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ABSTRACT 

Water lhat is contanúnated by soluble waste material 
poses an interesting problem, especially for a semi-arid 
country like South Africa. This wastewater which is 
obtained !rom industrial, mining and metallurgical 
processes, contains large quantities of soluble 
components which is unsuitable for dumping in river 
systems. Cleaning of lhis water norma!ly takes place by 
means of electro-dialysis and reverse osmosis processes, 
hut this results in the production of brines which require 
storage in lined dams. As a result of spillage and 
seepage, thcse brines pose a serious lhreat to lhe 
environment. This study proposes a tive-staged process 
to treat wastewater, which is contaminated with mainly 
heavy metais , dissolved solids, calcium and sulphates. 
The proccss involves lhe addition of lime to the 
wastcwater to precipitate the metal hydroxides, and lhe 
subsequent formation of ettringite to remove the 
calcium and sulphates. An Aspen computer simulation 
was also developed for the process. 

INTRODUCTION 

Po!lutcd water which is contaminated with heavy 
metais and has a low pH is known as acid mine drainage 
(AMO). AMD occurs at operating and abandoned mine 
sites as a rcsult of the oxidation of sulphide minerais. 
The oxidation process requires oxygen, water and 
certain bacterial species in order to yield large quantities 
of ferrous iron and sulphate. Pyritc can he oxidised in 
the following way: 

FeS2 (s) + 2.o2 +H 20 bact<ria FeZ + + H2SO 4 + SO~- (1) 
2 

Fcrric iron is produced by tl1e oxidation of terrous 
iron in acidic solutions. The formation of the ferric iron 
furthcr contributes to thc formation of AMO bccause of 
its strong oxidation ability. 

Calcium sulphate is one of the most widcly 
distributed pollutants of both natural and waste waters. 
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The puritication of sulphate contaminated water is 
achieved by various methods, such as precipitation wilh 
lime, precipitation with barium salts, co-precipitation 
with calcium carbonate, reverse osmosis and ion 
exchange. Ali these melhods however have inherent 
disadvantages. The prohlem encountered in the case of 
lime addition is that although the heavy metais are 
normally removed, the sulphate content cannot he 
rcduced to acceptahle leveis. ln the case ofion exchange 
technology, calcium and sulphate leveis could be 
considerably reduced , but the costs associated with such 
an operation are signiticantly high. The chemical 
method discussed in this study involves treating the 
AMD with milk of lime and an aluminium-containing 
agent so lhat sol· may be precipitated in the form of a 
low-soluhility calcium hydrosulphoaluminate. This 
family of phases shows potential to immobilise sulphate 
belongs to the ettringite-species, and has been 
investigated hy numerous authors (Bamhaucr, 1991; 
Gougar, 1996; Moore & Taylor, 196X). 

Ettringite was lirst discovered at lhe 'Ettringer 
Bellerbcrg' in Gcrmany and occurs as a natural mineral. 
Notable occurrences include severa! South African 
localities such as Hotazel and Kuruman district. It is 
commonly found in weathered ccmcnts, cement-hased 
solidification hy-products and alkaline t1y ashes 
(McCarthy et a!., 1992; Myneni et a!., 1997). According 
to Moore & Taylor(l968), the minerais of the ettringite 
group have a crystal structure, which consists of 
columns wilh the composition [Ca6Ah(OH) 12.24H20]6

+, 

which are, arranged parallel to the c-axis. These 
columns are made up of Al(OH)6 octahedra, which are 
linked wilh Ca08 polyhedra therehy resulting in a nearly 
cylindrical shape. Its surface is made up entirely of Hl) 
moleculcs. Anions and water molecules occupy the 
channcls between the columns. 

According to literature. various formulas for 
ettringite have been cited. These formulas ali had 
different water contents , whcre tl1e number of water 
molecules varied hetween 31 and 36, depending on thc 
mcthod of preparation, tl1e typcs of anions present. and 
lhe relativc humidity. ln addition to this, the soluhility 
of ettringite in water is extremely low, and according to 
Reardon (1990), tl1e log K,P = -43.13. 

~: 
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PROCESS METHODOLOGY 
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Figure I : Schematic representation of the water treatment process 

Reler to figure I above for a representation of the 
process unit. 

Stage I of this proccss involves the precipitation of 
heavy metais. Hcre the polluted mine water, at an 
approximate pH value of 6, is brought into contact with 
lime in order to raise thc pH to grcater than 11.5. These 
hcavy metals are precipitated as hydroxides and 
although most metal hydroxide species will precipitate 
at relativcly low pH values, a higher pH is required to 
precipitatc magncsium. These high pH values also 
ensure that the metal hydroxides are very stable. 

Thc solution from stage I is contacted with gypsum 
crystals in stage 2. One of the characteristics of 
dissolved calcium sulphate, is that whcn a suitable 
surfacc such as gypsum is not present to crystallise on 
it, it can he short livcd or metastahle at concentrations 
that excecd it cquilihrium soluhility. For this reason the 
solution from st<tge 1 which is rich in calcium sulphate 
is hrought in contact with gypsum, which results in thc 
prccipitation of thc 'supersaturatcd' gypsum. This 
precipitated gypsum is thickencd and tiltered, and 
leaves thc process as waste or as a by-product, 
dcpending on lhe speci fie situation. Part of the 
precipitated gypsum is returned to thc mixing tank of 
stagc 2 to provide the seed crystals for the rapid 
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crystallisation of the supersaturated portion of the 
dissolved calcium sulphate. 

Stage 3 is the heart of the ellringitc process and 
involves the addition of aluminium hydroxide to the 
saturated gypsum solution from stage 2. This results in 
the formation of the insoluble salt known as ettringite 
thereby removing both calcium and sulphatc from the 
solution. The stoichiometry for ettringite precipitation is 
given by the following reaction: 

6Ca2+ + 2Al(OH!! + 3SO~- + 40W + 26H20 --7 

Ca[Al(OH) 612(S04 h .26H20 (2) 

The ideal conditions for ettringite formation range 
between pH values 11.4 and 12.4. ln arder to keep the 
pH between these limits, lime is added resulting in the 
maximisation of ettringite precipitation. The end 
product of stage 3 is tiltered and the solid ettringite 
proceeds to stage 5 while the liquid goes to stage 4. 

At stage 4, the solution from stage 3, which is now 
free from ali heavy metais, calcium and sulphates is 
treated with carbon dioxide to reduce the pH to a 
suitable levei. Pure calcium carbonate is precipitated, 
and can be separated from the resulting product water 
by filtration. The pH can howcver also be controlled so 
that calcium bicarbonatc is formed instead of calcium 
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carbonate, but this however depends on certain case 
specitic factors. 

The reason the ettringite slurry is transported from 
stage 3 to stage 5 is so that it may decompose in arder to 
regenerate the amorphous aluminium hydroxide for 
recycle. The decomposition of ettringite is achieved by 
bringing it into contact with sulphuric acid, which in 
turn lowers the pH of the slurry and thereby renders it 
unstable. The optimum pH for ettringite decomposition 
is 6.5. The decomposition reaction stoichiometry is the 
reverse of that for ettringite formation. The end of stage 
5 is characterised by thickening and filtration, which 
separates into an aluminium hydroxide and gypsum. 
The gypsum is recycled to the beginning of stage 5 
while the aluminium hydroxide is recycled as feed for 
stage 3. 

An Aspen simulation package was used to model this 
process. The t1owsheet is represented in Figure II. This 

Lime 

Feed water 

Carhon 
dioxide 

Hydroxides 

Gypsum 

model, which is based on Figure I, does have a few 
differences. At stage 1, the feed water is first brought 
into contact with carbon dioxide in arder to raise the pH 
of the feed water to a realistic levei. It should also be 
noted that some of the stages are represented by more 
than one reactor. This is because, although the main 
reactions will take place in one of the reactors, another 
reactor is required to deal with the phase change. 

EXPERIMENTAL 

Various tests were undertaken on synthetic feed 
solution, as well as mine water. 

Water 

Product 
water 

Figure II: Aspen Simulation 

Preparation of the synthetic solution was 
achieved by dissolving 2.7g of calcium sulphate in 1 
litre of distilled water, thus yielding a saturated calcium 
sulphate solution. The slurry was tiltered before being 
used in the experiments. This solution produced a pH of 
6.5, which had a calcium concentration of between 580 
and 670 ppm, and a sulphate concentration of between 
1480 and 1650 ppm. 

These experiments were all performed under batch 
conditions, with the use of a 1 liter glass beaker and a 
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magnetic stirrer. Analysing the solutions for sulphates 
and aluminium were achieved by means of 
chromotography and atomic absorption spectrometry 
(AA), while the determinination of the calcium content 
was dane by means of standardized EDTA titrations. 

For the Aspen simulation, a feed water t1owrate of 
300m3/h was specitied. The composition of the water is 
represented in Table I. 
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Table I: Chemical composition of feed water in Aspen 
Simulation 

Concen- lhSO• Nazso. KOH CaS04 Mgso. 
tration 77.67 46 222 2196 148 

(mg/L) 

A 40% Ca(OH)2 solution was used to elevate the pH 
of the feed water to 11.7. To assist in the formation of 
ettringite at stage 3, lime was added which also had a 
composition of 40% Ca(OH)2 . 

RESULTS AND DISCUSSIONS 

The pH of the feed mine water used at stage 1 was 
raised from 6.1 to 12 by the addition of CaO. The heavy 
metais, which precipitated as hydroxides, were filtered 
off, and the supernatent solution was brought into 
contact with 50 g!L CaS04. This contact period took 30 
minutes, after which filtration took place, and the 
resultant supernatent was contacted with 1.0 g/L 
Al(OH)3. The addition of the aluminium hydroxide 
caused an initial increase in the pH as a result of the 
presence of oH· ions. A decline in the pH after 1.5 
minutes indicated that ettringite formation was busy 
taking place. Thc pH was kept stable at 11.75. This 
experiment yielded a 91% remova! of calcium and an 
87% remova! of sulphate. 2.4 ppm aluminium remained 
in the final equilibrium concentration. 

By performing similar tests on the synthetic solution, 
67 % calcium and 91% sulphate were removed. The 
resultant aluminium in the exit stream was less than 
0.8ppm. Thc diffcrence in the results obtained from the 
mine water compared with the synthetic solution can be 
attributed to the presence of various other components 
in the mine watcr. 

By performing a mass balance over stage 3 for 
calcium and sulphate, yielded a 95% remova! for both 
calcium and sulphate. These results are fairly high and 
possibly unrealistic because the problem was set up to 
maximise ettringite formation. Ali the aluminium was 
used up during ettringite formation. 

Effect of pH 

A series of tests were performed by altering the pH 
valucs of the solution to 10.7, 11.0, 11.5, 11.95, 12.2. 
Ali thc oU1er conditions were kept constant, i.e. 
saturated calcium sulphate solution as feed, 1.0 g/L of 
aluminium hydroxide, and the addition of calcium 
hydroxide to contrai the pH. At a pH of 10.7, it took 
more than 1 hour to reach the equilibrium pH value 
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through the addition of lime. It could be debated that 
the prolonged time it took to reach equilibrium is due to 
calcium having a low solubility at this pH. This resulted 
in only 20% remova! of calcium at the end of stage 3. 
With the aid of X-ray diffractometry (XRD), it was 
clear that not only ettringite was formed under these 
conditions, but also calcium aluminate (Ca0.2Al20 3). 

When the pH was above 11.5, more than 85% calcium 
remova! took place. Sulphate remova! also took place 
with an increase in pH, however when the pH rose 
beyond 12.4, more sulphate became available in 
solution, which resulted in a decrease in the percentage 
sulphate remova!. The equilibrium pH for ettringite 
formation was found to be 11.95. With this in mind, 
lime was added to stage 3 in the Aspen model so as to 
alter the pH to 11.95. 

Effect of pH - pro file 

The shape of its pH-profile largely influences the 
efticiency of the ettringite process. Subseqpently, 
keeping ali the other conditions constant, tests were 
devised whereby the formation of ettringite was 
performed at: 

[a] a constant pH of 11.95, hence the pH-profile is 
a straight line 

[b] the pH varies between 11.95 and 11.5, hence a 
zig-zag contiguration 

[c] the pH started at 11.95 and dropped freely, 
hence an exponential decay 

At a constant pH of 11.95, 85% calcium was 
removed compared with the remova! of 92% sulphate. 
The remaining aluminium content was less than 1 ppm. 
The zig-zag pH-profile yielded even better results, witi1 
the percentage calcium and sulphate remova! leveis up 
by 2 to 3%, and the residual aluminium less than 1 ppm. 
When the pH was allowed to drop freely, the calcium 
remova! was only 75%. 

This, coupled with the fact that the sulphate levei 
was only reduced by 2.5% of its original value and the 
residual aluminium content still being at a relatively 
high concentration, made it the least desirable of ali the 
pH-profile configurations. It was decided from hereon 
to perform tests involving the formation of ettringite ata 
pH of 11.95 with a zig-zag pH-profile configuration. 

The Aspen simulation does not have a zig-zag 
profile, because the main reactor at stage 3 does the 
work of a number of reactors in reality. 
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Effect of stirring 

Tests were also performed where the formation of 
ettringite was performed with overhead stirring instead 
of magnetic stirring. Comparisons were drawn between 
lhe 2 methods of stirring by analysing the different 
calcium, sulphate and aluminium concentrations as well 
as the settling characteristics. No differences in the 
results were observed. It must, however be taken into 
account that small volumes only yield very tine crystals, 
and the impeller is not likely to int1uence the crystal 
growth or dcgradation in a 1 liter beaker. It is therefore 
expected that, since this reaction is surface dominated, 
rigorous stirring of large volumes will intluence the 
settling characteristics of the ettringite. 

A number of settling tests were performed by 
contacting a certain mass of ettringite with 1000 mi of 
distilled water at various pH-values. When comparing 
the different modes of stirring, and its effect on lhe 
setlling characteristics, it was found t11at the ettringite 
settled out completely after 7.5 minutes in both cases 
(pH = 11.9). It was found that an increase in pH 
corrcsponds to a faster settling rate as dcpicted by 

Figure III. This result is obviously important in the 
thickener specifications. 

-------] •. ... ____ .... _.......,. ___ _ 

~:r--.···-· . · · 
lO li 12 

pH 

Figure III: Settling rate versus pH 

Effect of different aluminium concentrations 

Ditlerent amounts of amorphous aluminium 
hydroxidc were added to stagc 3, in arder to evaluate 
the effect the aluminium concentration has on thc 
process. These results are presented in Table II. 

Table II: Effcct of aluminium concentration on the 
remova! of sulphate, calcium and aluminium from 
solution 

Al(OHh(c.) % [S04] % [Ca] [Al] mg!L 
0.1 14.28 11.11 <0.5 
0.3 25 11.11 <0.5 
0.5 46.67 40 <0.5 
0.8 71.42 59.99 2.03 

I 92.31 75 14.2 
1.2 92.31 62.12 28.8 
1.4 95.86 57.91 59.1 

From Table II it can be seen that an increase in the 
amount of AI(OH)3 added to thc system, resull~ in an 
increase in the amount of calcium and sulphate being 
removed from the system. The residual aluminium 
exiting stage 3, however also increases with an increase 
in the AI(OH)3 added. These results are represented in 
graphical formas shown in Figures IV, V and VI. 

636 

r~ L . --:-. --~- · · ~ I 
tl" 

o 0.2 0.4 0.6 0.8 1.2 1.4 1.6 

Alf0H).1 a<lrlition (~) 

Figure IV: Percentage sulphalc remova) as a function of 
aluminium hydroxide addition 
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Figure V: Percentage calcium remova! as a function of 
aluminium addition 

It is expectcd thal at high aluminium hydroxide 
additions, Lhe percenlage calcium remova! lo remain 
constant, and that calcium aluminate should form. 
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Figure VI: Residual aluminium versus initial 
aluminium added 

These results suggest thal the optimum aluminium 
hydroxide addition should bc between 0.8-1.0 g!L. 
Although lhe aluminium hydroxide was added as 
crystals in ali thcse experiments, subsequent tests have 
shown that whether the aluminium hydroxidc is added 
as a slurry or crystal, the cfticiency of the process 
remained the sarne. 

The Aspen simulation does nol add Al(OH)3 to the 
system, it does howevcr assume thal aluminium 
hydroxide is already in lhe syslem. ln Figure II , 3997 
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kg/hr of ettringite at stream 24 is deeomposed at stage 
5A to producc 377 kg/hr of Al(OH)3 at stream R5A. 
This in turn is reeyclcd to stage 3. 

Effect of the calei um to sulphate ratio 

ln order to optimise the remova! of ealeium and 
sulphate, it was deeidcd to vary the [Ca2+]/[SO/] in the 
feed witJ1 respeet to eoncentration. These results are 
shown in Figures VII and VIII. 

() Ql Q2 U.3 OA ~5 ~6 0.7 QR 

JCa] tn JS04] ratio 

Figure VTI: Pereentage ealcium remova! as a funetion of 
[Ca2+]/[S04 2-J 

It was found that the maximum ealcium remova! 
was obtained at [Ca2+]/[SO/-] of betwecn 0.28 and 0.30. 
This corresponds to a deficiency of ealcium in t11e 
solution entering stage 3 as feed. 

JCa] to JS04] ratio 

Figure VIII: Percentage sulphate remova! as a li.tnetion 
of [Ca2+]/[SO/-] 

The optimum sulphate remova! eorresponding with 
the [Ci+]/[So/·l was obtained at 0.4. Interestingly, this 
result indieates that maximum calcium and sulphate 
removais can be achicved under eonditions of ealeium 
detieiency in t11e fecd solution. The aluminium profile 
deereased with an inerease in [Ca2+]/[S04

2
-]. 

CONCLUSIONS 

Wastewater eontaining heavy metais, dissolved 
solids, calcium and sulphates was shown to be 
remediatcd effeetivcly through the formation of a 
mineral phase. The equilibrium pH of ettringite was 
found to he 11.95. The remova! of sulphate, e alei um and 
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aluminium was maximised by making use of a zig-zag 
pH eontiguration. Ettringite settled out quite well, and 
an inerease in pH resulted in an increase in the settling 
rate. The optimum aluminium hydroxide addition for 
ettringite formation is between 0.8-1.0 g/L. 
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