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Abstract: Artificial aggregates produced from mine waste geopolymeric binders were studied as a potential substrate for fixed-film
wastewater-treatment processes (biofilm reactors). Waste geopolymeric artificial aggregates (WGA) of 2–3 cm in size were produced using
geopolymeric mine waste mud as a precursor and both sodium silicate and sodium hydroxide as alkaline activators. Seven mixtures were
produced with different atomic ratios of sodium silicate to sodium hydroxide (S/H) and of precursor (waste mud) to sodium silicate (P/S),
using curing temperatures of 20°C and 130°C, for a total of 112 samples. Structural stability and pH variation after immersion in water were
observed over an 18-week period. The results showed that the initial water pH decreased with the increase of the curing time, taking between
17 and 42 days to reach pH 8. The mixture cured at 20°C for 28 days appears to be suitable for use as a substrate for biofilm reactors because
the initial water pH was one of the lowest (approximately pH 10), and the time necessary to stabilize it to approximately pH 8 was only
17 days. DOI: 10.1061/(ASCE)MT.1943-5533.0000429. © 2012 American Society of Civil Engineers.
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Introduction

The European Union Environmental Technologies Action Plan
calls for urgent action for water-resources protection. High priority
is given to environmentally sustainable wastewater-treatment
processes that will allow recycling of water and materials without
entailing excessive costs.

Substrate materials are a very important component of fixed-
film wastewater-treatment processes (also called biofilm reactors)
because the material allows the adhesion and development of a
biofilm, which is essential for pollutant removal. Over the last de-
cade, new materials have been developed for biofilm reactors,
namely artificial aggregates (e.g., light-expanded clay aggregates)
and thermoplastics (e.g., polystyrene), and have shown higher per-
formance in pollutant removal and competitive cost-effectiveness
when compared with conventional natural materials (e.g., gravel
and sand), as demonstrated by the studies of Lekang and Kleppe
(2000), Crini (2006), Anderson et al. (2008), Afridi (2008), Albu-
querque et al. (2009a), and Albuquerque et al. (2010).

The use of waste materials or combustion by-products to pro-
duce artificial substrates for biofilm reactors (namely to produce

potential value of zeolitic materials) is a new research area and
a few studies have already been performed using expanded clay
and lava rock (van Deun and van Dyck 2008; Albuquerque et al.
2009a), oil-shale ash (Kaasik et al. 2008) and agricultural by-
products (Mohan et al. 2008) for the removal of heavy metals,
ammonia, residual organics, and chlorine.

The operational costs (Albuquerque et al. 2009b) associated
with the replacement of the substrate as a result of bed clogging
require the investigation of alternative materials, preferably of
low cost, and requiring both low energy consumption and low
greenhouse-gas emissions.

Geopolymers are artificial aggregates produced from polycon-
densed materials that rapidly assume a solid state at low temper-
atures. The polymerization process involves a chemical reaction
under highly alkaline conditions, in which Al-Si minerals yield
polymeric Si-O-Al-O bonds with the empirical formula
Mn!"#Si" O2$z" Al" O%n·wH2O, where n = degree of polymer-
isation; z = 1, 2, or 3 (the order); and M is an alkali cation, such
as potassium or sodium (Davidovits 1999). From a chemical point
of view, geopolymers are the synthetic equivalent to natural
zeolites, having a similar hydrated aluminum silicate chemical
composition, with an amorphous structure that confers good
mechanical and durability performance, as compared with other
materials (Davidovits 2002). Thus, geopolymers obtained from
different sources (called precursors) have emerged as new-
generation inorganic polymeric materials that are well-suited for
numerous engineering applications.

Laboratory research results have demonstrated that alumino
silicate waste mud from a tungsten mining exploration has very
good reactivity with alkaline activators (sodium hydroxide, calcium
hydroxide, and sodium silicate), after a thermal calcination process
and under certain mixing conditions, to produce alkali-activated
geopolymeric binders (Pacheco-Torgal et al. 2005). Pacheco-Torgal
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et al. (2008a, 2008b) observed that particular waste-mud geopoly-
meric mixtures present higher strength when using 10% calcium
hydroxide, as well as sodium hydroxide and sodium silicate (water-
glass), as activator solutions. These mine waste binders were also
shown to have good durability performance with respect to abrasion
and acid resistance, as well as good environmental performance
in leaching tests (Pacheco-Torgal et al. 2008c), and therefore could
be used in hydraulic and sewage works.

The reuse of wastes is of great interest in European countries,
and such is the case of mining wastes. According to Eurostat, more
than half of the waste generated by businesses in the European
Union (EU27) in 2006 was produced by industry and construction.
Approximately 55% of industry waste was produced by mining and
quarrying, 4.9% of which was incinerated, 43.6% recovered, and
51.5% deposited (Eurostat 2009). An underground tungsten mine,
located in Panasqueira (Portugal), has produced tons of waste per
day since the 1980s, resulting in the deposit of several million tons
of alumino silicate waste muds. Presently, the Panasqueira mine
produces approximately 100 tonnes of waste per day, and research
into the use of such mining wastes to produce geopolymeric bind-
ers will contribute to reduce waste landfill sites and environmental
impacts (Pacheco-Torgal et al. 2009).

The present research deals with a novel application of mine
waste geopolymeric binder by producing waste geopolymeric
artificial aggregates (WGA) as new, alternative, and more durable,
material to be used as substrate in biofilm reactors. This can also
widen perspectives for new applications of mine waste geopoly-
meric binder-based materials. The objective of the study was to
produce seven WGA aggregates using different atomic ratios of
sodium silicate to sodium hydroxide (S/H), and of precursor (waste
mud) to sodium silicate (P/S), as well as to evaluate its stability in
water over an 18-week period (i.e., behavior in water without
disintegration or dissolution) and variation of the water pH.

Materials and Experimental Procedures

Characterization of the Precursor

The waste mud (precursor, P) was obtained from the Panasqueira
tungsten mine located in the central region of Portugal. The chemi-
cal composition of the mine waste mud is presented in Table 1 and
was determined by energy dispersive spectrometry (EDS, Rontech,
Germany). As expected, the most important components are silica
and alumina, and there are minor percentages of iron and sodium
oxide. The waste mud was first submitted to thermal treatment
using a static furnace (Termolab, Portugal), for 2 h at 800°C, to
increase its reactivity during geopolymerisation. According to
Pacheco-Torgal et al. (2005), calcination temperatures above
800°C are adequate to obtain good reactivity, although higher
temperatures (above 950°C) lead to a higher compressive strength,
which is not necessary for the purposes of this research. The spe-

cific surface (0:24 m2∕g) was determined using Blaine’s method
with air permeability.

Production of WGA Aggregates

Seven mixtures of WGA aggregates (2–3 cm in size, see Fig. 1)
were produced with different P/S and S/H ratios (Table 2).
Na2SiO and NaOH, with a concentration of 10 M, were used as
activators. The amount of waste mud (P) was the same in each
mixture (750 g).

For each geopolymeric mixture, the alkaline activators were
previously mixed together according to each S/H ratio, and the
precursor was added to the mixture afterward according to each
P/S ratio shown in Table 2. A small amount of water (approxi-
mately 10%) was added to each mixture to increase its workability.
After mixing for 2 min, geopolymeric waste-mud mortar was then
poured into small molds of 2 ! 3 cm in size with the approximate
shape of natural aggregates and was left to cure in molds at room
temperature (20°C) for approximately 48 h. This period of time
was found to be appropriate for the initial geopolymeric exothermic
reaction to take place and for the geopolymeric mortar to ensure
initial setting. Mortar samples (WGA aggregates) were removed
from the molds after the initial curing period and placed at different
curing temperatures to harden. For each mixture, a total of 16WGA
aggregates were produced, resulting in a total number of 112
mixtures (aspect presented in Fig. 1).

Two different curing temperatures were adopted (20°C and
130°C) to evaluate the effect of the curing temperature in acceler-
ating the hardening process. Thus, for each mixture, half of the

Table 1. Chemical Composition of the Waste Mud

Constituents Mining waste mud (mass, %)

SiO2 68.54
Na2O 1.14
Al2O3 18.27
Fe2O3 5.64
K2O 5.24
TiO2 1.17

Fig. 1. WGA aggregates after curing in dry conditions

Table 2. Geopolymeric Mixture Composition and Mass Ratios
(S/H and P/S)

Parameter

Mixesa

1 2 3 4b 5c 6c 7

Na2SiO3 #g$ 187.5 187.5 187.5 150 150 150 150
NaOH (g) 150 62.5 46.9 37.5 37.5 30.0 37.5
P/S ratio 1.25 3 4 4 4 5 4
S/H ratio 4 4 4 5 5 5 5
aMass of precursor & 750 g.
bAddition of 1% of glycerine over the mass of precursor.
cAddition of 20% of glycerine over the mass of precursor.
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WGA aggregates were cured at room temperature (20°C) while the
other half were cured at 130°C.

Mixtures 1 and 2 were the first to be prepared. The proportions
for these mixtures were adopted on the basis of the results of
the activation reaction and the resulting compressive strength after
curing. The composition of mixtures 3–7 was obtained by increas-
ing the S/H and P/S ratios of the initial mixtures to reduce the
amount of hydroxide present in the WGA aggregates and to obtain
a lower initial water pH when the aggregates are placed in water
(as explained in the section, “Production of WGA aggregates”). For
the same reason, mixtures 4, 5, and 6 were produced by adding 1%
and 20% glycerine because it was initially believed that it would
buffer the initial water pH.

Evaluation of WGA Stability and pH Variation in Water

The structural stability of WGA aggregates and pH variation in
water were observed for a curing period of 4 weeks for each curing
temperature.

For dry-curing times of 7, 14, 21, and 28 days, two samples of
each mixture for each curing temperature (20° and 130°C), were
placed in vessels containing 1 L of tap water (Fig. 2), resulting in
a total of 56 tests—designated A1–D14 as presented in Table 3.

The vessels were continuously operated in fed-batch mode
(i.e., the water was replaced after each 24-hour cycle). The pH

was measured at the beginning (5 min after the immersion of
WGA or after changing the water) and at the end of each cycle
using a SenTix-41 probe connected to a Multi 340i meter (WTW,
Germany). The vessels were monitored every day over several
weeks, until a water pH of 8 was reached or until the total disinte-
gration of samples was observed. The pH of the tap water (before
adding the samples) was registered for each test and varied from
6–7.5. The time of sample defragmentation was also registered.

Statistical analysis was performed using the SPSS program
(SPSS Inc., USA; Version 17.0). The data were analyzed using
Scheffe’s test (study of the influence of mixture composition, and
P/S and S/H ratios over time, to achieve a pH ! 8) for a statistical
significance level of p < 0:05.

Results and Discussion

The stability of the different WGA aggregates (56 samples) after
immersion in water was observed over 18 weeks—namely the
time to achieve disintegration or dissolution. Most of the samples
disintegrated after a certain period of time in water, particularly
the samples cured at 20°C. Table 3 highlights the samples that
disintegrated in water. The samples obtained from mixtures 4
and 7 demonstrated good structural stability in water, cured at
either 20 or 130°C, after the initial curing period.

The factors that influenced the synthesis and geopolymer for-
mation with alkaline activators and waste mud are not yet fully
understood. This variation in sample stability may be related to
the stage of geopolymer activation and mixture composition, which
may have changed after contact with water. Increasing the P/S ratio
is believed to lead to higher Si and Al dissolution, resulting in better
geopolymerisation, and consequently, a stronger geopolymer struc-
ture. According to Pacheco-Torgal et al. (2008a), the final
SiO2∕Al2O3 atomic ratio in the hardened binder primarily depends
on the reactivity of Al-Si because not all of the silica and alumina
are reactive. Noting that Al and Si have synchro dissolution behav-
ior in alkaline solution, they could dissolve from the mineral
surface in a linked form, and therefore the Si∕Al ratio was not
the same in the final hydration product.

The Na' cation plays an important role in balancing the deficit
of electrical charges of the aluminum atom, and therefore the
Na∕Al ratio should be close to 1 for all of the Si-O-Al bonds to
be established. According to Pacheco-Torgal et al. (2008a), if the
ratio of H2O∕Na2O is too high, samples normally have lower
resistance. However, the increased resistance is not only a result
of the strength of connections, but also the improvement of the
microstructure. The evaluation of the compressive strength of the
samples, and the characterization of its microstructure after immer-
sion in water, are now being studied.

According to the Portuguese Decree-Law No. 236∕98, the pH
of treated wastewater at the discharge point should not be higher
than 8. Thus, the number of days necessary to obtain pH < 8 was
recorded for all the WGA aggregate samples. The WGA more
appropriate for wastewater-treatment processes are those in which
the pH quickly lowers to values below 8 and which maintain struc-
tural stability in water.

The initial pH in the 56 experiments varied from 8 (test D12) to
12.6 (test A1), decreasing with time. The number of wash cycles
required to obtain pH < 8 for each sample is presented in Table 4.
The average number of wash cycles necessary to reach pH < 8
was found to be 39, 39, 42, 27, 35, 16, and 17 for mixtures 1–7,
respectively.

The results also showed that mixtures 1, 2, and 3 present both
higher initial and final pH values in water and the number of days

Table 3. Schedule of the Fed-Batch Experiments for WGA Aggregates

Curing time
(days)

Curing
temperature (°C)

WGA aggregates of different mixes

1 2 3 4 5 6 7

7 20 A1 A3 A5 A7 A9 A11 A13
130 A2 A4 A6 A8 A10 A12 A14

14 20 B1 B3 B5 B7 B9 B11 B13
130 B2 B4 B6 B8 B10 B12 B14

21 20 C1 C3 C5 C7 C9 C11 C13
130 C2 C4 C6 C8 C10 C12 C14

28 20 D1 D3 D5 D7 D9 D11 D13
130 D2 D4 D6 D8 D10 D12 D14

Note: The highlighted samples disintegrated before the end of the 18-week
period.

Fig. 2. Vessels containing WGA aggregates
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to obtain pH < 8 was also higher for those mixtures compared
with the others. This occurrence appears to be related to the mass
percentage ratio of sodium silicate and sodium hydroxide solutions
to the precursor, which was higher for those three mixtures. The
OH" ion plays an important role in the alkaline activation and
can freely diffuse in the solution, increasing the pH. This occurs
because the reactions that are part of the geopolymerisation proc-
esses do not occur uniformly throughout the matrix, depending on
the distribution of particle sizes and the local chemistry. Therefore,
unreacted particles and particles attached by the alkaline solution
may coexist in a single paste (Fernandez-Jiménez and Palomo
2009). This effect was not as evident for mixtures 4–7 in which
the mass ratio of alkaline activators to the precursor was reduced.

Mixtures 5 and 6 exhibited an even lower initial pH, which
could be associated with the presence of 20% glycerine that
may have prevented Na' dissolution, and also a slightly higher
stabilization time and higher variation interval compared with
others. However, mixture 5 took an average of an additional 19 days
to stabilize at a pH below 8. Mixture 4, with 1% glycerine, and

mixture 7, of the same composition but without glycerine, showed
different values of initial pH and stabilization times (Table 4). Mix-
ture 4 exhibited a lower pH in the initial days and took an additional
10 days to achieve a pH of 8, when compared with mixture 7.

The minimum number of days to achieve a pH lower than 8 was
found in mixtures 6 and 7 (Table 4). However, for mixture 6, only
the samples cured at 130°C maintained stability, whereas for mix-
ture 7, the samples that were cured at 20°C (B13, C13, and D13)
maintained stability for 18 weeks. Mixture 7 also presents lower
standard deviation values, which indicates that the stabilization
time observed in each sample was similar.

From an economic point of view, the production of WGA cured
at 20°C would be more advantageous because it requires lower
energy consumption and lower greenhouse gas emissions. Addi-
tionally, this geopolymer may also represent an economic valori-
zation of waste materials from mining activities, promoting the
recycling of mining wastes and thus contributing to minimize
environmental impacts.

Statistical Analysis of Mixing Ratios on pH Control

An analysis of variance and Scheffe’s test were performed to study
the influence of each factor, i.e., mixture composition and P/S
and S/H ratios over time to achieve pH ! 8. The test aggregates
all of the samples whose averages are statistically equal, and in
this case, created two groups (a and b). These tests demonstrated
significant differences (p < 0:05) in all of the influencing factors,
as shown in Figs. 3 and 4.

Fig. 3 showed that mixtures 6 and 7 provided the shortest times
to achieve pH ! 8 and were significantly different (p < 0:05) from
mixtures 1, 2, and 3 (Fig. 3). However, the mixture that presents the
smallest variation interval is mixture 7, as shown in Table 4.

Regarding the P/S ratio influence, mixtures with P∕S & 5
required less time to achieve pH ! 8 [Fig. 4(a)], and for lower
P/S ratios, the time to achieve pH ! 8 was longer. With respect
to the S/H ratio, the same conclusion can be drawn. The mixtures
with S∕H & 5 required less time to achieve pH ! 8. However, the
mixtures with #S∕H$ & 4 (although requiring longer times to
achieve pH ! 8) are statistically equivalent (p > 0:05) to those with
S∕H & 5 [Fig. 4(b)].

Analysis of Mixing Factors on Initial Water pH

The effect of the same factors on the initial water pH was statisti-
cally analyzed with a nonparametric test and the results were
crossed with the curves of water pH variation over time. The

Table 4. Number of Wash Cycles Necessary to Obtain pH ! 8

Mix
Fed-batch
test label Initial pH

Number of wash cycles
to obtain pH ! 8

1 A2 12.6 49
B2 10.5 42
C2 10.8 35
D2 10.2 28

2 A4 10.5 49
B4 11.0 42
C4 9.7 42
D3 10.6 28
D4 9.4 35

3 A6 10.6 49
B6 10.4 49
C6 9.7 42
D5 9.5 35
D6 9.3 35

4 A8 9.7 35
B7 9.8 21
B8 9.8 35
C7 9.5 28
C8 10.5 28
D7 9.3 21
D8 9.7 21

5 A10 9.6 49
B10 9.4 35
C10 9.4 28
D10 9.0 28

6 A12 9.7 35
B12 8.5 14
C12 8.4 7
D12 8.0 7

7 A14 10 21
B13 10 14
B14 10 21
C13 9.5 14
C14 10 14
D13 10 14
D14 10 21

Fig. 3. Results of Scheffe’s test: influence of mix type on immersion
time to achieve water pH ! 8
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Kruskal-Wallis nonparametric test indicated that statistically there
were significant differences (p < 0:05) in the influence of the
mixture type, P/S and S/H ratios on the initial water pH, although
in all of the mixtures, the initial pH decreased with an increase of
the curing time. Because this test does not allow knowledge of the
differences between mixtures and samples, the following analysis
of results will attempt to stress the differences between mixtures to
define the one with more potential to be used in biofilm reactors.

With respect to the curves in Figs. 5 and 6 and the statistical
results, the mixtures can be split into two groups: a group with mix-
tures 1, 2, and 3 that present higher initial water pH and higher
mean time to achieve pH ! 8; and a group containing mixtures
4, 5, 6, and 7, showing both lower initial pH and lower mean time
to reach pH ! 8.

The samples of mixtures 1, 2, and 3, cured at 20°C and im-
mersed in water for 1, 2, and 3 weeks, began to disintegrate

immediately (all samples). In some cases, the disintegration process
began on the first day of immersion, and in others, began after 2–4
days. In this group of mixtures, the immersion tests ended after
4–5 wk. The samples of all of the mixtures cured for 7, 14, 21,
and 28 days at 130°C, and the mixtures cured for 28 days at
20°C, remained structurally stable during the 18 weeks (which
corresponds to the averages of the respective wash cycles of the
immersion test, as shown in Fig. 5).

Fig. 4. Results of Scheffe’s test: a) influence of P/S ratio on immersion
time to achieve water pH ! 8; b) influence of S/H ratio on immersion
time to achieve water pH ! 8

Fig. 5. Variation of water pH during immersion (WGA aggregates of
mixture 3)

Fig. 6. Variation of water pH during immersion (WGA aggregates of
mixture 5)

Fig. 7. Variation of water pH during immersion (WGA aggregates of
mixture 4)

Fig. 8. Variation of water pH during immersion (WGA aggregates of
mixture 7)
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The samples of mixtures 5 and 6 (cured at 20°C) began to
disintegrate immediately after the first and second days, and the
immersion tests were concluded in 4–6 weeks (Fig. 6). Only
the samples cured at 130°C maintained structural stability during
the 18 weeks of the assay. Mixtures 4 and 7 differ from each other
because of the presence of glycerine in mixture 4. Both of them
present 7 samples (3 cured at 20°C, 4 cured at 130°C), that main-
tained stability throughout the 18 weeks of the immersion test. Both
displayed identical behavior in terms of pH variation; however,
mixture 4 required an extra 10 days to reach pH ! 8. In most of
these mixtures, the WGA aggregates did not disintegrate during
the immersion time, with the exception of the mixture cured for
7 days at 20°C (Figs. 7 and 8).

Conclusions

This study presents the preliminary results of WGA aggregates
produced as substrates for biofilm reactors. In all the mixtures,
the initial pH decreased with the increase of the curing time and
the average time necessary to achieve pH ! 8 varied between
16–17 days (for mixtures 6 and 7) and 42 days (for mixture 3).
Mixtures 6 and 7 required the shortest times to achieve pH ! 8
and they are statistically significantly different (p < 0:05) from
mixtures 1, 2, and 3. Observing the samples cured at 20°C (which
require less energy consumption), the samples of mixture 7 main-
tained stability during the 18 weeks of the immersion test, while
mixture 6 disintegrated quickly. The mixtures with S∕H & 5 and
P∕S & 5 required shorter times to achieve pH ! 8. However, the
mixtures with S∕H & 4, although requiring longer times to achieve
pH ! 8, are statistically equivalent(p > 0:05) to those with
S∕H & 5. Mixture 7 (cured at 20°C for 28 days) presented the low-
est initial water pH after immersion and the shortest time to achieve
pH ! 8 (17 days) and therefore demonstrates good potential for
application in biofilm reactors for wastewater treatment.
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