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Abstract
Alum sludge is a typical by-product of drinking water treatment processes. Most sludge is disposed of at landfill sites, and 
such a disposal method may cause significant environmental concern due to its vast amount. This paper assessed the feasibility 
of reusing sludge as a supplementary cementitious material, which could efficiently exhaust stockpiled sludge. Specifically, 
the pozzolanic reactivity of sludge at different temperatures, the reaction mechanism of the sludge–cement binder, and the 
resistance of sludge-derived mortar to microbially induced corrosion were investigated. The obtained results indicated that 
800 °C was the optimal calcination temperature for sludge. Mortar containing sludge up to 30% by weight showed compa-
rable physical properties at a curing age of 90 days. Mortar with 10% cement replaced by sludge can significantly improve 
the resistance to biogenic corrosion due to the formation of Al-bearing phases with high resistance to acidic media, e.g., 
 Ca4Al2O7·xH2O and strätlingite.

Graphical abstract
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Introduction

Alum sludge is a typical by-product of the water indus-
try. When the aluminium-based coagulant was combined 
with suspended solids, dissolved colloids, organic mat-
ter, and microorganisms in raw water, the heterogeneous 
solid waste was formed [1, 2]. At the current stage, the 
domestic and industrial water demand has increased dra-
matically due to the rapid growth of the global population, 
economic development, and changes in the consumption 
structure, resulting in large quantities of sludge [3, 4]. It is 
estimated that the daily production of sludge has exceeded 
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10,000 t globally [5]. Sludge is commonly disposed of in 
landfills. Since most of the sludge has not been treated 
innocuously, sludge landfilling causes severe environmen-
tal issues related to land wastage and secondary pollution. 
For instance, some sludge is rich in pathogens and metals 
(e.g., Al, Cu, and Fe), and the leaching of aluminium into 
surrounding water may indirectly result in an increase in 
aluminium concentration in the human body, contributing 
to the occurrence of Alzheimer’s disease [6]. In addition, 
some toxic heavy metals, e.g., Pb, As, and Cr, present in 
sludge may cause potential risks when sludge is exposed 
to aquatic environments [7]. Therefore, managing sludge 
in a more economical and environmentally friendly man-
ner is required.

Alum sludge has been reused in various sustainable 
options, e.g., as a source for recovery of coagulants, as a 
contaminant absorbent for wastewater treatment, and as 
a raw material for ceramic production, constructing wet-
land substrate, or soil ameliorant [8]. In recent years, some 
studies focused on assessing the feasibility of reusing alum 
sludge as supplementary cementitious material in concrete 
products, proposing a possible solution to reuse sludge 
in large quantities. In addition, reusing sludge as cement 
replacement contributes to reducing cement-derived  CO2 
emissions (about 8% of global  CO2 emissions) [9], which 
helps to achieve net-zero emissions by 2050.

The pozzolanic reactivity of sludge can be activated 
with designed calcination and grinding procedures. Gast-
aldini et al. [10] suggested that the optimum treatment 
procedure for sludge was calcination at 600 °C for 1 h. 
The obtained compressive strength of sludge-derived con-
crete was comparable to the reference values. Tantawy 
[11] reported that the calcination of sludge at 800 °C pre-
served the optimal pozzolanic activity, and the partially 
crystal phases of silicon and aluminium were dehydroxy-
lated to form high reactivity disordered phases between 
600 °C and 800 °C. However, higher temperatures, such 
as 900 °C, might cause the re-formation of crystal silica 
phases in sludge. Hagemann et al. [12] suggested that 
calcination at 700 °C with a residence time of 1 h was 
the best condition for treating sludge. Therefore, contro-
versy still exists over the optimum treatment conditions 
for sludge.

On the other hand, microbially induced corrosion 
(MIC) is regarded as one of the main deterioration mech-
anisms to reduce the service life of concrete structures 
exposed to sewer environments [13]. Sulphate-reducing 
bacteria (SRB) could produce hydrogen sulphide  (H2S) 
by reducing sulphate in sewage, which is in turn used as a 
nutrient by sulphur-oxidising bacteria (SOB), resulting in 
the formation of sulphuric acid  (H2SO4) [14]. The  H2SO4 
generated through the biological metabolism reacts with 
the cement hydration phases, such as calcium hydroxide 

(CH) and calcium silicate hydrate (C–S–H), to form gyp-
sum and ettringite, leading to the expansion and progres-
sive disintegration of concrete structure [15]. However, 
Scrivener et al. [16] found that aluminium-rich hydration 
products exhibited superior resistance to BSA (biogenic 
sulfuric acid). Also, Saucier et al. [17] reported that the 
aluminium-bearing hydrates could dissociate to alumina 
gel under acidic conditions, which formed an acid-resist-
ant barrier to slow down the biogenic sulfuric acid dif-
fusion. Moreover, the further dissolution of alumina gel 
liberated the aluminium ions, which inhibited the bacteria 
from producing sulfuric acid and stopped pH decreasing. 
Alum sludge contains a high volume of reactive alumin-
ium, which promotes the formation of aluminium-bearing 
hydrates, such as calcium aluminate hydrate (C–A–H) 
[18, 19]. Therefore, the cement-based composites incor-
porating sludge may improve the resistance to MIC, and 
there is no available literature in this area.

This study aims to: (i) characterise the pozzolanic 
reactivity of sludge under different calcination tempera-
tures and investigate the reaction mechanism of blended 
binder; (ii) evaluate the setting times, workability, and 
compressive strength of sludge-derived mortar; (iii) 
assess the resistance of mortar to MIC in terms of mass 
loss and corrosion depth.

Materials and methodology

Materials

A general-purpose (GP) cement, based on AS 3972 [20], 
was used in this study. Alum sludge was obtained from a 
local water treatment plant in South Australia. Raw alum 
sludge contained approximately 29.5% organic matter 
content, which was determined based on the loss on igni-
tion (LOI) test according to ASTM D7348 (2013) [21]. 
The chemical composition of the raw sludge is shown in 
Table S1, referring to a previous study conducted by the 
authors. The major components of sludge were  Al2O3, 
 SiO2, and organic matter. Minor constituents of  Fe2O3, 
CaO,  K2O, and MgO were also observed. Figure S1 
shows the scanning electron microscopy (SEM) images 
of sludge, exhibiting an irregular shape and porous struc-
ture of sludge particles.

Raw alum sludge was first oven-dried at 105 °C for 
24 h. The dried sludge was then ground in a ring mill until 
the size was less than 75 μm. The calcination of sludge 
was conducted in a muffle furnace. To compare the poz-
zolanic reactivity of sludge under different temperatures, 
the furnace was programmed with peak temperatures of 
600 °C, 700 °C, and 800 °C for 2 h, respectively. Silica 
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sand was used as fine aggregates, and sand properties are 
shown in Table S2.

The chemical composition of cement and the calcined 
sludge was obtained by x-ray fluorescence analysis using S4 
PIONEER spectrometer (Bruker AXS GmbH, Karlsruhe, 
Germany). As the chemical composition of sludge calci-
nated at 600 °C, 700 °C, and 800 °C was similar; only 
the 800 °C treated sludge was shown. The particle size 
distribution and Blaine fineness of binder materials were 
determined using a laser diffraction particle analyzer (Mal-
vern Mastersizer 3000, Malvern PANalytical Ltd, Mal-
vern, UK). The specific gravity and water absorption of 
sludge were identified based on AS 1141.5 [22]. Moreover, 
sludge morphology was identified using SEM by Carl Zeiss 
Microscopy Crossbeam 540 with GEMINI II column (Jena, 
Germany). The mineralogical characterisation of sludge 
before and after calcination was conducted using an Empy-
rean diffractometer (Malvern PANalytical, Malvern, UK). 
The scanning angle ranged from 5° to 70° (2θ).

Pozzolanic activity

The pozzolanic activity of sludge under different heating 
temperatures was assessed using the Strength Activity Index 
(SAI) test and the Frattini test. SAI test was conducted based 
on ASTM C311 [23]. The SAI was calculated with Eq. (1), 
where A is the average compressive strength of mortar with 
20% cement replaced by sludge, and B is the average com-
pressive strength of the reference ones (without sludge). 
Also, SAI greater than 0.75 indicates a satisfying pozzo-
lanic activity.

The Frattini test was performed according to BS EN 
196-5 [24]. A 20 g sample was prepared with 80% cement 
and 20% sludge mixed with 100 mL water. The mixture was 
stored in a controlled oven at 40 °C for 15 days with a sealed 
polyethylene container. The samples were then immediately 
filtered into the vacuum flask using a dry double filter paper 
and cooled down to room temperature. Hydrochloric acid 
titration with methyl orange indicator was used to deter-
mine the hydroxide  [OH–] concentration in the filtrate. 
After adjusting the solution’s pH to 12.5, the concentra-
tion of calcium ions  [Ca2+] was analysed by titration using 
a 0.03 mol/L EDTA solution with the Murexide indicator. 
The obtained results were compared with the solubility 
curve of CH. The solubility curve was determined on Eq. (2) 
according to BS EN 196-5 [24], indicating the theoretical 
maximum [CaO] concentration with a given  [OH−] value. 
Points plotted according to  [Ca2+] and  [OH–] concentration 
below the solubility curve indicated a positive pozzolanic 
reactivity of sludge.

(1)SAI =
A

B
× 100% .

Sample preparation

The mixed proportion of the binder pastes and mortars in 
this study is shown in Table 1. Sludge was used as a sup-
plementary cementitious material to replace 10%, 20%, and 
30% of cement by weight in both binder pastes and mortar 
specimens. Mortar mixing was conducted based on ASTM 
C305 [25], and the mixing of pastes followed the same 
procedure but without fine aggregates. A polycarboxylate-
based superplasticizer was added to maintain constant 
relative flowability. The required superplasticizer amount 
increased with increasing sludge content due to the high 
water absorption of sludge, as confirmed in a previous study 
[26]. The fresh mortar mixtures were cast into molds with 
50 mm × 50 mm × 50 mm, and the fresh binder pastes were 
cast into molds with 10 mm × 10 mm × 10 mm. The samples 
were de-molded after 24 h and then cured in a moist cham-
ber with a constant temperature of 23±2 °C and a constant 
relative humidity of 95%.

Tests

Physical properties of mortar

The setting time of fresh binder pastes under standard con-
sistency was determined with the Vicat apparatus according 
to BS EN 196-3 [27]. The fluidity test of the fresh mortar 
pastes was conducted according to BS EN 1015-3 [28]. All 
tests for mortar samples were conducted with at least three 
samples, and average values with standard deviations were 
reported. The compressive strength of mortar samples was 
measured at curing ages of 7 d, 28 d, and 90 d based on AS 
1012.9 [29].

(2)Max[CaO] =
350

[OH−] − 15
.

Table 1  Mix proportions of the binder pastes and mortars (kg/m3)

SP superplasticizer, M mortar, BP binder paste

Mix Sludge Cement Water Sand SP

Binder paste
 BP-0 0 1219 590 0 3.66
 BP-10 122 1097 590 0 6.10
 BP-20 244 975 590 0 8.53
 BP-30 366 853 590 0 12.19

Mortar
 M-0 0 620 300 1705 1.86
 M-10 62 558 300 1705 3.10
 M-20 124 496 300 1705 4.34
 M-30 186 434 300 1705 6.20
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The water capillary absorption tests were conducted 
according to ASTM C1585 [30]. The mortar specimens 
cured for 90 d were first oven-dried at 50 °C until constant 
weight. The lateral sides of samples were then sealed with 
an epoxy resin, and the water level was kept at 3 mm above 
the submerged surface with an open area of 50 mm × 50 mm. 
Weight measurements were conducted at 0 s, 60 s, 300 s, 
600 s, 1200 s, 3600 s, 7200 s, and 21600 s, and daily meas-
ures were subsequently taken for the next 8 d using a bal-
ance with an accuracy of ±0.01 g. The amount of water that 
penetrated per unit area was calculated based on Eq. (3), 
where I is the absorption (mm); m

t
 is the mass change (g) at 

time t (s); a is the open area  (mm2); d refers to the density 
of water (g/mm3).

Microbiological corrosion durability

Thiobacillus ferrooxidans (T. f) was used as the SOB to 
activate the MIC on mortar. T. f was cultured in the 9 K 
medium, in which the components were 1000 mL  H2O, 3 g 
 (NH4)2SO4, 0.1 g KCl, 0.5 g  K2HPO4, 0.5 g  MgSO4·7H2O, 
0.01 g Ca(NO3)2, and 44.78 g  FeSO4·7H2O. As shown in 
Fig. 1, the sealed corrosion chamber was kept at 30 °C. Gas-
eous  H2S and air were aerated into the bacteria liquid to pro-
vide reducing substances and appropriate aerobic conditions 
for T. f to generate sulfuric acid. Mass loss and corrosion 
depth of the mortars were measured to evaluate the degree 
of corrosion when the specimens were soaked in bacteria 
corrosive medium for 2 months.

(3)I =
m

t

a × d
.

For mass loss measurement, mortar samples were first 
brushed to remove the soft particles and then oven-dried at 
40 °C until constant weight. The weight of specimens before 
and after soaking was measured using a balance with an 
accuracy of ± 0.01 g. The mass loss of mortar samples was 
calculated by Eq. (4).

Phenolphthalein reagent was used to indicate the corro-
sion depth of specimens. Corroded samples were dry-cut 
along the cross-section, and the cut surface was then sprayed 
with 1% phenolphthalein alcohol solution. The vertical dis-
tance between the boundary of the colourless area and the 
mortar surface indicated the corrosion depth. The results 
were averaged over five measurements.

Microstructural characterizations

The crystalline phases of binder pastes were determined by 
X-ray diffractometry (XRD), which was conducted by an 
Empyrean diffractometer (Malvern PANalytical, Malvern, 
UK) with Cu Kα radiation. Before the test, binder pastes 
were crushed to less than 36 μm. The hydration reaction 
of blended binders was stopped by immersing samples in 
the ethanol solution for two days and then vacuum dried at 
40 °C until constant weight. The compound composition of 
binder pastes was investigated by thermogravimetric anal-
ysis (TGA) using the Discovery 650 DSC/TGA machine. 
Powdered samples were placed in a 150 μL crucible and 
heated from 50 °C to 1000 °C at a rate of 10 °C/min with  N2 

(4)m% =
m

t
− m

o

m
o

× 100% .

Fig. 1  Schematic diagram of MIC corrosion test. MIC microbially induced corrosion
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as purging gas. The microstructural morphology of mortar 
samples was investigated with SEM images, which were 
obtained with Carl Zeiss Microscopy Crossbeam 540 with 
the GEMINI II column (Jena, Germany). In addition, the 
local morphology of the corroded mortar interface was also 
characterised.

Results and discussion

Chemical composition and pozzolanic activity 
of sludge

The chemical composition and physical properties of cement 
and calcined sludge are shown in Table 2. Sludge calcined at 
different temperatures exhibited a similar particle size dis-
tribution, and the D50 value was around 30 μm, which was 
coarser than that of cement particles (14.5 μm). However, 
the Blaine fineness of sludge was generally comparable to or 
even higher than that of cement clinker. These results can be 
attributed to the fact that sludge has an irregular shape with a 
porous surface texture, which is confirmed by the SEM image 
(see Fig. 2a). Meanwhile, such a porous structure resulted 
in high water absorption of sludge (15.3%) and low specific 
gravity (2.2). The Blaine fineness of sludge decreased with 
increasing calcination temperatures. These results were con-
sistent with previous results reported by Fabbri et al. [31], 

which found that the dehydroxylated fine particles always 
agglomerated under high temperatures to produce new porous 
grains. In addition, calcined sludge contains a higher alumin-
ium content than cement, with a mass proportion of 47.7%. 
The components of  Al2O3,  SiO2 (31.1%), and  Fe2O3 (4.9%) 
add up to greater than 70%. Also, the content of  SO3 and the 
LOI were 3.0% and 6.6%, respectively. These results indicate 
that the chemical composition of treated sludge conforms to 
the requirements of natural pozzolan material prescribed in 
ASTM C618 [32]. The mineralogical composition of sludge 
under different calcination temperatures is shown in Fig. 2b. 
The results indicated that the crystalline content of raw sludge 
was dominated by quartz, kaolinite, and aluminium sulphate 
hydroxide hydrate. Also, low amounts of calcite, albite, and 
lizardite were present. The evolution of XRD patterns with 
increasing temperatures indicated a significant loss of kao-
linite, and the peaks corresponding to kaolinite diminished at 
600 °C until they completely disappeared at 800 °C. Moreo-
ver, the calcite  (CaCO3) collapse occurred at 600 °C, and the 
formation of new crystalline phases such as calcium sulphate 
and microcline were observed simultaneously. A peak of 
crystalline aluminium sulphate hydroxide hydrate (2θ=19.8°) 
decreased with increasing calcination temperature, indicat-
ing the transformation into amorphous aluminium-containing 
phases, which may present high reactivity compared with the 
crystalline one. Also, no significant change was observed for 
inert minerals such as quartz, albite, and lizardite. Therefore, 

Table 2  Properties of binder materials

DX The portion of particles with diameters smaller than this value is X%, GP general-purpose

Chemical composition

Oxide Percentage by mass (%) Chemical requirements of natural pozzolans based on ASTM 
C618 [32]

GP cement Calcined sludge

SiO2 20.8 31.1 SiO2 +  Al2O3 +  Fe2O3 ≥ 70%
Al2O3 3.6 47.7
Fe2O3 4.0 4.9
CaO 61.8 4.3 –
CuO – 0.3 –
K2O 0.8 1.0 –
MgO 2.7 1.0 –
Na2O 0.1 0.2 –
SO3 2.7 3.0  ≤ 3.0%
LOI 3.3 6.6  ≤ 10.0%

Physical properties Cement 600 °C sludge 700 °C sludge 800 °C sludge

D10 (μm) 3.4 5.4 5.8 6.1
D50 (μm) 14.5 29.6 29.2 30.4
D90 (μm) 33.1 61.3 60.3 60.9
Blaine fineness  (m2/kg) 400.0 445.4 429.8 423.4
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Fig. 2  (a) SEM image of sludge calcinated at 800 °C; (b) XRD patterns of sludge treated with different temperatures; (c) strength activity index 
at curing ages of 7 and 28 days; (d) Frattini test results. SEM scanning electron microscopy, XRD X-ray diffractometry
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the XRD analysis exhibits that more aluminium-containing 
amorphous phases with high reactivity may be present in the 
800 °C sludge due to the completed dehydroxylation of kao-
linite and continued phase transition of aluminium sulphate 
hydroxide hydrate. 

SAI and Frattini tests were used to further study the poz-
zolanic activity of sludge. As shown in Fig. 2c, the mortar 
samples containing 600 °C sludge exhibited significantly 
low SAI values at curing ages of 7 d and 28 d. When the 
calcination temperature increased to 700 °C, the mortar 
samples at a curing age of 28 d exhibited a satisfactory SAI 
value, which was above 75% (prescribed in ASTM C618 
[32]). The samples containing 800 °C sludge showed the 
highest pozzolanic activity at all curing ages, and the SAI 
was 87% at 7 d and 114% at 28 d. Besides, the results of the 
Frattini test (see Fig. 2d) indicated that sludge calcined at 
600 °C, 700 °C, and 800 °C all showed pozzolanic activity 
after 15 d.

To further compare the pozzolanic activity of sludge cal-
cined at different temperatures, the Frattini test results were 
quantified as suggested by Donatello et al. [33]. Theoreti-
cal maximum [CaO] was calculated using Eq. (2). The dif-
ference between [CaO] concentration and theoretical Max 
[CaO] is expressed as the reduction percentage of the [CaO]; 
the calculated results are shown in Table 3. The results 
exhibited that the reduction percentage of [CaO] increased 
with increasing calcination temperatures, indicating that the 
pozzolanic reactivity of sludge increased with increasing 
calcination temperature. These results were consistent with 
the XRD results. Combined with the SAI and Frattini test 
results, 800 °C is the optimum temperature to activate the 
pozzolanic reactivity of sludge. Therefore, all mortar and 
binder paste samples were prepared with sludge calcinated 
at 800 °C.

Physical properties of sludge‑based composites

The measured flow values of fresh mortar pastes are 
given in Fig. S2. The fluidity decreased from 187 mm to 
142 mm with increasing sludge content from 0 to 30%. In 
addition to the large surface area of sludge, the irregular 
morphology of sludge also harms flowability. Accord-
ing to Shi et al. [34], sludge particles with varying sizes 
caused mechanical inter-lock between each other, and a 
considerable space between them could detain the mixing 
water, decreasing the flowability of fresh mortar mixture. 
Also, binder pastes containing sludge required more mix-
ing water to maintain standard consistency. As shown in 
Table 4, the sludge addition substantially increased the 
water demand for pastes, especially for the samples con-
taining 30% sludge.

For the setting time of binder pastes (see Table 4), the 
setting time was significantly retarded compared to the ref-
erence mix when 10% cement was replaced with sludge. 
However, the setting time was gradually reduced with a fur-
ther increase in sludge content. These results indicated that 
sludge addition could affect the setting time from two oppo-
site aspects. On the one hand, the incorporation of sludge 
increases the water demand, resulting in the delay of setting. 
On the other hand, the amorphous aluminium phase in the 
calcined sludge reacts faster than calcium silicate clinkers, 
leading to shorter initial and final setting times. Meanwhile, 
sludge may have a filler effect, providing additional nuclea-
tion sites to accelerate cement hydration [16]. Alum sludge 
seemed to have different effects on setting time depending 
on the percentage used in the binder. A further study on the 
hydration behaviour of sludge-cement binder is required to 
explain such setting behaviour in detail.

Table 3  Quantified results of the Frattini test

Sludge [OH−] 
(mmol/L)

[CaO] 
(mmol/L)

Max [CaO] 
(mmol/L)

[CaO] reduc-
tion %

600 °C 45.5 9.5 11.5 17.5
700 °C 44.0 9.1 12.1 25.1
800 °C 44.9 8.6 11.7 26.4

Table 4  Fresh properties of binder pastes

Mix W. content 
[g]

Consistency 
[mm]

Initial set  
[min]

Final set 
[min]

Control 142 6.8 111 166
BP-10 169 6.1 177 224
BP-20 197 6.8 140 190
BP-30 225 6.5 65 92
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The effects of sludge addition on the compressive 
strength of mortar samples are shown in Fig. 3. Compared 
to the reference samples, 10% sludge addition exhibited 
a higher compressive strength after curing for 7 days, 
resulting from the filler effect (confirmed by thermal 
analysis in Section “Hydration kinetics”). The strength 
of the samples containing 20% and 30% sludge decreased 
with increasing sludge content and showed a lower com-
pressive strength than the  reference ones at 7 d. Such 
a strength reduction indicated that the cement dilution 
effect dominated the reaction mechanism at an early cur-
ing age, especially for M-30. As the hydration contin-
ued, the strength of mortar with higher sludge content 
increased noticeably. At a curing age of 90 d, the sam-
ples with 30% sludge exhibited the highest compressive 
strength. These results were attributed to the fact that the 
pozzolanic reaction of sludge prevailed at later curing 
ages; the cement dilution effect in the samples with 30% 
sludge was completely compensated at 90 d.

SEM results confirmed the occurrence of the pozzolanic 
reaction. Figure 4 illustrates the SEM images of the mor-
tar samples containing 0 and 30% sludge at a curing age 
of 90 d. In Fig. 4a, the cotton-shaped C-(A)–S–H gel was 
observed, and some crystals with a hexagonal plate mor-
phology were visible, indicating the presence of CH. Also, 
the needle-shaped ettringite is shown. Compared with the 
reference samples, a large amount of crystalline ettring-
ite stockpiled on the surface of samples containing 30% 
sludge (see Fig. 4b). The CH with hexagonal plate clus-
ters was rarely seen in M-30 because of the consumption by 
the pozzolanic reaction. Instead, many stratiform hydrates 

were observed. Combined with the XRD analysis in Sec-
tion “Hydration kinetics”, these laminar phases might cor-
respond to the presence of  Ca4Al2O7·xH2O and strätlingite, 
which were derived from the pozzolanic reaction of sludge. 
These hydration products help to achieve higher mechanical 
strength at later ages of the mortar samples.

The water capillary absorption of mortar samples con-
taining sludge is shown in Fig. 5. The results showed that 
the sorptivity of specimens containing sludge was higher 
than that of the control one. These results suggested that 
the cement matrix incorporating sludge might exhibit higher 
total porosity than the reference ones. However, the pores 
were refined due to the secondary pozzolanic reaction. Such 
a finer pore system increased the sorptivity but showed little 
correlation with strength [35, 36]. Also, the higher water 
absorption of sludge contributed to the amount of total water 
absorbed by mortar samples, which was an adverse factor 
for durability.

Hydration kinetics

The TGA and DTG curves of mortar samples are shown in 
Fig. S3. As shown in Fig. S3, the intensity of the endother-
mic peak at 400–500 °C corresponds to the decomposition 
of CH, and the CH amount of cement can directly reflect the 
degree of pozzolanic reaction [37]. Figure 6 shows the CH 
amount of binder pastes at 7 d, 28 d, and 90 d. The straight 
dotted line (normalised CH content) represents the amount 
of CH in the pure cement paste mixture multiplied by the 
cement content ratio. The difference between the measured 
data and the straight line indicates the consumption of CH 

Fig. 4  SEM images of mortar 
(a) and (b) 0 sludge, (c) and (d) 
30% sludge
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by the pozzolanic reaction. At 7 d, the paste samples with 
10% and 20% sludge exhibited a higher CH content than the 
normalised samples, resulting from the filler effect. Only the 
samples with 30% sludge exhibited a moderate consump-
tion of CH. After 28 d of curing, the CH amount of samples 
with 20% sludge was comparable to the normalised amount, 
indicating that the filler effect (promoting CH formation) 
and pozzolanic reaction (consuming CH) achieved a bal-
ance. The difference in CH amount between the normalised 
line and the samples containing 30% sludge continued to 
expand, and such CH consumption became more significant 

at a curing age of 90 d. At 90 d, the samples with 10% sludge 
exhibited a minor pozzolanic reaction, and the amount of 
consumed CH increased with increasing sludge content.

Generally, the reaction mechanism of mortar samples 
containing varying sludge content was not uniform. The 
samples containing 10% sludge exhibited a superior filler 
effect before 28 d, and the signal of pozzolanic reaction was 
evident at a curing age of 90 d. For the samples containing 
20% and 30% sludge, pozzolanic behaviour was observed at 
early ages compared with the pastes containing 10% sludge. 
The pozzolanic reaction was pronounced in samples with 

Fig. 5  The absorption and sorptivity characteristics of mortar samples. (a) Capillary water absorption, (b) initial sorptivity

Fig. 6  Relation between the 
amounts of CH and the content 
of sludge in binder pastes
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30% sludge. These results could be explained by the fact a 
large amount of reactive Al derived from sludge may accel-
erate the overall reaction rate, and the pozzolanic reaction 
happens before 7 d. Compared with fly ash, which starts 
to react even after 28 d [38], the pozzolanic reactivity of 
alum sludge is promising. These results were not consistent 
with a previous study, which reported that the samples with 
10% sludge exhibited the highest degree of pozzolanic reac-
tion [26, 39]. This may be attributed to the different mixture 
designs, such as the water-to-binder ratio.

XRD was conducted to further analyse the evolution of 
hydration products in the sludge-containing binder pastes 
with pozzolanic reactions. As shown in Fig. 7, the main 
crystalline hydration products in the control cement paste 
mixture were ettringite and CH; some peaks related to Alite 
and Belite were also observed, signifying some unreacted 
cement clinkers. Compared to the reference samples, sludge 
addition may promote the formation of aluminium-bearing 

phases, such as  Ca4Al2O7·xH2O with the reflection at 10.8° 
(2θ) and the strätlingite  (C2ASH8) localised at 21.1° (2θ) and 
38.1° (2θ). Also, the peaks related to crystalline ettringite 
in BP-30 were more evident than those in BP-0. The peak 
intensity of CH decreased with increasing sludge content, 
confirming the pozzolanic reactivity of sludge, and these 
results were corroborated by thermal analysis.

Microbiological corrosion durability of mortar 
samples

The mass loss of the mortar under MIC is given in Table 5. 
After 2-month corrosion, the mortars containing 10% sludge 
had a mass loss of 0.43%, significantly lower than the refer-
ence (1.87%), exhibiting a stronger resistance to MIC. However, 
further increasing sludge content did not improve the resistance 
and even resulted in more severe corrosion than the reference.

The corrosion depth is shown in Fig. 8. The results were 
consistent with the mass loss. A 10% sludge content reduced 
the acid penetration in the mortar. The average corrosion 
depth of M-10 was 2.2 mm (given in Table S3), which was 
76% of the reference. However, more than 10% sludge content 
increased the corrosion rate of mortars. For the samples con-
taining 20% and 30% sludge, the corrosion depth was 117% 
and 138% of the reference, respectively. These results were 
confirmed in SEM images, where the dashed line indicated 
the corrosion interface (see Fig. 9). The obvious gypsum layer 

Fig. 7  XRD patterns of binder 
pastes at 7 d, 28 d, and 90 d

Table 5  Mass loss of mortar samples after corrosion

Mix Initial mass (g) Test mass (g) Mass loss (%)

M-0 133.88 131.38 1.87
M-10 140.08 139.48 0.43
M-20 135.74 132.69 2.25
M-30 138.41 134.48 2.84
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Fig. 8  Corrosion depth of 
mortar with different sludge 
content. (a) M-0, (b) M-10, (c) 
M-20, (d) M-30

(a) M-0 (b) M-10

(c) M-20 (d) M-30

Fig. 9  SEM image of corrosion 
interface. (a) M-0, (b) M-10, (c) 
M-20, (d) M-30

(a) M-0 (b) M-10

(c) M-20 (d) M-30

200 μm

Crack
200 μm 200 μm
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was formed on the surface of M-20 and M-30. In contrast, no 
clear corrosion interface was observed in M-10. Therefore, 
according to the mass loss and corrosion depth results, 10% 
is the optimal sludge proportion in mortars for resisting MIC. 

The improved resistance to MIC could be attributed to the 
high aluminium content in sludge. According to the XRD 
analysis, more Al-bearing hydrates were formed with increas-
ing sludge proportion in mortar samples, which was beneficial 
to acid resistance. XRD analysis confirmed the formation of 
strätlingite from the pozzolanic reaction, which has a stronger 
acid resistance than C–S–H due to its aluminosilicates frame-
work (Si–O–Al) [39]. On the other hand, the higher water cap-
illary absorption of mortars containing 20% and 30% of sludge 
indicated a higher mass transportation ability, which could 
increase the corrosive medium transportation in the mortar 
matrix, thus accelerating the corrosion rate. The higher sorp-
tivity of the mortars may overcome the positive effect from 
the Al-bearing hydrates, resulting in more severe corrosion.

Conclusions

Using sludge to replace cement significantly altered the 
microstructural characteristics of the binder materials and 
affected the basic properties of sludge-derived mortars. 
Based on the obtained experimental results, the following 
conclusions can be drawn:

• Sludge calcined at 800 °C showed the optimum poz-
zolanic activity, and calcined sludge conformed to the 
requirements of natural pozzolan materials. The filler 
effect of sludge accelerated the hydration reaction at 
early curing ages. With further hydration, the pozzolanic 
reaction was identified at 28 d and 90 d.

• Ettringite,  Ca4Al2O7·xH2O, and strätlingite were the 
main crystalline phases produced during the pozzo-
lanic reaction of sludge. SEM analysis also revealed the 
existence of laminar products that corresponded to the 
 Ca4Al2O7·xH2O and strätlingite.

• After the MIC test, the mass loss and corrosion depth 
of the mortar containing 10% sludge were significantly 
lower than those of the reference sample, and no clear 
corrosion interface was observed. The improved MIC 
resistance could be attributed to the additional Al-bear-
ing phases. Further increasing sludge content resulted 
in more severe corrosion due to increased sorptivity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42768- 022- 00113-3.
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