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Abstract
Fly ash (FA) and Basic oxygen furnace (BOF) slag were used to as additives in the geopolymerisation of gold mine tailings 
(GMT).The aim of the research was to determine the effects of the two additives on the strength formation and mechanism 
of metal immobilisation by modified GMT geopolymers. GMT, FA and BOF were mixed, respectively, and made into a 
paste with the addition of potassium hydroxide (KOH) before curing at various conditions. 50% replacement of GMT in 
the starting materials gave the highest unconfined compressive strength (UCS). The UCS for BOF-based geopolymer was 
21.44 Mega Pascals (MPa), whilst the one for FA-based geopolymer was 12.98 MPa. The BOF-based geopolymer cured 
at lower temperature (70 °C) as compared to the FA-based geopolymer (90 °C). The optimum KOH concentration was 10 
and 15 M for BOF- and FA-based geopolymers, respectively. BOF-based geopolymers resulted in the formation of calcium 
silicate hydrate (CSH) phases which contributed to higher strength; whereas in FA-based geopolymers, no new structures 
were formed. BOF-based geopolymers resulted in over 94% iron (Fe) immobilisation, whereas FA-based geopolymers had 
76% Fe immobilisation. Fe immobilisation was via incorporation into the CSH or geopolymer structure, whilst other metal 
immobilisations were thought to be via encapsulation. 12-month static leaching tests showed that the synthesised geopoly-
mers posed insignificant environmental pollution threat for long-term use.

Keywords Gold mine tailings · Fly ash · Basic oxygen furnace slag · Geopolymer · Toxicity characteristic leaching 
procedure

Introduction

Geopolymers are synthesised when aluminosilicate materi-
als are mixed with an alkali (usually KOH or NaOH) and 
cured either at ambient or elevated temperatures [1, 2]. The 
resulting pastes lead to dissolution of aluminate and sili-
cate species into solution. This then leads to reorganistaion 
of  SiO4

4− and  AlO4
5− into tetrahedras resulting in a three-

dimensional amorphous monolith [3]. Geopolymers have 
been shown to have a high acid resistance; they develop 
strength fast and are capable of immobilising toxic metals [2, 

4]. Mine tailings are waste solid material resulting from the 
extraction of minerals from the mined ore body. Disposal of 
mine tailings has been shown to create environmental pol-
lution and as such their stabilisation is of paramount impor-
tance [5, 6]. Mine tailings have been shown to be rich in 
aluminium and silicon and hence can be used as precursors 
for the synthesis of geopolymers [7, 8].

Most mine tailings have been shown to be crystalline 
materials [8, 9] and hence require some form of modifi-
cation or activation to enhance their activity. Metallurgi-
cal slags and fly ash are some of the incorporations that 
have been added to mine tailings to enhance their activity 
and increase the strength of synthesised geopolymers [7]. 
Incorporation of Ca-based (slags) material into geopoly-
mers has been shown to improve mechanical strength of 
geopolymers [10]. The geopolymers formed with addition 
of slags to the starting materials result in the formation 
of geopolymer gel together with calcium silicate hydrate 
(CSH) gel, which further increases the strength of the geo-
polymer [11]. This is mainly because most slags are glassy 
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materials with free  Ca2+ ions making their activation rela-
tively easy. The addition of 50% FA to mine tailings has 
been shown to increase the UCS of the geopolymer by 
233% when the paste is made using 15-M NaOH [7]. The 
maximum UCS gain was within 7 days with no signifi-
cant strength gain after 7 days. One of the few studies 
where mine tailings have been modified with slags in the 
synthesis of geopolymers has shown that 50% addition 
of a slag resulted in a 96% increase in the UCS of the 
synthesised geopolymer [12]. These two studies then pro-
vide an impetus to the study of the effect of FA and BOF 
slag on GMT geopolymerisation, since the optimisation 
of any geopolymerisation process is also dependent on 
the source of the raw materials [13]. It has been shown the 
reutilisation of metallurgical waste is very low, with only 
China using 50% of its metallurgical waste [12]; whereas 
in South Africa, reuse of FA is below 6% [14]. The paper, 
therefore, seeks to provide further use for BOF and FA in 
South Africa considering that South Africa currently has 
over 600 000 tonnes of GMT [15]. There are a number 
of research on the use of granulated blast furnace slag 
[16–18] but very few focuses on BOF [19], and hence the 
need to do research on its use in the modification of GMT 
geopolymers.

South African gold mine tailings (GMT) have been 
successfully used to synthesise geopolymers but a num-
ber of disadvantages have been picked up [8]. The curing 
at elevated temperatures for 5 days have been shown to 
be energy intensive and not practicable for large uses of 
GMT. The highest unconfined compressive strength after 
a 5-day curing period was found to be 4.37 MPa.

There are a few studies available on the geopolymeri-
sation of gold mine tailings [3, 8]. The energy intensive 
process of GMT geopolymerisation necessitates the need 
of incorporating additives which can help in the energy 
demand reduction. The mixture of GMT with other acti-
vators like granulated ground blast furnace slag (GGBFS) 
[3] has shown that geopolymerisation can take place at 
ambient temperature accompanied with a 400% increase in 
unconfined compressive strength. The geopolymerisation 
of GMT alone has shown to produce a monolith with a low 
strength (less than 7 MPa) [8, 20]. The study also looks 
into metal leachability over time which few other studies 
have conducted. Of the few GMT geopolymer studies con-
ducted, none also look into the environmental footprint of 
the geopolymers through leachability tests [3, 20].

The objectives of this research are to compare the 
effect of respective addition of FA and BOF slag on the 
properties of GMT geopolymers. The effect of different 
curing regimes was also investigated. The mechanism of 
heavy metal immobilisation was also investigated together 
with the type of geopolymer gel obtained from these two 
additions. Environmental footprint of the synthesised 

geopolymers was also investigated through 12-month-long 
static leaching tests.

Materials

GMT was taken from a mine dump in the West Rand 
(26.3178° S, 27.6505° E) of Gauteng in South Africa. FA 
was taken from Camden power station in the province of 
Mpumalanga of South Africa. The BOF slag was taken from 
Arcelor Mittal steel Vanderbiljpark in South Africa. The 
KOH was supplied by Rochelle chemicals South Africa. The 
major oxides for GMT were  Fe2O3,  K2O,  SO3,  SiO2,  Al2O3 
and MgO; for FA were  Al2O3,  SiO2,  K2O, CaO and  TiO2; 
whilst for BOF slag were  Fe2O3,  K2O,  SO3,  SiO2,  Al2O3, 
CaO and MgO [21] Table 1). The mineralogy of GMT was 
dominated by silica and pyrite, whilst FA was dominated 
by silica and mullite (Fig. 1). FA also showed the charac-
teristic hump at around 25° which indicated that the FA has 
an amorphous structure. BOF slag spectrum was not fully 
defined though the mineralogy was dominated by calcium 
silicate, calcium oxide, iron oxide and magnesium oxide. 
The obtaining XRD diffractogram for BOF slag was typical 
of slowly cooled BOF slag [22] and showed a slight hump 

Table 1  XRF analysis of GMT, BOF slag and FA

Constituent GMT (m/m) FA (m/m) BOF slag (m/m)

Na2O 0.27 0.07 0.02
MgO 5.16 0.62 3.32
Al2O3 6.98 25.34 6.63
SiO2 74.5 47.97 14.8
P2O5 0.083 0.67 0.05
SO3 3.05 1.33 1.1
Cl 0.18 0.02 –
K2O 1.26 1.26 0.02
CaO 0.53 7.26 41.1
TiO2 0.44 2.71 0.3
V2O5 0.03 0.00 –
Cr2O3 0.12 0.06 0.01
MnO 0.06 0.08 3.91
Fe2O3 7.03 10.01 27.3
NiO 0.05 0.02 0.02
CuO 0.01 0.02 –
ZnO 0.02 0.02 0.01
Rb2O 0.01 0.01 –
Y2O3 0.01 0.14 0.23
ZrO2 0.02 0.11 –
Nb2O5 0.01 0.00 –
BaO 0.08 0.16 –
PbO 0.02 0.13 0.18
ThO2 0.01 0.01 0.02
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around 15° showing that it also had an amorphous structure. 
GMT was coarser than BOF slag and FA with 16%, 8% and 
0.5% of FA, BOF and GMT particles, respectively, having a 
grain size of clay (Fig. 2).  

Methods

Figure 3 shows the Box Flow diagram of the methods used.
Oven-dried FA was mixed with oven-dried GMT at a 

mixture level of 0, 10, 30 and 50% BOF slag (GMT, 10 BOF, 

30 BOF  BOF and 50 BOF, respectively). 50% was chosen 
as the maximum so that the geopolymers synthesised would 
result in large volumes of GMT being used. An appropriate 
concentration of KOH was then added at 20% (v/m) of the 
total solids. KOH was used as previous studies had shown 
that KOH was the best alkali for GMT-based geopolymers 
[8].The paste was then thoroughly mixed to form a smooth 
paste which was subsequently placed into a 50 × 50 × 50 mm 
mould. The paste in the mould was then placed in an oven 
at a particular temperature for 7 days. The conditions tested 
were the effect of KOH concentration (5–15 M), curing 

Fig. 1  XRD analysis of 
GMT, FA and BOF slag 
(S = Silica, P = Pyrite, M = Mul-
lite, H = Haematite, CS = Cal-
cium silicate, CaO = Calcium 
oxide, Fe = Iron oxide, 
MgO = Magnesium oxide)
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temperature (50–90) and curing time (1–7 days). The above 
experiments were repeated with FA and a comparison was 
done. The unconfined compressive strength (UCS) test was 
conducted with the aid of a stress-controlled compression 
machine with a stress rate of 0.25 MPa/s. The reported UCS 
was an average of three samples. The geopolymers which 
gave the highest UCS were then subjected to toxicity char-
acteristic leaching procedure (TCLP) and durability tests. 
Durability was measured over a period of 90 days after cur-
ing. TCLP was done in accordance with the United States 
Environmental Protection Agency method [23]. The cured 
geopolymers without being crushed were placed in a col-
umn and completely covered with an extraction buffer of 
acetic acid and sodium acetate (pH 4.93 ± 0.05). The static 
extraction was left for 30 days. At the end of the 30 days, 
the extraction buffer was withdrawn completely before 
being acidified with nitric acid and subsequent metal analy-
sis on the AAS. A fresh extraction buffer was also added 
to the soaked geopolymer. This routine was repeated for 
12 months.

To reduce the energy consumption during curing, a num-
ber of curing experiments were carried out, where the paste 
was only cured at respective elevated temperatures for 1–6 h, 
and immediately afterwards cured at ambient temperatures 
for 2, 7, 14, 21, 28, 56 and 90 days.

Determination of CASH/CSH phase

5 g of milled geopolymer was placed 300 ml of salicylic/
methanol solution (20 g of salicylic acid in 300 mL of meth-
anol). The slurry was mixed for 2 h. The slurry was allowed 

to settle for 15 min and then vacuum filtered using a 0.45-μm 
filter and a Buchner funnel. The residue was washed with 
methanol, dried at 90 °C for 24 h, and then weighed and 
recorded [24].

Determination of geopolymer phase

1 g of milled geopolymer was added to 250 ml of HCl acid 
solution (5% v/v). The slurry was stirred for 3 h after which 
the slurry was filtered with a Buchner filter and a 0.45-μm 
filter and washed with reverse osmosis water. The insoluble 
reside was dried at 90 °C for 24 h and then weighed [25].

Statistical analysis

All reported results are an average of three geopolymer 
specimens. The error bars in all graphs at 95% confidence 
interval of the mean.

Results and discussion

Effect of BOF slag/FA content and KOH 
concentration

There was an increase in UCS of GMT and BOF-modified 
GMT geopolymers with an increase in KOH concentration 
from 5 to 10 M followed by a decrease at 15 M (Fig. 4). The 
increase in UCS was due to available hydroxyl ions to dis-
solve  Al2O3,  SiO2 and CaO; whilst the decrease at 15 M was 
due to an increase in free  Ca2+ ions in solution due to dimin-
ished dissolution of CaO at high pH as shown in Table 2 for 
the 50 BOF geopolymer. The free  Ca2+ ions shows that they 
were not used in the formation of the C–A–S–H gel lead-
ing to the reduction of strength as the C–A–S–H/C–S–H 
gel formed the bulk of the geopolymer. For the GMT geo-
polymer, the decrease at 15 M was due to the paste becom-
ing viscous and being difficult to work with. The FA-based 

Fig. 3  Methodology Box flow diagram
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geopolymers showed that there was an increase in UCS with 
an increase in KOH concentration up to 15 M. It has been 
shown that low Ca-based geopolymers require high pH for 
activation due to the need to break down the crystalline 
structures [26]. 

Effect of elevated curing temperature

There was an increase in UCS with curing temperature for 
GMT- and FA-based geopolymers (Fig. 5). This was due to 
increase in energy provided for the mobility of molecules; 
however, for the BOF slag-based geopolymer, there was a 
decrease in UCS at 90 °C. This was due to a decrease in 
solubility of CaO at elevated temperatures. For the BOF-
based geopolymer, CaO solubility is critical since the 
C–A–S–H/C–S–H gel formed the bulk of the geopolymer as 
shown Fig. 6. It is worth noting that at any particular temper-
ature, BOF slag-modified geopolymer had a higher UCS as 
compared to the FA-modified geopolymer. This was due to 
that BOF slag-modified geopolymer had C–A–S–H/C–S–H 
gel over and above the geopolymer gel which contributed 
to higher extent of geopolymerisation as shown in Fig. 6. 

In an effort to reduce energy consumption during cur-
ing and try to make the geopolymer synthesis more prac-
ticable, curing was done at room temperature for 90 days, 
whilst other geopolymers were cured at 50–90 °C for 6 h 
and the remainder of the time to 90 days at room tempera-
ture. The BOF-based GMT geopolymer (Fig. 7) showed that 
ambient temperature curing was slow as the maximum UCS 
was reached after 56 days. A 6-h curing at 90 °C reached 
maximum UCS within 7 days and thereafter showed no sig-
nificant increase in UCS. A 6-h curing at 50 °C proved to 
be the optimum with a UCS of 14.73 reached after 21 days. 
A 6-h curing at 50 °C gave the highest in that the moisture 
in the cast specimen was not lost as compared to higher 

Table 2  Variation in free Ca2 + ions with KOH concentration for the 
50 BOF geopolymer

KOH concentration 5 M 10 M 15 M

Free Ca2 + (ppm) 35 20 100

0

5

10

15

20

25

50 70 90

U
C

S 
(M

Pa
)

Curing temperature (°C)

GMT

50 FA

50 BOF

Fig. 5  Variation in UCS with curing temperature (Curing time 
3  days, using 10  M KOH for  BOF-modified geopolymer and 15  M 
for FA-modified geopolymer)

Fig. 6  XRD diffractogram 
of BOF-modified geopolymer 
(cured at 50 °C for 6 h and 
thereafter at ambient tem-
perature for 21 days using 10 M 
KOH
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temperatures, therefore allowing geopolymerisation to con-
tinue during the rest of the ambient temperature curing. It 
is also known that the solubility of CaOH decreases with 
temperature leading to precipitation. For FA-modified GMT 
geopolymer (Fig. 8), a 90 °C, 6-h curing followed by ambi-
ent temperature curing was the optimum giving a UCS of 
6.77 MPa after 21 days. For both geopolymers at optimum 
curing regimes, 21 days was the optimum curing time with 
an insignificant UCS change afterwards. Figures 7 and 8 
both show the importance of temperature in the development 
of strength for GMT-based geopolymers. A comparison of 
elevated temperature curing (Fig. 9) and mixed tempera-
ture curing regimes (Figs. 7 and 8) showed a 31% and 48% 
decrease in UCS for BOF slag- and FA-modified geopoly-
mers, respectively, further emphasising the importance of 
temperature in curing of these geopolymers.  

The 50% BOF geopolymer cured for 6 h at 50 °C (Fig. 7) 
met the minimum UCS requirements for use as a grade non-
weathering brick [27]. All other 50 BOF geopolymers and 
50 FA geopolymers met the minimum UCS requirements 

for use standard non-loading bricks with the exception of the 
50 FA geopolymer cured at ambient temperature (Fig. 8) [28].

XRD analysis of geopolymers

The major difference between the 50 BOF geopolymer and 
the precursors of the geopolymer was the appearance of 
two new crystalline peaks at around 25 and 30° (Fig. 6). 
These peaks represented C–A–S–H and C–S–H, respec-
tively [29]. This accounted for the increase in strength of 
the geopolymers. Geopolymerisation was also associated 
with a decrease in the main silica peak which may indicate 
the dissolution of the crystalline phases under the alkaline 
conditions. Figure 10 shows the variation in phases with 
geopolymer type.

With an increase in BOF slag content in the starting 
materials, there was a corresponding increase in the CASH/
CSH phases. At above 30% addition of BOF, the CASH/
CSH phases become more dominant than the geopolymer 
gel phase.

FA-modified GMT geopolymers did not result in the 
formation of new crystalline phases but resulted in the 
decrease of intensity of the crystalline peaks (Fig. 11). 
The main silica peak at around 27° was split showing the 
aggressive nature of the alkaline environment and this is 
in agreement with the results obtained by Zhang et al. [7]. 
There was also a noticeable increase in the amorphous 
nature as evidenced by the upward shift of the baseline 
from about 10°–20° for the 50 FA geopolymer as com-
pared to the precursor materials.

Ftir

All precursor materials had the main band at around 
1014 cm−1 (Fig. 12). This band represented the main chain 
structure which is the TO4 where T is Al or Si [30–32]. 
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The shifting of the main band to lower wavenumbers was 
a sign of geopolymerisation [7]. The 50 BOF geopoly-
mer had the largest shift with the main band centred at 
820 cm−1 from about 1014 cm−1, which was indicative 
of higher geopolymerisation and hence higher UCS than 
the 50 FA geopolymer. It, therefore, meant that the (SiQ)n 
unit value for n was 0 as compared to 3 for the precursor 
materials. This indicated a highly amorphous structure for 
the geopolymer [33]. There was no significant shift for the 
50 FA geopolymer; the gain in strength might, therefore, 
be due to the dissolution of silica and alumina and the gel 
formed becoming a glue to unreacted particles.

Sem

The 50 BOF geopolymer showed more of the geopolymer 
phases (CASH/geopolymer gel) as compared to the 50 FA 
geopolymer which showed a number of unreacted parti-
cles (Fig. 13). This then confirms the UCS analysis which 
showed that the 50 BOF geopolymer had a higher UCS 
than the 50 FA geopolymer. The 50 FA geopolymer was 
also characterised by loose contacts between individual 
particles, whereas the 50 BOF geopolymer was composed 
of tightly packed particles which also accounted for higher 
UCS. It has been shown that reduction in particle size/
regularity results in higher UCS due to more packing of 
particles [34].

Tclp

A TCLP analysis was done on the 50 FA and 50 BOF geo-
polymers and a comparison was done with the combined 
precursor materials.

FA-modified GMT geopolymer was not effective in the 
immobilisation Ni; whilst the BOF-modified GMT geopoly-
mer was effective in the immobilisation of heavy metals with 
a 95% reduction in the leachability of Fe (Table 3). The 
reduction in Fe leachability in both geopolymers was due 
to the incorporation of Fe into the CASH/CSH structure or 
geopolymer structure (Figs. 14, 15) whilst other meal ions 
may be immobilised via encapsulation. The sum of all metal 
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released over a period of 12 months was used to compute the 
metal release rates of the geopolymers. The release rates are 
shown in Table 4.

Conclusion

FA and BOF slag can be used to modify GMT-based geo-
polymers. BOF slag-modified GMT geopolymers cure at 
lower temperatures than FA-modified GMT geopolymers. 

Fig. 12  FTIR analysis of 
geopolymers with precursor 
materials (50 FA-cured at 90 °C 
for 6 h and thereafter at ambient 
temperature for 21 days using 
15 M KOH (50 BOF-cured at 
50 °C for 6 h and thereafter at 
ambient temperature for 21 days 
using 10 M KOH)
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There was no significant increase in UCS after 21 days for 
ambient curing for both types of geopolymers. Ambient 
curing results in a 47% and 29% decrease in UCS for BOF 
slag-modified GMT geopolymers and FA-modified GMT 
geopolymers, respectively, when compared with elevated 
temperature curing. CSH/CASH phases dominate BOF 
slag-based geopolymers; whereas, geopolymer gel 
dominates FA-based geopolymers. Both FA- and BOF 
slag-based GMT geopolymers can safely be used in the 

Fig. 14  EDX analysis of 
Fig. 13a area c

Fig. 15  EDX analysis of 
Fig. 13b area d

Table 3  TCLP analysis 50 FA precur-
sor material

50 FA geo-
polymer

50 BOF precur-
sor material

50 BOF 
geopolymer

Statutory limits (ppm) (South 
African water Guideline 1996)

Fe 14.65 3.54 34.55 1.87 5
Ni 7.34 0.31 6.67 0.21 0.4
Cu 3.44 0.98 4.44 0.88 2
Mn 2.67 1.41 5.87 1.12 10
Zn 1.45 0.87 1.33 0.34 4
Sulphates 10,325 3100 10,489 2245 6000
pH 6.45 11.22 8.34 11.78 –

Table 4  Metal release rates of 50 FA and 50 BOF geopolymers

The metal release rates over a 12-month period were below 120 mg/
m2; this, therefore, meant that risk of Fe, Zn, Mn, Ni and Cu envi-
ronmental contamination from the continued use of the 50  FA and 
50 BOF geopolymers was significantly low [35]

Sample Fe 
(mg m−2)

Zn 
(mg m−2)

Mn 
(mg m−2)

Ni 
(mg m−2)

Cu 
(mg m−2)

50 FA 100 82 110 25 10
50 BOF 110 89 85 12 20
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environment as their 12-month static leaching tests were 
below acceptable limits. The use of FA and BOF slag to 
modify GMT geopolymers can provide avenues for use 
of these geopolymers as green civil engineering materi-
als. BOF-modified GMT geopolymers were more effective 
in heavy metal immobilisation as compared to FA-based 
geopolymers.
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