 d n . d. 

y YF3 i Y2(SO4)3 5.38 
Y2(SO4)3.H2O 7.47 

n.d.=data, d=decomposes, i=insoluble, s=soluble, sl=slightly, v=very . 
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