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How CO2 Curing Can Turn Alum
Sludge Into Construction Material

Alum sludge is produced as a by-product of drinking water
treatment processes when aluminium sulfate is used as a
coagulant. For the last decade, sludge production has
increased significantly with increasing demand for drinking
water due to population growth, and a green and economic
management strategy is needed for this sludge. Based on
our recent studies, alum sludge is a feasible substitute to
replace either sand or cement in concrete blocks, which
could be an efficient way to dispose of and reuse the sludge
as raw material for this concrete product. For sand
replacement, oven-dried sludge may deteriorate the
mechanical and durability performance of concrete blocks
due to its organic content hindering the cement hydration.
An advanced technology, named CO: curing, can improve
the performance of sludge-derived concrete, e.g.,
compressive strength and resistance to sulfate attack. Also,
the COz2 curing method has benefits for recycling of the
abundant CO2in the ambient environment. For cement
replacement, grinding and calcining procedures have to be
applied to eliminate the organic content and activate the
pozzolanic activity of sludge. The obtained results show that
a maximum of 10% cement can be replaced by alum sludge
ash without compromising the mechanical performance of
concrete blocks. This paper gives a summary of the latest
alum sludge application studied by our research team.
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Global population growth has led to a significant increase in
drinking water demand. The amount of water treatment
sludge, which is a by-product generated during drinking
water treatment processes, is consequently increased. In
the United States, more than two million tons of sludge are
generated from more than 16,000 drinking water treatment
systems (Frias et al., 2014). The Googong Water Treatment
Plant, located in New South Wales, Australia, which has a
270 ML/day water production rate, is reported to produce
approximately 2000 tons of dried sludge annually (Maiden et
al., 2015). In addition, the South Australian Water
Corporation produces more than 40,000 tons of sludge
annually. Since an aluminium-based compound is usually
used as a coagulant in the coagulation process, the sludge
could contain high aluminium content, therefore the name
alum sludge. Alum sludge can be regarded as a non-
hazardous waste, and it is disposed of either in landfills or to
the sewer (Ahmad et al., 2016; Ahmad et al., 2018).
However, the cost for the disposal of alum sludge can reach
between $130 - $200/ton with a road transport cost of $30 -
$40/ton (Maiden et al., 2015). Therefore, more economical
and environmentally friendly solutions for sludge
management are required by the water industry.

There are currently several sustainable reuse options for
such sludge, e.g., recovery and reuse of coagulants from
alum sludge, reuse of alum sludge in sewage sludge
dewatering, and reuse of alum sludge in concrete products
(Ahmad et al., 2016). Compared with other methods, the
reuse of alum sludge in concrete could be a more
sustainable approach because of the vast consumption of
concrete products. Concrete is the most consumed
construction materials, and the usage of concrete is fast
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increasing. Natural aggregate and cement are essential
components of concrete, and demand is consequently
increasing. The total amount of Australian cement
production in 2018-19 increased by 8.5% from 9.6 to 10.4
million tons, with 5.1 million tons GHG being released into
the atmosphere (CIF, 2020). One solution to alleviate the
pressure on cement demand is replacing cement with
supplementary cementitious materials (SCMs), which have
lower CO2 emissions. SCM is a material that normally
contains a high content of silica, alumina, and ferric, which
does not exhibit cementitious property in contact with water.
However, it can react with calcium hydroxide generated from
cement hydration, forming additional calcium silicate hydrate
(C-S-H) and calcium aluminate silicate hydrate (C-A-S-H)
gel. Also, to avoid excessive extraction of natural sources,
alternative materials to partially replace the nature
aggregates in concrete need to be explored. The main
components of sludge are alum and silica; thus, it can be
used in concrete as either SCM or an alternative aggregate
material.

Some research work has already been done on the use of
alum sludge in concrete products. For instance, Owaid et al.
(2014) calcined the alum sludge at 800 °C for two hours to
pyrolyze the organic compound and activate the pozzolanic
activity of the alum sludge ash. The results showed that the
mortar sample's compressive strength was improved when
no more than 15% of the cement was replaced with alum
sludge ash (ASA). Also, Bohérquez Gonzalez et al. (2020)
showed a comparable 28-day compressive strength to
reference samples when 10% ASA was used to replace
cement. On the other hand, Wang et al. (2018) added alum
sludge as a sand replacement in a cement-based material,
and the results exhibited that the sludge addition resulted in

a long setting time and low compressive strength. The
organic matter in sludge could significantly hinder cement
hydration. Furthermore, Gomes et al. (2017) directly used
wet sludge to replace sand, and the tensile strength of
samples with 5% sludge decreased to 2.02 MPa, and a
further decrease up to 1.79 MPa and 0.35 MPa was found
for samples with 7% and 10% sludge, respectively. These
results can be attributed to the degraded interface between
sludge and cement matrix in comparison with that of sand.

To further investigate the feasibility of utilising alum sludge
in concrete blocks (CB), the mechanical and durability
properties, the leachate behavior, and the microstructure of
CB with either cement or fine aggregate replaced by
different proportions of the alum sludge ranging from 0% to
30% have been investigated by our research group. In
addition to standard curing, an advanced CO: curing
technology was also studied.

The alum sludge was sourced from a local water treatment
plant in Adelaide, South Australia. Using the alum sludge to
replace sand in CB, the raw alum sludge was crushed to
pass through a 1.68 mm sieve and then oven-dried at 105°C
for at least 24 h to remove the moisture. Images and the
particle size distribution of the crushed alum sludge and
sand are shown in Fig.1a.
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Fig.1. the particle size distribution of (a) sand and crushed alum sludge and (b) cement and ASA (Liu et al., 2020a; Liu et al.,

2020d)
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To replace cement in CB, further treatment of the alum
sludge is required. The alum sludge was first calcined in a
muffle furnace at 800°C for two hours. After calcination, the
alum sludge was then ground to pass through a 75 pm
sieve. The ASA is slightly coarser than the cement clinkers,
shown in Fig. 1b. The chemical composition of the raw alum
sludge and ASA as analysed using x-ray fluorescence is

shown in Fig.2. The primary chemical components of the
raw alum sludge include alumina, silica and organic matter,
occupying more than 80% of the total, followed by ferric and
lime, accounting for 8% and 5%, respectively. Compared
with raw sludge, ASA exhibits only a 6% loss on ignition
(LOI), indicating the effective elimination of organic matter
by such a heat treatment method.
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Fig.2. chemical composition of (a) raw alum sludge and (b) alum sludge ash (modified from (Duan et al., 2020b))

Although the calcination of alum sludge would consume a
significant amount of energy, the required temperature
(800°C) is far lower than the temperature (more than 1400°C)
to produce cement. Therefore, replacing a proportion of
cement with ASA is feasible to reduce energy consumption
and decrease CO2 emissions.

APPLICATION OF ALUM
SLUDGE AS SAND
REPLACEMENT IN
CONCRETE BLOCKS

Compressive strength

Our research group replaced sand using alum sludge at
weight percentages of 0%, 10%, 20% and 30%. Some
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sludge-derived CB were cured in a chamber with a
controlled temperature and humidity (95 % humidity and 23
+ 2 °C), named normal curing. Some blocks were stored in a
carbonation chamber with a CO2 concentration of 10% in the
first 24 h and then transferred to the standard curing
chamber for 27 d.

Fig. 3 shows the one-day and 28-day compressive strength
of CB under CO2 or normal curing. The compressive
strength of CB decreased with increasing sludge content
from 0 to 30%. The detrimental effect of sludge incorporation
could be attributed to high-water absorption and high
organic matter content. A large amount of water is absorbed
by sludge, which makes fresh mixtures lack cohesiveness.
Such reduced cohesiveness could damage the homogeneity
and integrity of CB during the compaction procedure,
resulting in deteriorated mechanical and durability
performance. Also, the organic matter significantly hinders
cement hydration.
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Fig. 3. 1-day and 28-day compressive strength of CB with varying alum sludge content (modified from Liu et al. (2020b)).

CO:2 curing significantly improves the compressive strength
of CB, especially for CB with 30% alum sludge. The
compressive strength of CB-30-C increased by 373% and
172% at the age of one-day and 28-day respectively relative
to CB-30-N. The increase in compressive strength could be
attributed to the formation of crystalline CaCOs and the
decomposition of excessive ettringite derived from sludge
addition. In Fig. 4a, the formation of small crystalline CaCOs
by carbonation reaction contributes to a denser cement
matrix by filling effect. Compared with Fig. 4b, Fig. 4a
indicates that the ettringite is prone to react with CO>, and it
can be decomposed to CaCOs, which is beneficial to the
strength development of CB (T GROUNDS et al., 1988).

The compressive strength of CB incorporating sludge meets
the requirement of 7.5 MPa for non-load-bearing blocks.
Furthermore, block samples subject to CO2 curing can also
be used for load-bearing applications (12.5 MPa), according
to BSEN771 (2011).
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Fig. 4. SEM images of CO2z and normally cured block
samples with 30% sludge. (a) CB-30-C, and (b) CB-30-N
(Liu et al., 2020b).
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Sulfate attack in concrete products is the primary concern
for long-term service life, especially for areas containing
large quantities of soluble sulfates, such as Adelaide, South
Australia (Neville, 2004). The chemical reaction generally
produces ettringite and gypsum, causing expansion, and
leading to the generation of micro-cracks. Also, physical
attack, as another form of sulfate attack, is attributed to the
deposition of crystalline salts in capillary pores. The

generation of crystallisation pressure can cause significant
spalling on the surface of the concrete (Scrivener, 2004).

In our research, chemical and physical sulfate attacks to CB
were studied by introducing wet and dry cycles. The sulfate
attack test was conducted for 40 cycles, and each cycle
began with the immersion of the CB in a sodium sulfate
solution for two hours, and finished by drying in an oven
fixed at 65 £+ 2°C for 20 £ 1 h. Images of samples after 40
cycles, with varying content of sludge, are shown in Fig. 5.
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Fig. 5. Visual inspection of block samples after 40 cycles of sulfate attack (Liu et al., 2020e).
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Fig. 5 shows that sulfate attack induced deterioration, such
as spalling and cracking, becomes more severe with
increasing sludge content. Also, CO2 curing significantly
improves the sulfate resistance of CB. For instance, the CB-
30-N exhibits a significant sign of surface spalling and loss
of corner parts, but the CB-30-C remained structurally intact
with a moderate degree of spalling. The other parameters to
assess sulfate resistance are also discussed, e.g., mass
loss, compressive strength change, and ultrasonic pulse
velocity variation (Liu et al., 2020b, c). A similar trend was
found with the results of visual inspections.

These results can be explained by the fact that the addition
of sludge led to a porosity increase in block samples, which
has been proved by analysis using x-ray computed
tomography (Liu et al., 2020e). Such porosity increases
make the sulfate solution penetration to the inner part of the
CB easier, resulting in the acceleration of concrete
deterioration. COz2 curing refined pore sizes and reduced
their connectivity. The refinement effect can efficiently
reduce the degree of salt crystalline in pores and delay the
chemical reaction between sulfate ions and the cement
matrix that produces expansive ettringite or gypsum.

The toxic characteristic leaching procedure (TCLP) test for
sludge from a local water treatment plant in Adelaide shows
the leaching concentration of Cu (1.8 mg L") may exceed
the most popular “guideline value” of 1.0 mg L', which is
accepted by many countries (James, 1998). Therefore, the
leaching behavior of CB incorporating alum sludge was
studied using two methods, a traditional TCLP test based on

USEPA (1992), and a long-term leaching test under
environmental conditions similar to that of the real scenario
based on Shi and Kan (2009). The results of both tests
prove that all elements are well immobilized, and the CB
incorporating alum sludge are non-hazardous.

APPLICATION OF ALUM SLUDGE AS CEMENT
REPLACEMENT IN CONCRETE BLOCKS

To replace cement, pozzolanic materials should react with
portlandite in the presence of moisture to produce binding
gels similar to those formed by cement hydration. Without
calcining, alum sludge either poses no or only little
pozzolanic reactivity. Therefore, alum sludge was calcined in
a muffle furnace at 800°C for two hours and then ground to
less than 75 pm, in which the size obtained by the alum
sludge ash (ASA) exhibited a Blaine fineness value similar
to cement clinkers (Liu et al., 2020d). The pozzolanic
reactivity of ASA has been tested using two methods, an
indirect method based on ASTM C618 (2019) and a Frattini
test according to BS EN 196-5 (2011). The indirect method
uses ASA to replace 20% of cement by weight in designed
mortar samples. If either the 7-day or 28-day compressive
strength of ASA-derived mortar can achieve 75% of the
mortar without incorporating ASA (reference ones), the
pozzolanic reactivity could be confirmed (ASTM C618,
2019). The results in Fig. 6a indicate that the compressive
strength of mortar samples containing ASA is 84% and
114% of the reference samples at seven days and 28 days,
respectively, which meet the required 75%. For the Frattini
test, ASA consumes additional portlandite due to its
pozzolanic reaction, resulting in the CaO concentration
being underneath the saturation curve (see Fig. 6b).
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Fig. 6. Evaluation of pozzolanic reactivity of ASA via (a) compressive strength and (b) Frattini test (Liu et al., 2020d)
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Fig. 7 shows the results of the compressive strength of ASA-
derived CB. At seven days, the compressive strength of
ASA-derived blocks decreases with increasing ASA content.
The reduced strength could be attributed to the cement
dilution effect, delayed pozzolanic reaction, and/or the
incompatibility of unreacted ASA with the binder matrix. At
28 days, the compressive strength of blocks with 10% ASA
exhibits a comparable strength to reference ones. In
addition, the gaps in compressive strength between other
ASA-derived CB (20% and 30% ASA) and the references

decrease with increasing curing time. The negative effect of
ASA addition, such as weak hardness and incompatibility of
unreacted ASA, significantly deteriorated the mechanical
performance of the blocks. However, such an effect is
mitigated by the pozzolanic reaction in longer curing times.
For the moderate replacement ratio, e.g., 10% cement
replaced by ASA, the ASA's effects from both the positive
(pozzolanic reaction and filler effect) and the negative (weak
inclusion, bad compatibility, and cement dilution) seem to be
balanced. Therefore, 10% is the optimum replacement ratio.
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Fig. 7. Compressive strength of ASA-derived blocks relative to the blocks containing 0% ASA (modified from Liu et al. (2020d)).

Alkali-silica reaction

Alkali-silica reaction (ASR), commonly known as "concrete
cancer", is the reaction that occurs between the alkaline
from the pore solution in cement and the amorphous silica
from the aggregate in the presence of moisture. The product
of the reaction is a viscous gel, which exerts intense
expansion pressure inside the cement matrix, causing
cracking or even the failure of the concrete. Using reactive
aggregate such as ground waste glass could lead to more
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severe ASR damage due to the high content of amorphous
silica. The previous studies (Chappex and Scrivener, 2012;
Hay and Ostertag, 2019) have demonstrated that aluminium
in cement could effectively mitigate ASR. In our studies, an
accelerated ASR test was undertaken, and the results
exhibited that 10% to 20% replacement of cement with ASA
could mitigate or even prevent ASR due to the enrichment of
alum in ASA (see Fig. 8).
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Fig. 8. Expansion of the mortar sample containing ASA under accelerated ASR test (modified from Duan et al. (2020a))

The economic, social and environmental impacts of using
ASA to replace cement have been studied and are briefly
reported here. A multiobjective mixed-integer linear
programming model has been proposed to design and
optimise the ASA-derived cement supply chain by
maximising the social benefit, reducing greenhouse gas
(GHG) emissions, and maximising net present value (NPV).
Meanwhile, uncertainty and sensitivity analysis, using Monte
Carlo methods, on the designed supply chain were
conducted to provide a comprehensive understanding of the
proposed supply chain. A case study was introduced to
assess the feasibility and applicability of the model, and the
corresponding data was obtained from an Australian water
utility. The baseline case showed that the proposed supply
chain could add 9.3 million working hours, which is
equivalent to 230 full-time work opportunities per year
across the future 20 years. The reduction of GHG emissions
was approximately 19.8 million tonnes per year, and
achieved an AU$1.93 billion NPV over a 20-year planning
horizon. The uncertainty analysis and sensitivity analysis
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results indicated that the production rate of alum sludge is
the most important factor to key model outputs.

After crushing, grinding and calcining, the alum sludge
derived from the drinking water treatment plant was
successfully incorporated into CB. With up to 30%
replacement of fine aggregate with the alum sludge, the
compressive strength of the block samples is still above the
value specified for non-load-bearing blocks. Under CO2
curing, the compressive strength of CB can also meet the
requirement for load-bearing applications. Moreover, CO2
curing can improve the sulfate resistance of concrete blocks
incorporating alum sludge. The leaching test proved that the
application of alum sludge into concrete blocks is safe.

For cement replacement, 10% cement replacement with the
ASA could result in a comparable compressive strength
relative to the reference sample at 28 days and an even
higher compressive strength value at 90 days. Such
reinforcement can be attributed to the pozzolanic reaction of
ASA. The accelerated ASR test shows that 20% ASA
content can effectively prevent the occurrence of ASR.
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