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Abstract: Millions of tonnes of leftover biosolids are increasingly stockpiled every year around the
globe. Biosolids are a product of the wastewater sludge treatment process. Stockpiles necessitate
the use of large areas of increasingly valuable land. Biosolids have many beneficial uses and are
currently utilised in agricultural and land rehabilitation applications. However, it is estimated that
30% of biosolids are unused and stockpiled. A second and seemingly unrelated environmental issue
is the massive excavation of virgin soil for brick production. The annual production of 1500 billion
bricks globally requires over 3.13 billion cubic metres of clay soil—equivalent to over 1000 soccer
fields dug 440 m deep or to a depth greater than three times the height of the Sydney Harbour
Bridge. This paper investigates and proposes a practical solution for the utilisation of the world’s
excess biosolids in fired–clay bricks. The physical, chemical and mechanical properties of fired–clay
bricks incorporating 25%, 20%, 15% and 10% biosolids have been tested. Bricks were produced from
three different biosolids samples collected at Melbourne’s Eastern Treatment Plant (ETP 22) and the
Western Treatment Plant (WTP 10 & WTP 17–29). Compressive strength testing indicated results
ranging between 35.5 MPa and 12.04 MPa for the biosolids-amended bricks. Leachate analysis was
conducted on the bricks before and after firing, and the results demonstrate that between 43 and
99% of the heavy metals tested were immobilised inside the fired bricks compared to the heavy
metals tested in the raw mixture. All leachate concentrations were found to be insignificant for the
biosolids-incorporated bricks tested in this study. Biosolids can have significantly different chemical
characteristics depending on the origin of the wastewater and the treatment procedure. Suitable
leachate analysis should be undertaken on biosolids and test bricks before large-scale production
is approved. Scanning Electron Microscopy (SEM) images illustrate that biosolids-amended bricks
have a higher porosity than the control bricks, which corresponds to the lower thermal conductivity
values recorded for biosolids-amended bricks. In addition, brick firing energy demands are estimated
to decrease by up to 48.6% for bricks incorporating 25% WTP 17–29 biosolids due to the higher
organic content of the mixture containing biosolids. The emissions study and comparative Life Cycle
Assessment results show that the incorporation of biosolids into bricks is a positive and sustainable
alternative approach with respect to all environmental impacts arising from the stockpiling of
biosolids and brick manufacturing. Based on the results found in this comprehensive study, this paper
proposes the inclusion of a minimum of 15% biosolids content into 15% of brick production in order
to completely recycle all the approximately 5 million tonnes of annual leftover biosolids production in
Australia, New Zealand, the EU, the USA and Canada. This is a practical and sustainable proposal for
recycling all the leftover biosolids worldwide. Utilisation of only 15% of biosolids in brick production
would reduce the carbon footprint of brick manufacturing whilst satisfying all the environmental
and engineering requirements for bricks.
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1. Introduction

Biosolids are the product of dewatered and appropriately treated wastewater sludge, resulting
from the wastewater treatment process. Untreated wastewater sludge mainly consists of water
and organic material, and, prior to further treatment, comprises approximately 8% dry solids.
After undergoing treatment, wastewater sludge is referred to as biosolids and can contain between
15% and 90% dry solids [1].

The European Union produces over 9 million tonnes of biosolids annually [2]. The production
of biosolids is also significant in the USA, where 7.1 million tonnes are produced yearly, of which
28% is estimated to go to landfills [3,4]. Australia produces approximately 300,000 tonnes of biosolids
per year, and, of this amount, 55% is recycled for use in agricultural applications, 15% is used for
land rehabilitation, compost or forestry and the remaining 30% is either discarded in landfills or
stockpiled [1,5,6]. The Eastern Treatment Plant (ETP) and Western Treatment Plant (WTP) (Figure 1)
in Melbourne combined have over 3 million cubic metres of biosolids stockpiled. Unless suitable
pathways for reuse are found, stockpiles will increase with time, as the population of Victoria is
forecast to experience significant growth over the next 40 years. Developing sustainable recycling
options will lead to diminishing biosolid stockpiles over time. Stockpiling biosolids can cause the
emission of greenhouse gases, and may result in the loss of valuable nutrients. Therefore, strategies for
recycling leftover biosolids generated from the wastewater treatment process are essential for reducing
the amount of biosolids deposited into stockpiles.
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The production of biosolids has increased significantly, and is mainly due to the increased
development of municipal wastewater treatment strategies globally [7–10]. These strategies include the
construction of new treatment facilities, the expansion of existing treatment plants and the introduction
of legislative measures. This increase is expected to continue as populations surge and developing
nations improve their wastewater treatment processes.

Recently, sustainable development methods have been targeting the reuse of construction,
pavement and concrete materials [6,11–16]. The use of biosolids in civil engineering applications,
however, is a relatively new and innovative approach. One such study that yielded positive results
examined the use of biosolids and fine recycled glass in road embankments [17,18]. Another study [19]
conducted an extensive laboratory evaluation of the geotechnical properties of biosolids and found that
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when blended with an additive they can be used as an embankment fill material. Maghoolpilehrood et
al. [20] had a similar finding when using cement or lime as the additive.

The extensive use of bricks in the construction industry, combined with the structural composition
of bricks, offers a unique opportunity for recycling waste [21,22]. A recent review paper provided
an extensive review of numerous studies that have analysed the effects of recycling varying waste
materials in bricks, including sawdust, petroleum waste, recycled paper process residue and steel slag,
to name only a few [23,24]. Approximately 1500 billion bricks are produced globally every year [25,26].
Australia alone produced 1.31 billion in 2013 [27]. The varying composition of clay means that bricks
can tolerate high percentages of waste and remain a viable construction option [28]. Waste materials
that have been incorporated in bricks include cigarette butts [25], paper processing residue [29],
sludge [30–35], fly ash [36], rice husk ash [37], granulated blast furnace slag [38], polystyrene [24],
sawdust [39,40], and waste glass [41]. Liew et al. [28,34] used dewatered sewage sludge to make
fired–clay bricks with different waste compositions; bricks were produced with a proportion of sludge
ranging from 10–40% by dry weight. The properties of these bricks were analysed and the results
indicated that the sludge content used in the mixture plays an essential role in determining the quality
of the brick.

This study presents an analysis of clay fired bricks incorporating 25%, 20%, 15% and 10% by
weight of biosolids from Melbourne’s Eastern Treatment Plant and Western Treatment Plant in their
raw mixture. The results demonstrate that incorporating 15% of biosolids in 15% of fired–clay
brick production would completely alleviate the environmental stress of biosolids stockpiling.
In addition, the utilisation of biosolids in brick production would reduce the carbon footprint of
brick manufacturing whilst satisfying all the environmental and engineering requirements for bricks.

2. Materials and Methods

The biosolids samples were collected from existing stockpiles at both the ETP (Stock pile No. 22)
and WTP (Stock pile No. 10 and Nos. 17–29). Boral Bricks Pty Ltd. provided the brick soil for this
investigation (Figure 2).

Buildings 2018, 8, x FOR PEER REVIEW  2 of 23 

The extensive use of bricks in the construction industry, combined with the structural 
composition of bricks, offers a unique opportunity for recycling waste [21,22]. A recent review paper 
provided an extensive review of numerous studies that have analysed the effects of recycling varying 
waste materials in bricks, including sawdust, petroleum waste, recycled paper process residue and 
steel slag, to name only a few [23,24]. Approximately 1500 billion bricks are produced globally every 
year [25,26]. Australia alone produced 1.31 billion in 2013 [27]. The varying composition of clay 
means that bricks can tolerate high percentages of waste and remain a viable construction option [28]. 
Waste materials that have been incorporated in bricks include cigarette butts [25], paper processing 
residue [29], sludge [30–35], fly ash [36], rice husk ash [37], granulated blast furnace slag [38], 
polystyrene [24], sawdust [39,40], and waste glass [41]. Liew et al. [28,34] used dewatered sewage 
sludge to make fired–clay bricks with different waste compositions; bricks were produced with a 
proportion of sludge ranging from 10–40% by dry weight. The properties of these bricks were 
analysed and the results indicated that the sludge content used in the mixture plays an essential role 
in determining the quality of the brick. 

This study presents an analysis of clay fired bricks incorporating 25%, 20%, 15% and 10% by 
weight of biosolids from Melbourne’s Eastern Treatment Plant and Western Treatment Plant in their 
raw mixture. The results demonstrate that incorporating 15% of biosolids in 15% of fired–clay brick 
production would completely alleviate the environmental stress of biosolids stockpiling. In addition, 
the utilisation of biosolids in brick production would reduce the carbon footprint of brick 
manufacturing whilst satisfying all the environmental and engineering requirements for bricks. 

2. Materials and Methods 

The biosolids samples were collected from existing stockpiles at both the ETP (Stock pile No. 22) 
and WTP (Stock pile No. 10 and Nos. 17–29). Boral Bricks Pty Ltd. provided the brick soil for this 
investigation (Figure 2). 

  
Storage conditions of biosolids 

Brick soil  ETP 22 Biosolids WTP 10 Biosolids WTP 17-29 Biosolids 

Figure 2. The storage conditions of the biosolids and close-up views of each sample. 

The chemical composition of the brick soil and biosolids were tested by X-ray fluorescence (XRF) 
using a Bruker AXS S4 pioneer spectrometer. This was in addition to a Bruker X-ray Diffractometer, 
which was used to characterise their major crystalline phases. The leaching of heavy metals was 

Figure 2. The storage conditions of the biosolids and close-up views of each sample.



Buildings 2019, 9, 14 4 of 22

The chemical composition of the brick soil and biosolids were tested by X-ray fluorescence (XRF)
using a Bruker AXS S4 pioneer spectrometer. This was in addition to a Bruker X-ray Diffractometer,
which was used to characterise their major crystalline phases. The leaching of heavy metals was
determined according to the Australian Bottle Leaching Procedure (ABLP) [42]. Laboratory tests to
determine the geotechnical properties of the biosolids and brick soil were conducted with the liquid
limit, plastic limit, particle size distribution and linear shrinkage determined in accordance with the
Australian Standards [43,44]. The organic content was evaluated in accordance with Standards [45].
All tests performed were triplicated and the average values obtained.

Bricks formed from clay and biosolids were manufactured for each sample and incorporated by
weight 25% biosolids and 75% brick soil. Control–clay bricks were manufactured with 0% biosolids
and 100% brick soil to ensure the reliability of the results. All biosolids samples were oven dried at
a temperature of 105 ◦C for 24 h before being added to the brick soil.

The high calorific nature of the organic content in the biosolids reduces the energy required during
firing. Studies have shown that the specific firing energy required per brick is approximately between
2 and 3 MJ kg−1 [46], while the calorific value of the organic content in the biosolids is between 10 and
14 MJ kg−1 [47]. The calculations in this analysis have been determined assuming that the specific
firing energy of the bricks is 2 MJ kg−1 and the calorific value of the organic content in the biosolids is
approximately 12 MJ kg−1. The estimated energy saved during firing through the incorporation of
biosolids in the bricks is calculated using Equation (1) [25].

Energy saved during firing

Mass of brick soil per brick: Q1 = q × m1 (1a)
Mass of brick soil per brick: m2 = m1 − (m1 × OC) (1b)

Mass of organic content in clay–biosolids mixture
from biosolids only:

m3 = m1 × OC (1c)

Energy used to fire one clay–biosolids brick: Q2 = q × m2 − CV × m3 (1d)
Energy saved: Q1 − Q2 = q × m1 − (q × m2 − CV × m3) (1e)
Energy saved: ∆E% = Q1−Q2

Q1
× 100% (1f)

where:

q = 2 MJ kg−1 energy used for brick firing,
m1 = 3.3 kg mass of regular control clay brick (kg),
m2 = Mass of brick soil per dry green brick (kg),
m3 = Mass of organic content in a clay–biosolids mixture from biosolids only (kg),
OC = Percentage of organic content in a mixture from biosolids only (%),
CV = Approximate calorific value of organic content in biosolids = 12 MJ kg−1.

The optimum moisture content (OMC) of the brick soil and biosolids are adjusted to match the
results that would be obtained through gyratory compaction. This method of compaction allows
a large number of uniform brick samples to be produced, hereby providing more controlled testing.
The Australian State Road Authorities extensively use gyratory compaction and have specified the
Gyropac (Figure 3) as the preferred method for compacting specimens to international standards
and for research requirements. Compaction is achieved by the simultaneous static compression and
shearing actions resulting from the motion of the centre line of the test specimen, while its end remains
perpendicular to the axis of the conical surface. The confining pressure and number of gyrations can
be pre-set on the hand held control pendant before beginning a test. The angle and rate of gyration
were held constant in this study at 3◦ and 25 gyrations per minute, respectively.
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Once the OMC was determined, the brick soil and biosolids samples were oven-dried at 105 ◦C
for 24 h. A Hobart mechanical mixer was used for 20 min to ensure that large particles were broken
down and that the mixture was smooth. The samples were then compacted with the same compaction
pressure of 240 kPa in a mould of 100 mm diameter and 50 mm height. Following this, the green
(unfired) bricks were air-dried for 48 h followed by a 24-h oven drying period at 105 ◦C, before being
placed in a muffle furnace with a ramp rate of 0.7 ◦C/min up to 1100 ◦C. They were held at this
temperature for 3 h, and, after firing the bricks, remained in the furnace until they cooled to room
temperature. A series of tests were then conducted to determine the shrinkage, density, compressive
strength, water absorption, initial rate of absorption (IRA), weight loss on ignition and potential for
efflorescence. All the tests were conducted according to the Australian Standards [48–50].

The effect on the microstructure of the brick samples from adding biosolids was determined using
a Philips XL30 scanning electron microscope. The brick samples were mounted on a 25 mm pin stub
and then attached using carbon tape. Moreover, the samples were then coated with approximately
20 nm of gold using an SPI sputter coater and analysed.

The possible environmental impacts that may arise due to the leaching of heavy metals were
determined according to the Australian bottle leaching procedure (ABLP) method, as prescribed by
the Australian Standards [42]. Brick samples were crushed and filtered through a standard 2.4 mm
sieve and an applicable extraction fluid was determined by measuring the pH of the test sample.
The samples were then obtained through the use of the extraction fluid that was equal to 20 times the
weight of the crushed brick particles used in the test. Following this, the samples were secured in
an agitation device and rotated at 30 revolutions per minute for 18 h while maintaining a temperature
of between 21 and 25 ◦C. They were then acidified to a pH of < 2 using nitric acid. In turn, the solid
phase was separated from the liquid by means of a 0.45 µm filter and analysed for heavy metals using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). This method has been used in the past by
many researchers for trace metal analysis [51–55].

3. Results and Discussion

3.1. Characterisation of Biosolids and Brick Soil

X-ray fluorescence (XRF) was used to determine the chemical composition of the brick soil and
biosolids samples; the results are presented in Table 1. The most prevalent elements were Silica
(SiO2), Alumina (Al2O3) and Ferric Oxide (Fe2O3). It should be noted that WTP 17–29 comprised
a substantial amount of Sulphur Trioxide (SO3) in comparison with the brick soil or other biosolids
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samples that recorded negligible amounts. Furthermore, the WTP samples contained significantly
greater amounts of Calcium Oxide (CaO) than either of the other samples. Other than these two
exceptions, the biosolids samples were very similar to the brick soil, and, therefore, have the potential
to act as a partial replacement material in bricks.

Table 1. Chemical composition of the brick soil and biosolids samples used in the study (wt.%).

Oxide Content Brick Soil ETP 22 WTP 10 WTP 17–29

SiO2 64.75 59.43 46.91 41.17
Al2O3 19.20 17.60 15.90 13.2
Fe2O3 6.60 9.58 8.60 7.018
K2O 4.96 0.91 2.82 1.71
MgO 1.73 1.59 1.35 1.28
TiO2 1.14 2.18 2.15 2.07
P2O5 1.04 3.66 4.75 6.11
CaO 0.25 2.45 7.70 10.31
SO3 - - - 12.92

An X-ray diffractometer (XRD) was used to determine the major crystalline phases on a <75 µm
sample of the brick soil and biosolids. As expected, all samples conveyed that Quartz (SiO2)
was the leading crystalline phase, with minor changes in the other constituents. The brick soil
(Figure 4a) displayed relatively higher levels of Muscovite (KAl2(AlSi3O10)(F,OH)2) and Kaolinite
(Al4(OH)8(Si4O10)) than the other samples, while ETP 22 biosolids (Figure 4b) registered notable
traces of Hematite (Fe2O3), Jacobsite (MnFe2O4), and Tosudite ((K,Ca)0.8Al6(SI, Al)8O20(OH)10.4H2O).
Additionally, WTP 10 biosolids (Figure 4c) were shown to comprise Muscovite, Kaolinite and Bassanite
(CaSO40.5H2O) similar to WTP 17-29 (Figure 4d), which also contained Kaolinite and Bassanite.
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Figure 4. XRF patterns of (a) Brick soil; (b) ETP 22; (c) WTP 10 and (d) WTP 17–29.
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3.2. Physical Properties of the Brick Soil and Biosolids Samples

The geotechnical properties of the brick soil and biosolids samples can be found in Table 2.
By testing the Atterberg limits it was found that the liquid limit ranged from 53–70% in the biosolids;
which is substantially greater than the brick soil at 32%. The plastic limit range of the biosolids samples
was also higher than the brick soil at 27–62% compared to 19%. The higher values for the plastic limits
and liquid limits correspond to the higher organic content.

The particle size distributions for the samples were determined through sieve analysis and are
shown in Figure 5 [56]. It was found that the WTP 10 and WTP 17–29 samples comprised significantly
higher gravel content (13.4% and 12.94%, respectively) than ETP 22 (0.4%). In addition, brick soil
comprised 24.2% fine particles (<0.075 mm), the highest of all the samples. The coarse fraction of the
raw material has a significant impact on the reduction in the shrinkage of fired-clay bricks. Based on
these results and those obtained from the Atterberg limits testing, the brick soil, ETP 22 and WTP
17–29 were all classified as clayey sand, while WTP 10 was well-graded silty sand.
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Table 2. Geotechnical properties of biosolids samples and brick soil.

Properties Brick Soil ETP 22 WTP 10 WTP 17–29

Liquid limit (%) 32 53 54 70
Plastic Limit (%) 19 27 41 62

Plasticity Index (%) 13 26 13 8
Gravel (>2.36 mm) (%) 1.2 0.4 13.4 12.94

Sand (0.075–2.36 mm) (%) 74.6 87.5 76.0 72.37
Silt (0.002–0.075 mm) (%) 22.32 11.6 9.6 12.3

Clay (<0.002 mm) (%) 1.88 0.5 1.0 3.0
Coefficient of uniformity (Cu) 50.00 8.00 18.6 40
Coefficient of curvature (Cc) 4.17 2.00 1.8 3.6

Unified soil classification SC SC SW-SM SC
Specific gravity 2.69 2.51 2.14 2.03

Linear shrinkage (%) 6.6 14.2 10 6.7
Organic content (%) 1.23 7.1 23.31 27.79

The specific gravity of the biosolids samples and the brick soil was determined in accordance
with the appropriate Australian Standards [56]. Kerosene was substituted in preference to deionized
or distilled water to avoid dissolving the soluble salts that may exist in the biosolids. The specific
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gravity for the brick soil, ETP 22, WTP 10 and WTP 17-29 was found to be 2.69, 2.51, 2.14 and 2.03,
respectively. As anticipated, WTP biosolids demonstrated the lowest specific gravity; this was due to
the higher levels of organic content [57].

The shrinkage of the raw mixture is an influential indicator for determining the quality of bricks.
Shrinkage and strain have a direct relationship, and a higher level of shrinkage increases the likelihood
of cracks appearing. Linear shrinkage was calculated by determining the percentage reduction in
the length of the bars of soil samples that were prepared at their liquid limit [43,44]. The linear
shrinkage of the brick soil, ETP 22, WTP 10 and WTP 17–29 were calculated to be 6.6%, 14.2%, 10% and
6.7%, respectively.

The organic content was determined according to British Standards [45]. The study found that
both WTP samples contained substantially greater amounts of organic content than the ETP and
brick soil samples. The WTP 17–29 sample comprised the most organic content (27.29%) with WTP
10 recording the second most (23.31%) and ETP 22 third (7.1%), compared to the brick soil (1.23%).
Organic matter is prone to burning up during the firing process, which, in turn, leads to higher porosity,
and results in decreased density and compressive strength. However, an increase in porosity would
improve the thermal insulating properties of the brick, and, therefore, the desirable organic content
should balance the engineering properties of the brick with associated environmental consequences.

The optimum moisture content (OMC) of the samples was adjusted for use with the gyratory
compaction machine. As shown in Figure 6, the OMC of the clay–soil mixture with 25% ETP biosolids
was found to be 17%, while that for the mixture comprising clay–soil and 25% WTP 10, and WTP 17–29
were 20% and 18%, respectively.Buildings 2018, 8, x FOR PEER REVIEW  2 of 23 
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3.3. Properties of Bricks

Clay–biosolids bricks comprising 25% by weight of ETP 22, WTP 10 or WTP 17–29 were
manufactured alongside 100% clay–soil control bricks (Figure 7).
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The shrinkage properties of the manufactured bricks were evaluated. The removal of water
from the green bricks during the initial drying period causes contraction of the bonding particles
with the higher surface area, which eventually results in a decrease in the overall dimensions [58].
This is essential, as greater shrinkage results in an increase in stress in the ceramic body, and, in turn,
an increase in the likelihood of cracks to appear [39]. Three brick samples from the control and each
of the clay–biosolids batches were measured for initial and firing shrinkage with the average of their
values represented in terms of height, diameter and volumetric shrinkage (Table 3).

Table 3. Shrinkage of control and biosolids-amended bricks.

Type of Shrinkage Type of Brick Diametric (%) Height (%)

Initial drying shrinkage

Control 1.26 0.92
ETP 22 2.28 2.15
WTP 10 4.48 3.24

WTP 17–29 2.37 2.6

Firing shrinkage

Control 3.24 3.54
ETP 22 1.78 1.7
WTP 10 5.23 4.47

WTP 17–29 3.0 3.2

Total shrinkage

Control 5 4.46
ETP 22 4.06 3.85
WTP 10 9.71 7.71

WTP 17–29 5.4 5.7

As shown in Table 3, Clay–ETP 22 biosolids bricks showed the lowest firing diametric and height
shrinkages with 1.78% and 1.70%, respectively. Conversely, Clay–WTP 10 biosolids bricks showed
the highest values in both cases. This was largely due to different organic contents and particle size
distributions. Generally, a good quality brick exhibits a total shrinkage of less than 8% [58,59] this
benchmark was met by all bricks except the WTP 10 incorporated bricks, which failed in terms of
their diametric firing shrinkage (9.71%). In order to improve the result, the initial mixing moisture
content and compaction energy used in manufacturing could be reduced. This could also be achieved
by decreasing the percentage of WTP 10 biosolids in the mixture.

The densities of the bricks were examined and are shown in Table 4. The control bricks with 0%
biosolids recorded the greatest density (2122 kg/m3), while the bricks that incorporated WTP 17–29
recorded the lowest (1866 kg/m3). As the data indicates, clay–biosolids bricks record lower level
densities due to having greater amounts of organic content that is burned off during the firing process,
which, in turn, increases their porosity.

The weight loss on ignition (LOI) of clay–ETP 22, clay–WTP 10 and clay–WTP 17–29 bricks were
5.5%, 11.3% and 11%, respectively. The control bricks showed the lowest weight loss of 4.7% (Table 4).
Due to the organic content in biosolids, an increase in weight loss on ignition is to be expected.
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The initial rate of absorption (IRA) takes into account the amount of water that is soaked into the
bed face of the brick in 1 minute. Low water infiltration is a contributing factor to the bricks durability
and ensures greater resistance to the natural environment. High IRA values should be avoided as
they can lead to defects and lower durability. The typical range for the IRA varies between 0.2 and
5 kg/m2/min. All the manufactured bricks in this study satisfied this requirement (Table 4).

Table 4. Physical and mechanical properties of control and 25% biosolids-amended bricks.

Property Unit Control Bricks ETP 22 Bricks WTP 10 Bricks WTP 17–29 Bricks

Compressive Strength of
brick (25% biosolids) MPa 41.9 27.9 14.3 12.04

Bulk Density kg/m3 2122 2030 1876 1866

IRA kg/m2/min 1.83 2.74 3.41 2.64

Weight loss on
Ignition (LOI) % 4.7 5.5 11.3 11.0

Thermal Conductivity W/m/K 1.09 0.96 0.77 0.75

Average organic content % 1.23 2.70 6.75 7.87

Compressive strength testing was conducted to determine the structural properties of the
bricks. The results indicate that clay–ETP 22 bricks have significantly greater compressive strength
(27.9 MPa) than both its WTP 10 and WTP 17–29 counterparts at 14.3 MPa and 12.04 MPa,
respectively. An acceptable compressive strength for bricks in most low-rise buildings is about
5 MPa [60,61]. All bricks overwhelmingly satisfied this minimum requirement for the compressive
strength. The organic content present in the raw mixture has a significant impact on the compressive
strength of the final product. This is a result of the increased porosity due to the thermal destruction of
the organic matter. Table 5 provides a comparison of the compressive strengths expected from bricks
that incorporate varying percentages of biosolids.

Table 5. Comparison of compressive strength of control bricks and bricks incorporating varying
percentages of biosolids.

Compressive Strength for
Different Parentage of Biosolids Unit Control Bricks ETP 22 Bricks WTP 10 Bricks WTP 17-29 *

Bricks

Compressive Strength
(25% biosolids) MPa 41.9 27.9 14.3 12.04

Compressive Strength
(20% biosolids) MPa 41.9 30.6 16.5 15.4

Compressive Strength
(15% biosolids) MPa 41.9 32.0 19.1 16.9

Compressive Strength
(10% biosolids) MPa 41.9 35.5 23.7 21.5

* Note: The results for WTP 17–29 for 20, 15 and 10% have been taken from Figure 8.

Some of the published and unpublished results from this study have been used to derive
Figures 8 and 9, which illustrate the strong correlation between compressive strength and density
with respect to organic content. The obtained R2 values of 0.89 and 0.93, respectively, indicate strong
direct relationships.
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The bricks were also analysed for water absorption. The values for 24-h water absorption in cold
water (Ac) and 5-h absorption in boiling water (Ab) were determined, and the results are presented in
Table 6. The saturation coefficient (SC) is the ratio of absorption by 24-h submersion in cold water to
that after 5-h submersion in boiling water. The water absorption results for the biosolids-amended
bricks and control bricks were in agreement with the ASTM C62 [62] standard specification for building
bricks. The 5-h boiling water absorption of all bricks was far below the maximum acceptable limit of
17% for bricks exposed to severe weathering (SW).

Table 6. Water absorption properties of manufactured 25% biosolids-amended bricks.

Brick Type Cold Water
Absorption % (Ac)

Boiling Water
Absorption % (Ab)

Saturation
Coefficient (SC) ASTM Grade

Control Bricks 7.5 8.5 0.88 SW
ETP 22 9.8 11.0 0.89 SW
WTP 10 9.4 11.5 0.82 SW

WTP 17–29 13 14.3 0.91 SW

Efflorescence is the crystallisation of soluble salts that leak from the interior of the brick to its
surface. This phenomenon is an aesthetic issue that appears as a thin white salt deposit on the
surface of porous building materials [61,63]. To evaluate the efflorescence potential, brick samples
were placed in distilled water and allowed to soak through for 7 days. The water level was maintained
at 25 ± 5 mm depth and then samples were air dried for 2 days and compared with specimens that
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were not subjected to soaking. It was found that the ETP 22 biosolids bricks (Figure 10b) had “slight
efflorescence” according to the Australian standards [50]. All other samples recorded no observable
efflorescence. The efflorescence tendencies of the samples are shown in Figure 10.
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Figure 10. Efflorescence on (a) Control brick; (b) ETP amended brick; (c) WTP amended brick; (d) WTP
17–29 amended brick.

Thermal conductivity was estimated using Equation (2), which was developed in a previous
study [25]. This equation was developed using 256 test results for the thermal conductivity of different
types of brick, concrete and aggregate.

T = 0.0559e0.0014Dd R2 = 0.885 (2)

where:

T = Thermal conductivity (W/m/k)
Dd = Dry density of the bricks (kg/m3).

The estimated thermal conductivity of the control bricks was higher than that of the biosolids
bricks. The thermal conductivity of the ETP 22, WTP 10 and WTP 17–29 25% biosolids-amended bricks
decreased by approximately 12%, 29% and 39%, respectively, when compared to that of the control
bricks (Table 4). Thermal conductivity is an essential component in gauging energy saving due to its
thermal insulating abilities. A low thermal conductivity corresponds to greater insulating properties
of a material. As evident from the results presented in Table 4, it was found that there is a strong direct
relationship between the density and thermal conductivity.

3.4. Macrostructure of Bricks

The captured SEM images of the control brick and the three biosolids-amended bricks are shown
in Figure 11. The frequency and size of the pores increase in the clay-biosolids bricks. The increase
in porosity is due to the thermal destruction of organic matter during the firing stage. Due to this,
lightweight bricks with lower strength can be expected which has been revealed in the density and
compressive strength results.
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3.5. Leachate Analysis

The comprehensive leachate results from this study indicate that the leaching of heavy metals
from fired bricks was significantly lower than that for the unfired samples. Between 43–99% of heavy
metals tested (As, Ag, Ba, Be, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, and Zn) were immobilized inside all the
fired bricks compared to the unfired green bricks.

The leaching of heavy metals from the brick soil, biosolids samples and the fired bricks were
determined using the ABLP method, and the results are shown in Tables 7 and 8. From the results, it can
be seen that the heavy metal concentrations are insignificant compared with regulatory benchmarks
for potable water and solid waste materials [64–68]. The limits for potable water have been included
for reference.

The ABLP tests for the green and fired bricks presented in this study were performed for single
standard pH and liquid-to-solid ratio values. According to these results, it can be anticipated that
biosolids-amended bricks are safe under various states of pH and liquid-to-solid ratio, because the
concentrations of heavy metals in both green bricks and fired bricks are far below the regulatory
benchmarks shown. However, the tests conducted may not be sufficient for characterizing leaching
over the range of possible environmental conditions expected in various different uses or disposal
scenarios, or over the lifetime of materials subject to shifting environmental conditions [69–71].
The framework and methodologies first proposed by Kosson et al. in 2002 [72], and published
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in 2013 by US EPA as new test methods [71,73], are strongly recommended for assessing the leachates
of heavy metals from secondary materials such as waste-amended bricks.

Table 7. Leachate test results for fired–clay bricks with 25% biosolids.

Heavy
Metal

Concentration
Limit (mg/L) *

Concentration
Limit (mg/L) **

Detected Concentrations (mg/L)

Control Brick ETP 22 Brick WTP 10 Brick WTP 17–29
Brick

Sb 0.006 N/A <0.01 <0.01 <0.01 <0.01
As 0.01 0.01 <0.01 0.01 0.1 0.21
Ba 2 2 0.22 0.23 0.14 0.15
Be 0.004 0.06 <0.01 <0.01 <0.01 <0.01
Cd 0.005 0.002 <0.002 <0.002 <0.002 0.002
Cr 0.1 0.05 <0.01 <0.01 <0.01 0.01
Cu 1.3 2 0.11 0.04 0.05 0.31
Pb 0.015 0.01 <0.01 <0.01 <0.01 0.01
Mo N/A 0.05 <0.01 <0.01 0.04 0.06
Ni N/A 0.02 <0.01 <0.01 0.01 <0.01
Se 0.05 0.01 <0.01 <0.01 <0.01 <0.01
Ag N/A 0.1 <0.01 <0.01 <0.01 <0.01
Zn N/A N/A 0.09 0.02 0.14 0.12

* Limits for inorganic chemicals in potable water [64]. ** Limits for inorganic chemicals in potable water [65].

Table 8. Leachate test results for the brick soil and biosolids.

Heavy Metal
Concentration Limit

(mg/L) *
Detected Concentrations (mg/L)

Brick Soil ETP 22 WTP 10 WTP 17–29

Sb 8 <0.01 0.01 0.06 0.06
As 2.8 <0.01 0.02 0.02 0.06
Ba 280 0.18 0.03 0.12 0.05
Be 4 <0.01 <0.01 <0.01 <0.01
Cd 0.8 <0.002 0.009 0.013 0.17
Cr 20 <0.01 <0.01 0.01 0.10
Cu 800 <0.01 0.18 0.33 1.6
Pb 4 0.01 <0.01 <0.01 0.04
Mo 20 <0.01 <0.01 0.13 0.05
Ni 8 <0.01 0.14 0.21 0.78
Se 4 <0.01 <0.01 0.01 0.02
Ag 40 <0.01 <0.01 <0.01 <0.01
Zn 1200 0.03 1.4 3.1 18

* ABLP Limits (Industrial Waste Resource Guidelines [66].

3.6. Energy Saved during Firing

Equation (1f) allows us to estimate the amount of energy saved when firing clay–biosolids bricks
due to the contribution of the organic content in the biosolids. The results calculated from this equation
are noted in Tables 9 and 10, and convey that with a 25% contribution of WTP 17–29 into a regular
fired–clay brick, a 48.6% energy saving can be made during firing. This figure is extremely encouraging,
as the 25% contribution of biosolids used in this study complies with all the regulatory standards,
as discussed in previous sections, and would save up to 50% of the total firing energy used. This would
act to greatly reduce the carbon footprint of brick-manufacturing companies.

The significant saving in firing energy is due to the substantial amount of organic content found
in biosolids. It reduces the firing energy required by aiding the generation of heat inside the furnace.
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Table 9. Sample computations for determining the percentage of energy saved during the firing of
bricks containing 25% biosolids.

Biosolids
Sample

Average Organic Content
in Raw Mixture (%)

m1
(kg)

m2
(kg)

m3
(kg)

Q1
(MJ kg−1)

Q2
(MJ kg−1) ∆E * (%)

ETP 22 1.78 3.3 3.241 0.059 6.6 5.78 12.4%
WTP 10 5.83 3.3 3.108 0.192 6.6 3.908 40.1%

WTP 17-29 6.95 3.3 3.071 0.229 6.6 3.390 48.6%

* ∆E has been derived using Equation (1g).

Table 10. Approximate percentage of energy saved during firing of clay–biosolids bricks.

Biosolids (%)
Energy Saved (%)

ETP 22 WTP 10 WTP 17–29

5 2.5 8.2 9.7
10 5.0 16.3 19.5
15 7.5 24.5 29.2
20 9.9 32.6 38.9
25 12.4 40.8 48.6
30 14.9 49.0 58.4
35 17.4 57.1 68.1
40 19.9 65.3 77.8
45 22.4 73.4 87.5
50 24.9 81.6 97.3

Figure 12 illustrates the theoretical saving of energy during firing when incorporating different
percentages of biosolids into the brick mixture. The amount of biosolids that can be used in the mixture
depends on its organic content as it is the distinguishing factor in determining the physical, mechanical
and chemical properties of the bricks [57,74]. In this study, it was determined that bricks incorporating
25% biosolids from the ETP 22, WTP 10 and WTP 17–29 stockpiles meet and surpass all the applicable
standards regarding brick performance.Buildings 2018, 8, x FOR PEER REVIEW  2 of 23 
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Figure 12. Percentage of energy saved during firing of clay–biosolids bricks.

3.7. Environmental Impacts

The addition of biosolids to global brick production is a promising approach for preventing the
greenhouse gas emissions and land demand of biosolid stockpiles. In addition, the possible energy
savings during the firing process of biosolids-amended bricks positively affect the environmental
impacts of brick production. Incorporating biosolids into bricks also reduces the demand for the
excavation of large amounts of virgin soil from the earth’s crust.
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The environmental impact associated with the production of conventional bricks compared to
bricks incorporating different percentages of ETP and WTP biosolids has been studied as part of
a life cycle assessment (LCA) study of biosolids-amended bricks, using SimaPro software (version
8.0.5.13) [10]. The scope of the LCA study ranges from “cradle to gate”, which involves the clay and
biosolids extraction, transportation, crushing and proportioning, grinding and screening, brick shaping,
drying, firing and packaging. The energy used and the emissions produced have been quantified,
and the potential environmental impacts were assessed and compared. The LCA results show that the
incorporation of biosolids into bricks is a positive and promising alternative approach with respect to
all the environmental impacts of biosolids treatment and brick manufacturing [10,75].

The LCA results indicate that biosolids can be utilised as an environmentally friendly replacement
material for clay in fired clay bricks. This statement is supported by the results of this study,
which demonstrate the entrapment of leachates within the bricks during the firing process. In addition,
the LCA found that the embodied energy of biosolids bricks are significantly lower than that of
conventional fired clay bricks without replacement materials. It was also found that biosolids bricks
achieved better long-term environmental performance in terms of acidification and ozone depletion
impacts. In summary, the LCA results indicate that the incorporation of biosolids in bricks significantly
reduces all negative environmental impacts when compared to control bricks, with the exception of
water depletion impact. It should be noted that the distance of biosolid stockpiles from manufacturing
plants will affect these results.

4. Proposal

This study proposes the inclusion of a minimum of 15% biosolids content in 15% of global brick
production in order to recycle all leftover biosolids and to reduce the demand for excavated soil.

In Australia, 30% of the 300 thousand dry tonnes of biosolids produced are stockpiled each
year—equating to about 90 thousand dry tonnes [1]. Australia also produces approximately 1.31 billion
bricks each year. Estimating an average mass of 3.2 kg per brick, the total mass of bricks produced
is therefore 4.192 million tonnes. Utilising 15% of this total to incorporate biosolids means that 628.8
thousand tonnes of brick production should include biosolids. Recycling biosolids into 15% of 628.8
thousand tonnes of brick mixture would recycle approximately 94.32 thousand tonnes of excess
biosolids. This is greater than the estimated amount of annually unused biosolids in Australia, and,
therefore, could help achieve the depletion of existing biosolids stockpiles and account for future
increases in biosolids production. In addition, brick production would have significant energy savings
during the firing process, varying from 12.4% to 48.6% for biosolids with organic contents of 7.1%
to 27.79%.

The bricks incorporating only 15% of biosolids used in this study, are excellent quality bricks,
suitable for use as standard high-quality bricks (Table 11). The results from this study show that up to
25% biosolids can be incorporated for manufacturing normal bricks.

Table 11. Estimated properties and energy savings of 15% biosolids content bricks from this study.

Biosolids Compressive
Strength (MPa)

Energy
Savings (%)

Organic
Content of

Biosolids (%)

Average Organic
Content of Raw

Mixture (%)

Bulk Density of
Bricks kg/m3

Control 41.9 0.0 0.00 1.23 2122
ETP 22 32.0 7.5 7.10 2.11 2058
WTP 10 19.1 24.5 23.31 4.54 1943

WTP 17–29 16.9 29.2 27.79 5.21 1922

Incorporating biosolids into global brick production would also save a substantial amount of
virgin soil from being excavated, which offers further environmental incentive for recycling biosolids
in clay–fired bricks.
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Over 1500 billion bricks are produced globally [26], with Asia being the largest producer.
Concurrently, the entire world produces significant amounts of biosolids that are deposited into stockpiles.

The production of bricks that incorporate biosolids is very simple and easily achieved.
Brick producers will need to source biosolids from local stockpiles. The biosolids retrieved need
to be from below the root zone to avoid extra organic matter from grass growing on the top layer of
the stockpile. Biosolids samples must then be transported to the brick production site and added to the
mixture of excavated clay and soil prior to the crushing and grinding of the raw materials. Approved
local recommended safety requirements for excavation, transportation and handling biosolids should
be adhered to.

As can be seen from this study, the mechanical properties of biosolids bricks are directly related
to the organic content contributed from the inclusion of biosolids. Around the world, biosolids are
produced in different environments, treated utilizing varying methods and stored in conditions which
will not necessarily be similar or identical to those used in this study. As a result, it is essential that
small-scale localised testing of biosolids be undertaken prior to incorporation in bricks, so that the
organic and chemical contents of local unused biosolids is known. With this information, the expected
performance of the bricks can be determined from Figure 8. This is an essential first step in identifying
suitable biosolids stockpiles for recycling in fired–clay bricks.

Leachate concentrations from the biosolids bricks were found to be insignificant, for the biosolids
samples used in this study [76]. Biosolids could have significantly different chemical characteristics
depending on the origin of the wastewater and the treatment procedure. Therefore, it is essential
that suitable leachate analysis be undertaken on test bricks before large scale production is endorsed
according to US EPA methods 1314 and 1315, which shall explore the leaching behaviour of heavy
metals at different liquid-to-solid ratios and pH values [71,73,77].

5. Conclusions

This study has investigated the potential of incorporating biosolids into the raw material of
clay–fired bricks. The chemical, physical and mechanical properties of bricks incorporating 25%, 20%,
15% and 10% by weight of biosolids samples, sourced from Melbourne Water’s Eastern and Western
treatment plants (ETP 22, WTP 10 & WTP 17–29), were evaluated.

Organic content is the most important variable for the mechanical performance of the
biosolids-amended bricks. SEM analysis confirmed that organic matter in bricks is burned away
during firing, resulting in the development of greater pore volume. The increase in pore volume
ultimately resulted in lower compressive strength values, reduced density and increased shrinkage for
the biosolids-amended bricks compared to the control bricks. Average compressive strength testing
results were between 35.5 MPa and 12.04 MPa for the bricks incorporated with 10% to 25% biosolids
respectively. Acceptable compressive strength for bricks in most low-rise buildings is about 5 MPa.

In determining the geotechnical properties of the biosolids samples, it was found that ETP 22 and
WTP 17–29 are classified as clayey silty sand and silty sand, respectively, while WTP 10 is well-graded
silty gravelly sand. Importantly, the WTP samples were found to contain significantly more organic
content than the ETP sample. The chemical characterisation of the biosolids samples and brick soil
was determined through the use of X-ray fluorescence and X-ray diffraction. The results obtained
convey no abnormalities that would hinder their suitability as a clay-replacement material. In fact,
the composition of biosolids is very similar to the clay used in brick manufacturing.

The increased organic content also resulted in a drop in thermal conductivity for the biosolids
samples. The ETP 22 clay–biosolids brick recorded 0.96 W/m/K, significantly higher than the WTP 10
and WTP 17–29 clay–biosolids bricks (0.77 W/m/K and 0.75 W/m/K, respectively) but lower than the
control brick (1.09 W/m/K). Lower thermal conductivity would enhance the insulating abilities of the
bricks. The contribution of the organic content to energy savings during firing was also estimated and
conveys extremely positive results. Utilising biosolids in fired–clay bricks can save up to 48.6% of the
firing energy for the biosolids samples used in this study.
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Efflorescence testing also recorded positive results with all brick samples. Additionally, the water
absorption of the bricks was found to comply with the requirement for building bricks. Furthermore,
a leachate analysis was conducted to determine the amount of leaching of heavy metals from the
ceramic body. The results indicate that between 43 and 99% of heavy metals in the raw mixture are
immobilised in the brick after firing. Leachate concentrations from both the biosolids and biosolids
bricks were found to be insignificant, for the biosolids samples used in this study.

The environmental impact associated with the production of conventional bricks compared to
bricks incorporating different percentages of ETP and WTP biosolids have been studied as part of a Life
Cycle Assessment (LCA) study of biosolids-amended bricks. The emissions study and comparative
Life Cycle Assessment results show that the inclusion of biosolids in fired–clay bricks appears to have
promising and significant positive benefits for the environment.

Based on the results found in this study, recycling biosolids in fired–clay bricks would significantly
reduce the carbon footprint of brick production. In addition, brick production would have significant
energy savings during the firing process, varying from 12.4% to 48.6% for biosolids with organic
contents of 7.1% to 27.79%, as used in this study.

Bricks incorporating only 15% biosolids are excellent quality clean bricks suitable for use as
standard high-quality bricks, for biosolids with organic contents up to about 35%. Furthermore,
inclusion of biosolids into bricks also reduces the ongoing and growing demand for the excavation of
large amounts of virgin soil from the earth’s crust.
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