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ABSTRACT

This study looked at the potential of bauxite residue or red mud to be used in the
manufacture of lightweight aggregate in replacement of pulverised fuel ash (PFA),
commonly used as a way of recycling problematic wastes. The percentage replacements
of red mud with PFA were as follows: 25, 31, 38, 44 and 50%. These were blended in a
mix with waste excavated clay and sewage sludge — all from the Chongqing municipality
in China. Lightweight pellets were produced using a Trefoil rotary kiln and were sintered
to 1200 °C. Results showed that 44 % bauxite residue replacement produced lightweight
pellets with the highest compressive strength, highest density and largest water holding
capacity. This would be expected in materials with a low level of silicates, which causes
insufficient glass phase viscosity and therefore poor bloating during firing; producing an
aggregate with a higher density but with open pores that allowed for larger water
absorption. All ratios of red mud aggregates were significantly reduced in pH after firing
to around pH 8, and this reduced the leachability of the aggregates to levels below those

set by the European landfill directive (2003/33/EC)..
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1. Introduction
Waste by-products are produced as a result of most industrial processes. Many of these
materials are difficult to dispose of due to their hazardous nature, i.e. heavy metal
content, leaching of environmental contaminants or fine particle size causing air
pollution. Thus, a sustainable solution of recycling materials into secondary products,
which are also of value, is desirable. Examples of notable by-product materials are:
pulverised fuel ash (PFA), municipal solid waste incineration ash (MSWIA), sewage
sludge, river silt and bauxite residue. Pelletising and firing these material is one
innovative way of utilising them in order to produce a manufactured aggregate that can
replace those made from natural resources. This is a principle that has been well
established in recent years by researchers such as: Wainwright and Cresswell, 2001;
Aineto et al. 2005; Sarabér et al. 2012; Cheeseman and Virdi, 2005; Cheeseman et al.,
2005; Pioro and Pioro, 2004; Van der Sloot et al., 2001 and Tang et al., 2011. This
technology also provides environmental benefits; as many of these by-products contain
heavy metal contaminants, which become encapsulated in a silicate matrix structure when
sintered at high temperature, making them non-volatile vitrified residues with low
leachability (Chang et al., 2007).

Aggregates are generally formed with two types of waste; a bulking material and
a fuel material. Bulking materials make up the structure of the aggregate, such as PFA
(Ahmaruzzaman, 2010), MSWIA (Hwang et al. 2012), ash from combined heat and
power combustion of paper sludge (Liaw et al. 1998), shale and clays (Laursen et al.
2006) and aggregate crushing fines and glass fines (Kourti and Cheeseman, 2010); whilst

the fuel material can be any biodegradable material with high calorific value in dry or



slurry form, such as sewage sludge (Fytili and Zabaniotou; 2008), biodegradable
municipal waste or farming slurry. They are mixed together and pelletised, forming
‘green pellets’, before being dried and fired up to 1200 °C. The density of lightweight
aggregates is associated to expansion (bloating) of raw materials. For materials to
expand, firstly, they must produce a viscous glass phase at high temperature to
encapsulate a gas and secondly, contain a substance that will liberate a gas at that
temperature (Riley, 1951). Presence of particular oxides in unfired materials controls the
viscosity of the glass phase, and it is the viscosity that controls the pore structure by
entrapping the liberated gas. Therefore, it can be inferred that presence of viscosity-
regulating oxides directly affects the pore structure (i.e. size, shape, distribution etc.) and
thus, have an effect on a number of inter-relating properties such as: density, water
absorption and compressive strength. (Lin, 2006, Gonzalez-Corrochano et al., 2011).
Depending on water absorption capacity, the manufactured aggregate can be used in a
range of applications, from concrete production to use as a component of growing media
for green roofs (Molineux et al. 2009; Molineux et al. 214) and other forms of urban
greening (Francis and Lorimer 2010). A low water absorption capacity would be required
for use in lightweight concretes to ensure a sufficient curing process is achieved, however
a high water absorption capacity would be highly desirable in growing media where
plants would have more access to water. Therefore, in order to evaluate the performance
of aggregates for various secondary applications, the main parameters controlling water
absorption and density (i.e. pore structure of aggregates) must be investigated (Swamy

and Lambert, 1981).



In this study we aimed to produce lightweight aggregate from a mixture of
bulking materials; waste clay (from excavations), PFA, bauxite residue (also known as
red mud) and a fuel material; sewage sludge. The PFA captured from the stacks of coal
fired power stations, has been used for many years in aggregate production (Anon, 1963;
Terukina et al. 1993; Owens 1993) but has also been used in concrete production, soil
stabilisation and as a fertiliser. Originally seen as a waste product that was sent to landfill,
its pozzolanic properties have led to it being considered as a commodity rather than a
waste product (Owens 1993). In the Netherlands, for example, two plants producing light
weight aggregate were closed due to more and more PFA being used as pozzolanic filler
in concrete (Saraber et al. 2012). Therefore it would be advantageous to find another
waste that could be utilised in aggregate production as PFA is becoming less available.
Bauxite residue or red mud is a by-product in the manufacture of alumina (Grife et al.
2009) and its composition varies depending on geographic origin and the method of
extraction. For each tonne of product, approximately an equal tonnage of bauxite residue
is produced (Pera ef al. 1997; Zhang et al. 2011), this equates to over 120 million tons per
year globally (Power et al. 2011a). This bauxite residue is highly caustic and can contain
high levels of heavy metals depending on the origin of the bauxite. For this reason red
mud is difficult to dispose of and in 2011 it was reported that 2.7 billion tons were
currently stored in land-based repositories globally (Power et al. 2011a; Zhang et al.
2014). In 2010, at the Ajka aluminium works in Hungary, excess rainfall caused a corner
of the reservoir where the waste was being stored to collapse releasing approximately
700,000 m’ of the caustic liquid waste which subsequently killed 10 people, injured many

more and caused considerable environmental damage (Gelencér et al. 2011; Mayes et al.



2011; Ruyters et al. 2011; Burke et al. 2013). This disaster has raised awareness of the red
mud waste issue and has led to several investigations on how to reuse it in secondary
materials (Power et al. 2011b). There have been some recent publications investigating
these reuse options, such as in Portland cement production, brick manufacturing and road
building, although they have reportedly been associated with limitations due to high
alkalinity, efflorescence and transporting costs (Liu et al., 2014). Developments of
sintered ceramics with red mud fly ash mixture have also been reported (Ponsot et al.,
2015, Samal et al., 2015). However in this study we aim to determine the feasibility of
utilising bauxite residue in the manufacture of lightweight aggregate and determine the
possible quantities that PFA can be substituted by red mud. This is a completely novel
approach and has huge potential for a wide use of different applications depending on the

properties achieved after pelletising and firing.

2. Materials and Methods

The bauxite residue under test was from China, where it is estimated that more than 70
million tonnes are produced annually (Liu et al. 2009). Sewage sludge was selected as a
fuel as it is a semi-solid waste material that is becoming increasing difficult to dispose of
(Ddegaard et al. 2002; Fytili and Zabaniotou; 2008), yet will ensure that a lightweight
aggregate is produced once fired. All materials used in the aggregate production where
locally sourced from the Chongqing municipality, China. The bauxite residue was from
the NanChuan Alumina Plant, the PFA from the LuoHuang Power Station, the sewage

from the JiGuanShi Sewage Treatment Plant and the clay from the DaDuKou District.



Optimal combinations of PFA, clay and dewatered sewage sludge have previously been
reported by Wen-fa Tan et al. (2012) and were used in this study. The PFA was replaced
by bauxite residue on a 1:1 dry weight ratio, from a quarter to half the amount in the
following percentage ratios: 25, 31, 38, 44 and 50 %. These ratios were chosen based on
previous investigations by Trefoil Technology Ltd. (unpublished data) which showed that

replacement of PFA above 50 % greatly reduced the quality and strength of the aggregate.

2.1  Aggregate Production

A pilot plant supplied by RTAL China Ltd. to produce lightweight aggregate using the
Trefoil Rotary kiln was set up at the University of Chongqing, China. This kiln is made of
incaloy and has a length of 0.8 m and a diameter of 0.2 m and is ideal for using
problematic wastes in aggregate production due to its superior thermal efficiency
(Wainwright and Cresswell, 2001), its compliance with required emission standards and
cost efficiency.

The manufacturing procedure followed that described by Sarabér et al. (2012) —
in brief the waste materials were mixed together and granulated with a drum granulator.
15 kg (wet weight) of each replacement percentage mix (25, 31, 38, 44 and 50 %) was
prepared and pelletised to sizes ranging from 4mm to 16mm. These ‘green pellets’ were
then dried in a conventional oven at 105 °C overnight until they reached constant weight.
Approximately half the pellets from each of the five replacement ratios were left unfired,
whilst the rest were fed into the Trefoil kiln at 500 °C and fired to 1200 °C. The pellets

were fired in 3-4 kg batches for 25 minutes at a rotation speed of 7-8 rpm. After



production a random sample of 5 kg of unfired pellets and 5 kg of fired pellets were

selected for each of the five replacement ratios for aggregate characterisation.

2.2 Aggregate physical characterisations

2.2.1 Aggregate strength

To determine the strength of the five different aggregates from the fired group, the pin
crusher test was used (as in Saraber et al. 2012 and similar to that described by
Cheeseman et al. 2005). Samples of 20 aggregate pieces were randomly selected from
each fired replacement group and put into a pin crusher. The pin was tightened until the

aggregate fractured and the force (in MPa) required to cause the break was recorded.

2.2.2 pH Values and Conductivity

The pH was determined for the five aggregate types before and after firing. Each had
twelve replicates, therefore there were 120 samples in total. 30 g of material was soaked
in 75 ml of distilled water, stirred and left for 24 h, then three readings using a YSI
proplus multiparameter meter were taken for each sample to get an accurate mean for
each of the replicates. The conductivity was tested at the same time as pH with the

multipurpose meter probe. Mean values were recorded as puS/cm.

2.2.3 Particle Density and Water Absorption
The particle density and water absorption of the fired aggregates were characterised
according to BS EN 1097-6 2000. Particle density was determined using 500 g samples

of aggregate and each replicated three times (15 samples in total). Particle density was



then calculated in Mg/m® using the weight of: the saturated surface dried aggregate
(W1), the container with saturated aggregate and water (W2), the container alone filled
with water (W3) and the weight of the oven dried aggregate (W4), using the following
equation:

Particle Density = density of water x W4
W4 — (W2 -W3)

Water absorption capacity (%) was calculated using the weight of the saturated surface
dried aggregate (W1) and the oven-dried aggregate (W4) using the following equation:
Water Absorption = 100 x (W1 — W4)

W4
2.2.4 Bulk Density
The loose bulk density of each of the five fired aggregate samples, was characterised
using BS EN 1097-3:1998. To measure loose bulk density an empty container (11

capacity) was weighed and then reweighed once filled with the test sample. This was

repeated three times for each aggregate and the loose bulk density calculated in Mg/m3.

2.3 Aggregate chemical characterisations

2.3.1 XRF Oxide Composition Analysis

X-ray fluorescence analysis (XRF) that determines elemental oxide percentages was
carried out at the University of Greenwich using a Philips PW1400 XRF. The five
different aggregates in both the unfired and fired groups were subjected to standard XRF
testing following XRF Scientific Ltd. guidelines for selected elements, including; Al, Ca,

Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, Rb, S, Si, Sr, Ti, Zn and Zr.



2.3.2 Leachate analysis

Metal leachates were analysed from the five unfired and five fired aggregate types using
inductively coupled plasma atomic emissions spectrometry (ICP-AES). The testing
procedure from BS EN 12457-3:2002 was followed where 20 g of each aggregate
(replicated three times) and 40 ml of distilled water were placed in bottles onto a rotating
turntable and left for 6 h, filtered then rotated for a further 18 h. Whattman 0.45#m CA
w/GMF disposable housing with filters were used for sample extractions that were then
run through a Perkin Elmer Instrument, Otima 4300 DV for analysis. Elements of
particular interest included: Al, Ba, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Sr, Ti and

Zn.

2.4  Statistical Analysis

Results for material characterizations were analysed where possible — to detect
differences between the five aggregate types (replacement of PFA with red mud in ratios
of 25, 31, 38, 44 and 50 %) and between aggregates before and after firing — using one-
way analysis of variance (ANOVA) (Zar, 2005). Means were separated with a Tukey’s
HSD post hoc test (Fowler, 1998). Data were tested for normality and transformed using
log or square root when appropriate. However for leachate data, metal concentrations
were compared between unfired and fired groups using paired T-test or the non-
parametric Wilcoxon signed ranks where data could not be normalised. All analyses were

conducted using the statistical package SPSS v. 20.0.



3. Results

A sample of the aggregates produced in this experiment can be seen in Figure 1. There is
little visual difference in the aggregate produced with the differing ratios of red mud to
PFA. The friability of the fired products was also very similar with the highest red mud

replacement percentage producing a successful product with no fractures.

3.1  Aggregate physical characterisations

3.1.1 Individual pellet strength test

There were significant differences, F, 375y = 10.95, P < 0.001, in the force that could be
applied to individual pellets before they fractured and broke apart — this ranged from 6
MPa to 8 MPa. However, these differences did not correlate with changes in red mud to
PFA ratio. In fact, the aggregate with 44% red mud replacement required the greatest
applied force to break while the aggregate with 50% red mud replacement required the

least (Figure 2).

3.1.2  pH Values and Conductivity

Before firing, the pH of all the pellets was approximately 11 and this reduced to around 8

after firing (Figure 3). The differences in pH values of the pellets before firing was

significant, F4 55y = 543.62, P <0.001, with the 25 % and 50 % red mud replacement

having significantly higher pH values than the middle three percentages. Nevertheless,

there was no significant difference in pH in any of the replacement ratios after firing.
The conductivity of all the pellets was drastically reduced after firing, from above

3000 pS/cm to below 500 puS/cm. There were significant differences between the ratios of



red mud replacement before firing, F4 55y = 46.97, P < 0.001 and after firing, F4, ss5) =
24.97, P <0.001, where in both cases the 25, 31 and 38 % were significantly lower than

the larger replacement ratios.

3.1.3. Particle Density, Bulk Density and Water Holding Capacity

Table 1 shows the results from the aggregate characterisations. The red mud replacement
percentage of 44 % had the largest water absorption (6.26 %) and the highest particle,
apparent and loose bulk densities. However in general, there was a slight upward trend in
all measured results with increasing amounts of red mud replacement. The void space
percentage within the pellets were the only results that did not follow this pattern, all

results were very similar at around 40 — 42 %.

3.2 Aggregate chemical characterisations

3.2.1 XRF Oxide Composition Analysis

As the amount of red mud in the pellets increased so did the amounts of Na,O and Fe,O;
in both the unfired and fired pellets. Conversely, the amounts of SiO, and CaO decreased
with increasing red mud concentration in the unfired and fired pellet groups. There was a
small but generally increasing trend in the amount of TiO, once the aggregates were
fired, and a small but generally decreasing trend in the amount of K,O from both the
unfired and fired pellets. Finally for A1,O3, MgO, MnO and P,Os there were similar levels
between the red mud to PFA ratios before firing and similarly after firing, no real pattern

was observed.



3.2.2 Leachate analysis
The metal leachates recorded for both the unfired and fired aggregates are listed in Table
3. There were significant reductions post-firing for: aluminium leachates, tg) = 7.57, P <
0.001; iron, tg) = 11.54, P < 0.001; phosphorus, Z = 4.67, P <0.001; potassium, Z =
0.67, P <0.001; sodium, Z =4.67, P <0.001 and sulphur, Z =4.67, P <0.001. Whilst
magnesium and zinc leachates were significantly increased post-firing; Z = 4.67, P <
0.001 and Z =4.680, P <0.001 respectively.

There were significant differences in leachates between the red mud replacement
ratios in the unfired group for; aluminium, Fy, 19y = 13.940, P < 0.001; calcium, F4, 10) =

21.701, P <0.001; iron, F4, 10)=21.701, P <0.001; magnesium, X2(4) =10.850, P < 0.05;
phosphorus, X2(4) =12.433, P<0.01; potassium, X2(4)= 12.704, P < 0.01; sodium, X2(4) =
11.700, P < 0.05 and sulphur, ¥’4) = 9.904, P < 0.05. Yet there were no significant

differences between the percentages of red mud in the fired groups, except for
phosphorus, and zinc where )4 = 12.422, P < 0.01 and ° = 12.900, P < 0.01
respectively.

The most common pattern observed was that leachates were increased with
increasing red mud replacement in both the unfired and fired aggregate groups, although

the levels tended to be considerably lower once firing had taken place.

4. Discussion



4.1  Physical characterisations

The results of this study demonstrate that red mud can be utilised for the production of
lightweight aggregate, even with up to 50 % replacement of PFA (on a 1:1 dry weight
ratio). Previous work by Blank (1976) found that aggregate manufactured using bauxite
residue did not produce a lightweight aggregate, despite only including around 10% of
the total dry weight and testing several different additives to the green pellets. However
our on-going research (unpublished data) suggests that these volumes could actually
reach 30 % dry weight before the aggregate becomes too heavy to be classified as
lightweight.

The crushing strength of the material produced ranged from 6 — 8 MPa. This
strength is slightly lower than a comparative lightweight material such as Lytag, which
has a crushing value of 14.9 MPa (Wassermann & Bentur 1997), yet it is still within
ranges produced by other manufactured aggregates using sewage sludge (Cheeseman &
Virdi 2005). The results showed that at around 44 % red mud replacement, the aggregate
reached an optimal strength and after this (as shown with 50 % replacement) the
aggregates were at their weakest. In general, compressive strength of aggregates is
affected by a number of inter-relating physical and chemical parameters. Oxide
compositions of raw materials, the nature of newly formed crystal phase (due to
sintering), pore structure, pore distribution and density play an important role in the
compressive strength of sintered aggregates (Lin, 2006, Gonzalez-Corrochano et al.,
2011). However, in this study, changes in strength of aggregates produced under the same
sintering conditions (i.e. temperature and firing time), suggests the significant influence

of oxide compositions. Therefore, the highest compressive strength for 44% of red mud



could be correlated to its lower porosity (due to its low level of silicate phase) and to its
high density (Tsai et al., 2006).

The pH values of all the material was drastically reduced after the aggregates
were fired, decreasing from approximately pH 11 to pH 8, yet there were no significant
differences between the various ratio replacements. The materials’ before and after firing
results indicate that thermal processing chemically alters the aggregates and shows
content of red mud within the mixes is not a significant factor affecting the final pH
value. Likewise the green pellet conductivity is significantly higher than that from post-
fired material. This again highlights the effect of thermal processing on the chemical
properties of the aggregate. The reduction in pH and conductivity is especially important
for a growing media application (Molineux et al. 2009), as many plant species cannot
tolerate pH values above 8 (Day & Ludeke 1993).

For other characterisation data, including bulk density, particle density and water
holding capacity — the 44 % red mud replacement of PFA resulted in the largest values.
Despite these pellets being the heaviest, they also absorbed the highest amount of water,
which is surprising as their densities suggest that the structure may contain fewer air
spaces than the lighter material. The larger capacity to absorb water may then be due to
the internal structure of theses pores within the aggregate (Cheesman & Virdi 2005). The
concentration of silicate-base minerals in the aggregates structure will affect the viscosity
of the glass phase during the firing process. A glass phase with higher viscosity can
capture more gas, thus producing a material with increased porosity (de' Gennaro et al.,
2004). The aggregates tested in this study may have had an insufficient viscosity (due to

low concentrations of silicate components) that would, in turn, affect their density. A



lower silicate phase will result in less expansion and thus produce a material of higher
density. The different particle densities for each proportion of red mud in aggregates
could therefore be a result of differences in materials’ expansion and/or changes in
materials density upon heating (Wasserman and Bentur, 1997). However the influences of
the latter was considered to be very low, since each type of aggregate had been produced
under the same firing conditions (i.e. temperature and resident time). In respect of the 44
% bauxite residue replacement, the increased capacity to hold water may also have been
due to the severe decrease in concentration of Fe,O3 during firing — a result of oxidation-
reduction reaction of ferric oxides (Chiou et al., 2006). That reaction generates a sudden
release of an excessive amount of gas producing an open pore network with pathways to

surface without affecting the density.

4.2 Chemical characterisations

The results of oxide composition analysis (XRF) of unfired and fired pellets are shown in
Table 2. Most oxide levels in the bauxite residue are within the parameters previously
described by Grife et al. (2009), where values documented are fairly wide-ranging due to
red mud being chemically different from region to region and also due to the bauxite
quality and process of alumina extraction (Pontikes & Angelopoulos 2013). However in
our bauxite residue, silicon oxide content was considerably higher than the mean from the
Grife et al. (2009) study — around 40 % compared to 10 % respectively. The normalized
compositions were therefore plotted in a ternary diagram (Figure 5.) in order to evaluate
their expansion capability during the firing (sintering) process according to requirements

presented in the literature (Riley 1951). Low Si0,/Al,03 and SiO,/flux (Fe,O3; + CaO +



MgO + Na,O + K,O) ratios suggest that the materials had poor expandability and were
positioned out of bloating area.

The results from the leachates testing have shown that although the levels of
metals from the unfired green pellets were high, post-firing levels all ranged within
acceptable levels for the European landfill directive (2003/33/EC). The levels of
phosphorous and zinc were the only leachates that significantly differed between the five
percentages of red mud replacement — with the 44 % replacement again being the lowest
and thus seeming to be the optimal quantity. Bauxite residue is known to have caustic
properties, a result of high levels of heavy metals and a high pH value. This study has
shown that pelletisation and thermal processing ‘locks-up’ these contaminants and
decreases the materials pH, stabilizing some of the inorganic components in the solid
body and thus, hindering their leachability in water (Sivula et al., 2010, Fuente-Cuesta et
al., 2013). This trend was evident for aluminium, iron, phosphorus, potassium, sodium
and sulphur. Al is an amphoteric metal that shows high solubility under extreme basic and
acidic conditions (Sabbas et al., 2003). That could explain the decrease in Al leaching
behaviour as a consequence of pH drop to a more natural range. The pH dependency for
leaching of other elements was in accordance with V-shape solubility curves indicated in
literature, since low solubility was observed at pH range 7 — 8 (Gori et al., 2011; Dijkstra
et al., 2006). In an opposite trend, the concentration of Zn and Mg significantly increased
with the drop in pH caused by the firing process. This was in agreement with previous

studies (Dijkstra et al., 2002; van der Sloot et al., 2001).



S. Conclusion

The potential for the manufacture of lightweight aggregates from problematic wastes,
such as red mud, has been demonstrated here. Aggregates produced in this way are
recycling material otherwise difficult to store/dispose of and could provide secondary
products of value. From this study the following conclusions can be drawn:

e 44 % red mud replacing the PFA content of the aggregate mix produced the most
favourable values for the characteristics analysed.

e The produced aggregates demonstrated high water absorption capacity, which
makes them suitable for urban greening applications.

e The high water absorption was also evident for aggregates with high density that
may be attributed to their open pore structure as the result of gases released at
high temperatures.

e The concentrations of heavy metals in prepared leachates for the fired pellets

were below regulatory target limits.

To take this work forward, future investigations should focus on the bauxite
residue replacement around the 40 % — 50 % range and should test the
crystallography and pozzolanic characteristics of the fired aggregates. Quenching
could also be investigated to determine if suitable (lower water holding capacity)
products could be manufactured for use in concretes and other construction-based
applications. This research has shown a potential reuse option for a large percentage

of red mud replacement of PFA. A full technical and economic feasibility study on



commercial scale production can now be taken forwards and future studies would

hopefully impact not only regionally in China but also internationally.
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Red Mud (%) substituted for PFA in Pellets

Characteristic

25 31 38 44 50

. 5.16 523 5.13 6.26 6.02
Water Absorption (%) 038)  (038)  (0.39)  (0.19)  (0.23)

. . 3 1.64 1.63 1.69 1.71 1.65
Particle Density —Dry (Mg/m") (0.01) (0.04) (0.03) (0.02) (0.02)

. . 3 1.73 1.72 1.77 1.83 1.76
Particle Density — Wet (Mg/m”) (0.01) (0.03) (0.02) (0.02) (0.02)

Apparent Density (Mg/m”) 1.81 1.79 1.85 1.94 1.86
(0.01) (0.05) (0.02) (0.03) (0.02)

Loose Bulk Density (Mg/m”) 0.94 0.96 0.97 0.99 0.97
(0.01) (0.01) (0.01) (0.01) (0.01)

Compacted Bulk Density (Mg/m®) 1.03 1.03 1.04 1.07 1.06
(0.01) (0.01) (0.02) (0.02) (0.01)

Void Space (%) 425 40.8 424 42.0 413
(0.78) (1.38) (0.55) (0.68) (0.60)

Table 1. Characterization of aggregate with increasing red mud content.

Data represent the mean and + the standard error.



Red Mud (%) substituted for PFA in Pellets

Element Unfired Fired
Oxide (%)

25 31 38 44 50 25 31 38 44 50
AlLOs 1527 1521 1420 1429 1630 | 1850 1737 1834 18.15 17.63
CaO 448 427 374  3.53 384 | 460 436 436 417 4.03
Fe,0; 20.14 2146 28.66 29.46 24.47 | 20.65 2195 2262 2375 24.67
K,O 1.61 1.55 1.42 1.42 1.53 1.62 1.59 1.60 1.57 1.55
MgO 1.06  0.96 1.18 1.14 1.16 1.57 1.28 1.53 1.45 1.45
MnO 0.12  0.12  0.28 0.28  0.13 0.12  0.13 0.13 0.13 0.13
Na,O 2774 296  3.05 346  4.09 1.94  2.05 2.55 28l 3.03
P,0s 0.67 0.60 0.59 0.60 0.65 0.37 0.33 0.40 040 041
Si0, 32.59 3055 2821 2722 29.89 | 43.75 40.13 41.84 40.05 38.99
TiO, 248 257 222 224 261 2.57  2.60 2.6l 2.62  2.62

Table 2. XRF analysis showing elemental composition from unfired and fired aggregate, made with

increasing percentage of red mud substitute.



Red Mud (%) substituted for PFA in Pellets

Lechate Unfired Fired
(ppm)
25 31 38 44 50 25 31 38 44 50
Aluminium* 836a 6.79 a 1146ab 15490 18.52 be 0.55 0.46 2.10 1.02 3.26
Arsenic 0.05 0.06 0.07 0.08 0.09 0.04 - - - -
Barium - - - - - 0.02 0.03 0.02 0.03 0.03
Cadium - - - - - 0.01 - - 0.01 -
Calcium* 1220 a 3.60b 3.40b 3.12b 245D 6.65 4.53 4.63 5.35 5.93
Chromium 0.02 0.02 0.02 0.02 0.02 - - - - -
Cobalt 0.02 0.02 0.02 0.02 0.02 - - - - -
Copper 0.62 0.65 0.60 0.70 0.64 - - - - -
Iron* 0.99 a 1.13 ab 1.46 be 1.48 ¢ 1.91d 0.14 0.11 0.19 0.11 0.32
Lead - - - - - - - - - -
Lithium 0.04 0.03 0.03 0.03 0.02 0.04 0.02 0.05 0.02 0.02
et 00 005b 004 0Mc 0w | 0803 0 0 L4
Manganese - - - 0.01 0.01 0.02 0.02 0.03 0.02 0.03
Nickel 0.08 0.09 0.07 0.07 0.08 - - - - -
Phosphorust 191 a 328D 4.01 be 3.15 ab 443 ¢ 0.26 a 0.10b 0.09 b 0.00 ¢ 0.00 c




Potassiumf 18.09 a 1840a  21.01b  22.26bc 26.06 ¢ 0.58 0.55 0.83 0.90 1.27
Sodiumf 22842 a 253.22b  279.14c¢ 29249d 338.16e 6.58 6.43 9.30 13.32 15.62
Strontium 0.07 0.02 0.02 0.01 0.01 0.05 0.04 0.04 0.04 0.05
Sulphurt 108.74 a 113.48b 128.01c 106.58a  108.39a 6.96 5.76 6.42 11.41 10.53
Titanium 0.02 0.04 0.05 0.06 0.09 - - - - -
Vanadium 0.13 0.16 0.18 0.22 0.24 - - - - -

Table 3. Metal leachates from unfired and fired aggregate, made with increasing percentage of red mud substitute. Analysed by ICP-AES.
* indicates data normally distributed, whilst § indicates non-parametric data from unfired and fired groups. Light grey highlights a significant reduction in
leachates after firing; conversely dark grey highlights a significant increase in leachate after firing. Means analysed with ANOVA or Kruskal-Wallis test and

differences separated with Tukey HSD or t-tests. Values not sharing the same letter indicate a significant difference (P <0.05).
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Figure 1. Fired aggregate photographs of the pellets containing increasing red mud. (a) 25%, (b)
31%, (c) 38%, (d) 44%, (e) 50%. On the left of each of the photos are broken aggregate pellets,

used for the strength test, that reveal the internal structure of the pellets.
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Figure 2. Strength of aggregate with reduction in PFA and increase in red mud content. Means
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analysed with ANOVA and differences separated with Tukey HSD. Values not sharing the same

letter indicate a significant difference (P <0.05). Bars represent means + one standard error.
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Figure 3. pH of aggregates before and after sintering. Means analysed with ANOVA and differences
separated with Tukey HSD. Values not sharing the same letter indicate a significant difference (P

<0.05). Bars represent means + one standard error.
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Figure 4. Conductivity of aggregates before and after sintering. Means analysed with ANOVA and
differences separated with Tukey HSD. Values not sharing the same letter indicate a significant

difference (P <0.05). Bars represent means + one standard error.
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Figure 5. Riley's composition diagram showing the positions of the different ratios of red mud

replacement pellets (unfired) and their relation to the ideal bloating area (shown in grey).



Highlights

e  We successfully manufactured lightweight aggregate using bauxite residue (red mud).
e 44 % red mud replacement most successful for strength and water holding capacity.

e 44 % also produced highest density due to insufficient glass phase viscosity.

e All ratios significantly reduced in pH after firing to around pH 8.

e Leachability of all aggregates below levels set by European landfill directive

(2003/33/EC).



