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can be attributed to the low Ca content in the result-
ing alkali-activated gels, which also reduced the grain 
size of gypsum formed and prevented expansion 
deterioration. Furthermore, the slow release of heavy 
metals from the AAMs prepared with the ISSA, evi-
denced by the leaching test results, was able to inhibit 
microbial growth.
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1 Introduction

Poor durability of ordinary Portland cement (OPC) 
in sewage environments is frequently reported which 
is mainly caused by physical, chemical, and micro-
bial processes (collectively called microbial-induced 
concrete corrosion (MICC)), happening in wastewater 
systems [1, 2]. During long-term exposure, MICC are 
caused by sulfur-related bacteria, especially sulfur-
oxidizing bacteria (SOB) and sulfate-reducing bacte-
ria (SRB) [3, 4]. The formation of aqueous hydrogen 
sulfide  H2S(aq) may be considered the starting point 
for the MICC in the sewerage systems. These micro-
organisms can utilize the diffused  H2S(aq) as a food 
source and oxidize sulfur compounds to sulfuric acid. 
Due to their alkaline nature, cement-based materi-
als are susceptible to degradation when exposed to 
acidic conditions. The in-situ production of sulfuric 

Abstract A new era has dawned in the manufactur-
ing of cement-free binders with appropriate mechani-
cal strengths and durability to combat  CO2 emissions. 
However, the assessment of their performance in 
extreme conditions is ongoing. Here, we attempted 
to use incinerated sewage sludge ash (ISSA), a waste 
product of sewage sludge incineration that contains 
limited amounts of heavy metals, along with waste 
glass powder (GP) and ground granulated blast fur-
nace slag (GGBS), as precursors to produce cement-
free binders through alkali-activation. The alkali-
activated materials (AAMs) were then subjected to 
an intensified sewage corrosion test for 6  months. 
The aim was to utilize the heavy metals in the ISSA 
as biocides to resist the biogenic acid attack on the 
AAMs. The experimental results indicated that supe-
rior performance was achieved by using a ternary 
binder prepared with ISSA, GP, and GGBS under 
biogenic acid simulation. Such enhanced durability 
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acid leads not only to the etching and corrosion of 
concrete surfaces but also the formation of expan-
sive gypsum and ettringite at the expense of calcium 
hydroxide and tricalcium aluminate [5–7]. Therefore, 
this MICC deteriorates the physicochemical proper-
ties of concrete (e.g., cracking, spalling, and strength 
loss), shortens the service life, and even may cause 
catastrophic structural failures.

Various strategies have been employed to reduce 
the risk of damage caused by concrete bio-corrosion, 
such as improving concrete design features, control-
ling the sewer environment, and applying chemicals 
or antimicrobial coatings [8–11]. Among them, modi-
fications of concrete mixes and applications of anti-
microbial coatings on the surface of concrete are two 
effective methods to prevent bio-corrosion. Generally, 
the impermeability and acid resistance of concrete 
can be improved by the incorporation of supplemen-
tary cementitious materials (e.g., slag, silica fume), 
and the use of calcium aluminate cement has also 
been found useful. Moreover, some coatings prepared 
with inorganic or organic cementitious material as 
the matrix, and bactericide as functional components 
have exhibited antibacterial or bactericidal capability. 
But the long-term durability of these materials in the 
corrosive sewerage environment is still a major prob-
lem. Compared to OPC, using alkali-activated mate-
rials (AAMs) can enhance the acid resistance due 
to the lower amounts of Ca in the reaction products, 
which prevents the decalcification and dealumination 
of the gel phases [12–14]. However, the traditional 
AAMs lack a bactericidal ability that prevents the 
growth of the acid-producing bacteria on their sur-
faces. One strategy that can be adopted is to incorpo-
rate biocides (e.g. Al, Fe, Cu, Ag, and Zn-containing 
compounds or organic, oxidizing, or non-oxidizing 
compounds) in the concrete or the coating materials 
that may inhibit the growth of microbes [5, 15]. The 
treatment aims to control or inhibit the activities of 
microorganisms, e.g. SRB and SOB, to a sufficiently 
low level. To maintain long-term effects, it is a nor-
mal practice to apply biocide treatments periodically. 
Despite their proven efficiency, the undesirable leach-
ing of the biocides to the sewage, as well as their 
short bio-resistance lifetime, necessitates the search 
for more efficient, environmentally friendly, and long-
lasting alternatives. Moreover, one concern with the 
use of biocides is the potential environmental impact, 
as many of them are toxic.

AAMs are usually produced by the polymeriza-
tion of aluminosilicate precursors such as coal fly ash, 
metakaolin, and granulated ground blast furnace slag 
(GGBS) by alkali activators [16–18]. The aluminosil-
icate precursors derived from local waste streams can 
be used as environmentally-friendly alternate precur-
sors to address the cost and availability limitations. 
For example, in Hong Kong, waste glass contributes 
to a significant proportion of municipal solid waste 
(290 tonnes/day), and only about 20% of waste glass 
is recycled due to the lack of a local glass manufactur-
ing industry [19]. As a potential alkali-siliceous mate-
rial, waste glass powder (GP) has been investigated 
extensively as a precursor to producing AAMs [20]. 
Moreover, in Hong Kong, approximately 1200 tonnes 
of sewage sludge are produced daily, and the largest 
sewage sludge incinerator in the world (with a capac-
ity of 2000 tonnes/day) has been constructed, which 
can reduce the sludge mass by almost 90% [21]. But 
there are still about 120 tonnes/day of the incineration 
sewage sludge ash (ISSA) required to be disposed of 
at landfills. Though the leaching risk of heavy metals 
from the ISSA is relatively low because of the strin-
gent control of industrial effluent, landfill disposal is 
inadvisable because of their limited landfill capac-
ity in Hong Kong, and the wasting of recoverable 
resources [22]. In previous studies [23–25], appropri-
ate reuse and resource recovery options for the ISSA 
and waste glass were proposed to prepare AAMs. 
However, their long-term durability in the corrosive 
sewerage environment still needs to be addressed.

The study explored the feasibility of using (i) 
incinerated sewage sludge ash (ISSA), which not 
only contains aluminosilicates as the precursor but 
also contains certain amounts of heavy metals (e.g. 
zinc and copper) as a source of bactericidal agent, 
(ii) waste GP as it contains a considerable amount 
of amorphous silica which can react with the alkali 
in the geopolymerization process and reduce the 
amount of acid dissolvable Ca-gels along with tra-
ditional precursor, i.e. GGBS in formulating AAMs 
that can resist sewage corrosion effectively. To verify 
the hypothesis, a laboratory simulated sewage cor-
rosion experiment was conducted. In this study, the 
compressive and flexural strength of the AAMs after 
exposure to the aggressive sewage environment were 
evaluated, and the microscopic characteristics were 
examined by using SEM–EDS and XRD. Combined 
with the leaching study results, the improvement 
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effect of the ISSA on the sewage corrosion for AAMs 
was revealed. This study aims to utilize two local 
solid wastes (e.g., ISSA and GP) for the develop-
ment of novel microbial-resistant AAMs for sewerage 
infrastructure rehabilitation.

2  Materials and methods

2.1  Precursors and activators

Soda-lime waste glass powder (GP), granulated 
ground blast furnace slag (GGBS), and incinerated 
sewage sludge ash (ISSA) were used as precursors for 
designing one-part alkali-activated materials (AAMs) 
mortars. An industrial-grade  Na2SiO3-anhydrous 
powder comprising 35.8%  SiO2 and 62.9%  Na2O by 
weight was used as the alkali activator. The soda-lime 
waste glass cullet was collected from a local recy-
cler in Hong Kong, and the cullet was ground for 4 h 
using a laboratory ball mill to produce the glass pow-
der. Prior to grinding, mixed colored glass cullet (i.e., 
green, brown, white, blue glass cullet), were washed 

with tap water to remove contaminants, followed by 
drying for 24  h at 105℃. The ISSA was obtained 
from the sewage incineration facility (T park) in Hong 
Kong, and the GGBS was supplied by a commercial 
supplier in China. The chemical compositions of the 
GGBS, GP, and ISSA are determined via the X-ray 
fluorescence analysis (Rigaku Supermini 200 spec-
trometer), and the results are presented in Table  1. 
The ISSA mainly consisted of  SiO2,  Al2O3 and 
 Fe2O3, and small amount of CaO, showing composi-
tional resemblance to coal fly ash, and traces of heavy 
metals (e.g., ZnO, CuO and PbO) were also present 
[22]. Moreover, the ISSA has a higher loss on igni-
tion (LOI) than GP due to the presence of unburned 
organic compounds and moisture. The negative LOI 
values of GGBS meant a gain of weight after igni-
tion, which may be due to the oxidation of the sulfide 
during ignition [26]. Figure  1a shows the particle 
size distribution of GGBS, GB and ISSA, which 
was obtained by a laser diffraction analyser (Mal-
vern Mastersizer 3000E). Regarding the particle size 
distribution, the GP, GGBS and ISSA exhibited  D50 
of 27 μm, 12 μm, and 13 μm, respectively, meaning 

Table 1  Chemical compositions of GP, GGBS, and ISSA (wt%)

Na2O MgO Al2O3 SiO2 P2O5 SO3 CaO TiO2 Cr2O3 Fe2O3 CuO ZnO PbO Others LOI

GP 13.17 1.64 2.1 67.89 0.1 0.14 10.8 0.1 0.2 – – – 0.03 3.86 0.79
GGBS – 7.32 14.22 34.78 – 3.12 38.38 0.71 – 0.27 – – – 0.77  − 0.32
ISSA 3.43 2.17 12.9 49.5 8.72 1.7 6.35 0.44 0.06 12.6 0.079 0.24 0.008 1.80 4.48
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Fig. 1  Particle size distributions and XRD patterns of raw materials
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that GP was relatively coarser than ISSA and GGBS. 
According to the XRD patterns, the GGBS and GP 
showed a broad, amorphous hump with no distinct 
crystalline peaks. Still, the ISSA exhibited many crys-
talline phases indicating the presence of quartz, whit-
lockite and some iron compounds. In addition, the 
rive sand with a particle size less than 1.18 mm was 
chosen as the fine aggregate.

2.2  Sample preparation

The simplex-centroid design method and a ternary 
contour diagram were used to obtain the optimized 
composition or compositional range for the alkali-
activated ternary composites [24]. The mix pro-
portions of the one-part AAM mortar are listed in 
Table  2. Firstly, the proportioned precursors, activa-
tor and rive sand were dry mixed for 3 min using a 
laboratory mixer. Then, the mixing water was added 
for another 3  min. The mortar specimens were cast 
into 40  mm × 40  mm × 160  mm molds,  vibrated for 
1 min to remove air bubbles and covered with plas-
tic sheets to avoid moisture loss. Moreover, the AAM 
pastes (without aggregate) were prepared using 
the same water/precursor ratio, and then cast into 
40  mm × 40  mm × 40  mm molds for the microstruc-
ture and leaching tests. After 24 h, all AAM mortar 
and paste specimens were demolded and transferred 
into a curing room (25 °C and RH = 95%) for 28 days. 
After 28  days, the AAM pastes and mortars were 
transferred to the water and sewage solution, and the 
water-cured samples were taken as the reference sam-
ple to calculate the strength loss. Moreover, the SEM 

and XRD analyses were carried out for the micro-
structural changes of AAM paste.

2.3  Experimental methods

2.3.1  Sewage corrosion of AAMs mortar and paste

Figure  2 depicts the simulated sewage corrosion 
device. The simulation chambers provided an envi-
ronment to simulate the degradation process of the 
AAM mortar/paste subjected to a real sewer environ-
ment. 20 kg of nutrient solution and 1 kg of activated 
sludge collected from a local sewage treatment work 
were used. The AAM specimens were placed on a 
plastic grid, and semi-submerged into the solution 
fully and evenly for 6  months. The activated sludge 
collected from a local sewage treatment work was 
poured into the chamber, while a nutrient solution 
containing deionized water and auxiliary chemicals as 
nutrients (200.0 g starch, 110.0 g glucose, 28.5 g pep-
tone, 12.0 g urea, 6.7 g  (NH4)2HPO4, 3.6 g  MgSO4, 
1.2 g NaCl) were also added [8, 27, 28]. In addition, 
the sulfate-reducing bacteria (SRB) grow optimally 
within 20 ~ 35  °C dictated by the ability of proteins 
within the cell to function [29]. Therefore, a constant 
temperature (28–30  °C) environment was provided 
by a stainless-steel heater to ensure the growth of 
the microorganisms, and a mixer with 800  rpm was 
fixed to the simulation chambers to provide continu-
ous agitation and prevent the materials from settling. 
One-third of the solution was replaced with the fresh 
nutrient solution every 7 days. The pH value of sew-
age was measured by a Mettler Toledo pH meter, and 

Table 2  Mix proportions of the ternary AAMs mortars

Precursor (wt%) Activator/precursor ratio Aggregate/precursor ratio Water/precursor ratio

GGBS GP ISSA

1 0 100 0 0.15 1 0.4
2 50 50 0
3 100 0 0
4 50 0 50
5 0 0 100
6 0 50 50
7 50 25 25
8 25 25 50
9 25 50 25
10 75 12.5 12.5
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the chemical oxygen demand concentrations (COD) 
were determined according to the APHA, 2012 meas-
ured during the sewage corrosion test [30].

2.3.2  Physical properties

In previous studies [31, 32], the formation and com-
position of biofilm was very sensitive to the tem-
perature. To reduce the effect of temperature on the 
biofilms, the AAMs samples after the sewage corro-
sion test, were air-dried for 48  h, and then signs of 
cracking and physical changes on the specimens 
were visually observed and photographed. The flex-
ural and compressive strengths of the AAMs mortar 
were measured by a compression machine follow-
ing BS EN 12390-5. The water-cured AAMs mortar 
was used as a control sample, and the loss ratio of the 
flexural and compressive strengths of the AAM mor-
tars after sewage erosion was calculated. During the 
sewage corrosion, the alkaline solution in the AAMs 
can be first neutralized by the diffusion of the bio-
logical sulfuric acid, then the structure and properties 
deteriorated. The deterioration process was usually 
accompanied by a decrease in pH value of the pore 
solution from the core to the surface of the AAMs 
sample. Therefore, after the flexural strength test, the 
broken specimens were sprayed with a 1% phenol-
phthalein solution indicator to assess the pH change 
along the cross-section of each AAM mortar. Further-
more, the mass loss of the AAM mortars after remov-
ing the loose and deteriorated mass was calculated. 
The average value of six replicates was taken as the 
representative value.

2.3.3  Leaching of heavy metals

Due to stringent environmental regulations about 
the safe and controlled release of heavy metals into 
the environment, the ASTM C1308 was conducted 
on the AAMs for evaluating the leaching of heavy 
metals from the mixtures. The AAMs specimen 
with the size of 40 mm × 40 mm × 40 mm was fully 
soaked in 1200 mL Milli-Q water. After every week, 
the leachant was changed, and its concentration was 
tested using an inductively coupled plasma/optical 
emission spectroscopy (ICP-OES, FMX36, SPEC-
TROBLUE). The cumulative fraction of heavy metals 
was calculated by the sum of the fractions of a spe-
cies leached during all sampling intervals. The test 
was conducted at a temperature of 20 ± 1 °C.

2.3.4  Microstructural analysis of hardened AAMs

The AAM pastes after the sewage corrosion test 
were crushed into small fragments, followed by 
stopping the alkali activation reaction with solvent 
(ethyl alcohol)-exchange method for a week. The 
SEM–EDX analysis of the eroded surface and pol-
ished cross-sections of the carbon-coated paste frag-
ments was recorded using a Tescan Vega 3 scanning 
electron microscope equipped with energy-dispersive 
X-ray spectroscopy under high vacuum conditions 
with 20 kV of beam intensity. In addition, X-ray dif-
fractometry (XRD, Rigaku Smart Lab-Advance) was 
used to characterize the crystalline phases of the pow-
dered samples obtained from the AAM paste frag-
ments. The scan range, step size, and dwelling time of 

Fig. 2  Photo of sewage corrosion device
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the XRD test were 5–70°, 0.02° and 1s, respectively. 
Before the microstructural analysis tests, these frag-
ments were dried at 40  °C in a vacuum oven for a 
week to preserve their structure as closely as possible 
to their natural state [23].

3  Results

3.1  Characteristics of artificially intensified sewage

The COD content in the sewage is a critical factor for 
sulphide buildup and its subsequent release into the 
surrounding air. The COD and pH values of the arti-
ficially intensified sewage were recorded periodically 
for 90 days. The results are shown in Fig. 3. A con-
siderable variation in COD with time was observed. 
The COD of the artificially intensified sewage was 
more than 18,000 mg/L, 300 times the concentration 
in ordinary sewage, indicating the well-accelerating 
setup for the sewage corrosion test [33, 34]. This high 
COD indicated a greater amount of oxidizable organ-
ics in the artificially intensified sewage that helped 
reduce the dissolved oxygen and induced an anaero-
bic environment in the chamber. Moreover, the initial 
pH value of the sewage in the chamber was about 8.2. 
Before 7  days, the pH value of the sewage showed 
a decrease to about 4.2, followed by an increase to 

about 5.6. The dramatic reduction of the pH value in 
the initial sewage was due to the formation of sulfu-
ric acid. It had been reported that when the pH value 
was lowered to ∼9, the microbial communities (e.g. 
SOB) would develop and oxidize  H2S(g) to sulfuric 
acid in the presence of sufficient moisture, nutrients, 
and oxygen [35]. The rise in pH value from 4.2 to 5.6 
was attributed to the diffusion of alkali ions from the 
AAMs’ pore solution, which helped neutralize the 
sulfuric acid. After 7 days, the pH dropped to around 
5.2, meaning a formation of a weak acid environ-
ment in the chamber due to chemical and biological 
processes. The reason for the weak acid environment 
might be related to the higher metabolic rate of the 
SOB than the diffusion rate of alkali ions. The sta-
bilization of the weak acid environment after 7 days 
could be achieved, indicating that the formation of 
acid and diffusion of alkali ions in the sewage solu-
tion was in a dynamic equilibrium. Theoretically, the 
COD would increase with the age, and the pH value 
of the sewage solution would be decreased due to 
the presence of sulfuric acid produced by microbial 
metabolism. However, it can be seen from Fig. 3 that 
the pH values of the sewage remained stable despite 
the increase in the COD. The most possible reason 
might be result from the microbial competition of the 
SRB and SOB. The metabolic rate of the SOB in the 
sewage was restrained to a certain extent and caused a 

Fig. 3  Chemical oxygen 
demand (COD) and pH 
of artificially intensified 
sewage
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stable formation of acid, which would be further veri-
fied in the future.

3.2  Visual observation of AAM mortars after the 
sewage corrosion test

The appearance of the AAMs samples before sew-
age corrosion was depicted in Fig.  S1. After the 
sewage corrosion test for 6  months, the physical 
changes, cracks or damages that appeared on the 

surfaces of AAM mortars were visually assessed, as 
shown in Fig.  4. No significant signs of deteriora-
tion or cracking were observed in the AAM mortars 
in the submerged region, while color changes and 
minor cracking were mainly observed in the splash-
ing and non-submerged regions. For example, sam-
ple 1 (100% GP) showed minor surface cracking at 
the splashing region. The reason could be due to the 
intrinsic behavior of the alkali silica gels produced 
from alkali-activated GP under wetting–drying 

Fig. 4  Surface morphologies of the AAMs after sewage corrosion test
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cycles. Similarly, the alkali-activated GGBS and/
or GP composites (e.g., samples 1, 2 and 3) showed 
some signs of deterioration in the non-submerged 
region, and slight color changes were seen after the 
biogenic activity. On the other hand, the incorpo-
ration of the ISSA into the AAMs showed a color 
change from initially brownish (before the attack) to 
white or a light yellowish color (after the attack), 
mainly in the non-submerged region. The whit-
ish deposits that appeared on these samples’ sur-
face resulted from efflorescence formation due to 
the residual alkali ions leaching from their AAMs 
matrices. This color change might be attributed to 
the heavy metal from the ISSA (e.g., Cu, Zn and 
Fe) interactions with the acidic environment, lead-
ing to the precipitation of small amounts of deposits 
(e.g., the CuS, FeS and  FeSO4) at the acidic condi-
tions [3, 36]. Furthermore, various deposits with a 
light yellowish color were visible and gathered on 
the non-submerged surfaces of the AAMs, indicat-
ing the formation of biofilm by microbial metabo-
lism. The light yellowish biofilm might be attrib-
uted to the occurrence of sulfur, indicating the 
simultaneous  H2S production and oxidation [34]. 
Besides, some black-colored biofilms (slime lay-
ers) at the air-sewage interface were also observed 
due to melanin that was metabolized by microor-
ganisms in the sewage, and the formation of the 
biofilm was due to the transfer of oxygen or other 
chemicals involved in microbial metabolism and 
the surface of the AAMs. However, the amount of 
biofilm (or slime layer) in sample 10 (75% GGBS, 
12.5% GP and 12.5% ISSA) was visually the least 
among all the AAMs specimens. This meant that a 
low substitution level of ISSA and GP (collectively 
25 wt% of the total binder) in the AAMs effectively 
controlled the microbial growth. The bacteriostatic 
effect of this binder might be linked to the presence 
of heavy metals in the ISSA that released and con-
trolled the biofilm formation. Another interesting 
finding was that excessive ISSA dosages resulted in 
higher amounts of biofilm formation on the AAMs 
surface. This behavior might be ascribed to that 
the leaching of the amphoteric heavy metals (e.g., 
Zn, Cu, Co and Pb) from the ISSA was dependent 
on the acid–base property of the solution. The low 
reactivity of ISSA in the AAMs resulted in a high 
amount of unreacted activator which increased the 
pH of the pore solution. The heavy metal in the 

high alkali solution would tend to form insoluble 
or slightly soluble salts, which decreased the heavy 
metals leaching.

The loss of alkalinity from the AAMs after the 
sewage corrosion test was analyzed by spraying 1% 
phenolphthalein indicator on the freshly broken sur-
faces. After the biogenic attack, three different zones 
of the AAMs can be noticed, including the core 
region of the non-corroded zone, neutralization zone, 
and corroded zone, depending on the color and physi-
cal changes in the AAM matrices. From Fig.  5, the 
pink-colored area corresponded to the intact (non-
corroded) region, meaning that the material still had 
a high pH environment. In contrast, the whitish or 
brownish colored area (similar to the original color 
of the AAM mortars), corresponded to the neutrali-
zation zone of the specimens. Due to the presence 
of the surface porosity of AAMs, the bacteria (e.g. 
SOB) could penetrate the deeper layer through the 
pores to produce the biogenic sulfuric acid, reduc-
ing the pH value of the pore solution. Therefore, 
the formation of the neutralization depths might be 
linked to the unreacted residual alkali and released 
alkali from the gel matrix, which was then neutral-
ized by the diffusion of biogenic acid [37, 38]. The 
ISSA-rich AAM mortars showed almost complete 
loss of alkalinity (viz. samples 5, 6 and 8), followed 
by the GP-rich mixtures. This behavior was due 
to the higher alkalis leaching from these mixtures 
because of the slower reaction rates of ISSA and GP 
in alkaline media. Moreover, the higher reactivity of 
GP than ISSA contributed to the formation of more 
gel and a dense microstructure, thereby preventing 
alkali leaching from the GP-rich mixtures. Therefore, 
the GP-rich mixtures showed a lower alkalinity loss 
than the ISSA-rich mixtures. Although the ISSA-
rich mixtures (samples 4, 5, 6 and 8) almost lost all 
their alkalinity (no pink color of the phenolphthalein 
indicator was observed), there were no clear cor-
roded regions. The results illustrated incorporation of 
the ISSA could lead to an acceleration effect on the 
neutralization of residual alkali, but the effect of the 
biogenic acid or microbe on the corrosion rate of the 
AAMs was limited. On the other hand, the mixtures 
with higher amounts of GGBS densified the matrices 
and limited the alkalinity loss. Specimens 2, 3, 7 and 
10 behaved similarly and contained three clear zones, 
namely, the outermost 2–3  cm of heavily corroded 
zone, neutralization zone, and non-corroded zone 
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(as shown in Fig. S2). The formation of the heavily 
corroded zone was closely related to the decalcifica-
tion of C–A–S–H/N(–C)–A–S–H gel, resulting in the 
formation of expansive gypsum. This will be further 
explored in the mineralogical and microstructural 
evolution sections. Overall, the results suggested that 
using small dosages of ISSA and GP in the alkali-
activated materials, the biogenic resistivity of the 
ISSA- and GP-AAM mixtures performed similarly to 
the GGBS alone-based AAMs.

3.3  Change in mass after sewage corrosion test

Figure 6 shows the change in mass of the AAM mor-
tars after exposure to the aggressive sewage envi-
ronment. All AAM specimens showed some mass 
losses, although no disintegration of the structure 
(as shown in Fig. 4) was observed. Therefore, it can 
be inferred that the mass loss might be attributed to 
the leaching of the unreacted alkalis, and the dea-
lumination and decalcification/desodiumization of 
the C–(N)–A–S–H and N–A–S–H gels. The AAMs 
prepared with a high GGBS (> 65 wt. %), low GP 
(< 20 wt%) and ISSA (< 15 wt%) contents showed 
lower mass loss values (below 3.3%), which could 
be attributed to the higher amounts of stable reac-
tion gels. In addition, the lower mass loss (less than 
5 wt%) of the GP/GGBS-rich AAMs was associated 

with the amount of biofilm growth. To some extent, 
the biofilm formation located on the AAMs mortar 
surface would provide a protective barrier reduc-
ing the transmission of corrosive substances into the 
sewage [35, 39]. On the other hand, the mass loss of 
AAMs increased with the increase of the ISSA con-
tent, and the maximum mass loss (about 17.8%) was 
found in the sample prepared with 100% ISSA. This 
could be related to the instability of reaction products, 
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meaning that these gels could be easily decomposed 
(insufficient calcium or aluminium contents) when 
exposed to aggressive environments. Moreover, the 
slow reactive ISSA also allowed a large amount of 
unreacted alkalis and hydroxyl ions to leach out from 
the pore solution, thus resulting in the formation of 
efflorescence. It is worth noting that efflorescence 
formation is the quick and dominant degrading phe-
nomenon for AAMs derived from slowly reactive pre-
cursors. A similar behavior was observed for GP-rich 
AAM mortars, however, the mass loss was lower than 
the ISSA-rich specimens.

3.4  Change in mechanical properties

3.4.1  Compressive and flexural strength of AAMs

Figure 7 shows the compressive and flexural strength 
of AAM mortars after 6  months of water curing. It 
was observed that the compressive and flexural 
strength of the AAM samples increased as the amount 
of GP and GGBS increased, while it decreased as the 
amount of ISSA increased. Considering similar pro-
portions of the ternary precursors, the specimens pre-
pared with ISSA possessed low compressive strength 
(less than 10 MPa), and flexural strengths (less than 
3 MPa). This behavior was due to the lower reactiv-
ity of the ISSA in a given alkaline environment com-
pared to GGBS and GP. According to guidelines set 

by BS EN 1504 for repair materials, materials for 
structural repair class R4 must have a minimum com-
pressive strength of 45 MPa or greater. The white line 
in the ternary diagram (in Fig.  7a) demarcates the 
specimens that met the required criteria. Based on 
the analysis, the optimum range for precursor materi-
als with respect to GGBS, GP, and ISSA to produce 
class R4 repairing mortars, is 50–100%, 0–45%, and 
0–25%, respectively. In addition, the maximum flex-
ure strength development was observed in the ternary 
diagram shown in Fig. 8b, with almost similar ranges 
to the compressive strength one.

3.4.2  Flexural strength loss of AAMs after sewage 
corrosion

After the sewage corrosion test, changes in the fleural 
strength of the AAMs were measured. Two regions 
from Fig.  8 should be noticed, corresponding to the 
higher strength losses. One region occurred with 
30–70% GP, 10–20% ISSA and 30–40% GGBS, 
which suffered flexural strength losses ranging from 
31.3 to 47.9%. Another region occurred in the AAMs 
with less than 10–20% GP, 10% ISSA and 50–70% 
slag, where the flexural strength losses were more 
than 20%. Interestingly, when less than 20% ISSA 
was used, the flexural strength loss of the GGBS-rich 
AAMs was negative (above the white line), meaning 
the flexural strength slightly increased after exposure 
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to the sewage environment. This enhancement effect 
in this region was ascribed to the optimal substitution 
level of the ISSA, which effectively controlled micro-
bial growth and had a relatively high initial strength 
to counter erosion deterioration.

3.4.3  Compressive strength loss of AAMs 
after sewage corrosion

From Fig. 9a and b, an obvious difference is observed 
in compressive strength loss between the submerged 

and non-submerged areas, consistent with the phe-
nomenon that corrosion of the sewer pipes was often 
not uniformly distributed. For the non-submerged 
area, the compressive strength loss appeared between 
the white lines, as shown in Fig. 9a. The submerged 
areas, however, all experienced compressive strength 
gains as shown in Fig.  9b. Considering the simi-
lar proportioning of the ternary precursors, the sub-
merged area of the AAMs had a lower compressive 
strength loss than the non-submerged area. From 
Fig. 9a, the highest compressive strength loss in the 
non-submerged area was 20–35% when the 10–25% 
ISSA, 50–70% GP and 10–25% GGBS were used. 
For the submerged area (in Fig.  9b), the highest 
compressive strength gain was about 40% when the 
10–15% ISSA, 50–60% GP and 10–20% GGBS were 
used. The results suggest that the non-submerged area 
of the AAMs was sensitive to the acid corrosion in 
the sewer, while the metabolism of SRB in the sew-
age solution has a weak effect on the strength devel-
opment of non-submerged AAMs.

After the sewage corrosion test, the AAMs expe-
rienced a reduction in flexural and compressive 
strength due to acid corrosion, microbial corrosion, 
and physical erosion. The compressive strength loss 
of the non-submerged or submerged AAMs will be 
discussed later in the mineralogical and microstruc-
tural evolution section. Regardless of whether the 
AAMs were non-submerged or submerged, the com-
pressive strength showed a slower loss than that of 
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the flexural strength. The result illustrated that the 
most severe corrosion occurred in the area of AAMs 
at the sewage water mark level, followed by the non-
submerged area, and the submerged area. The most 
serious deterioration occurred near the sewage water 
mark level was due to at this level sufficient water, 
nutrients and air were available for the growth of 
the microorganisms. Moreover, the corrosion of the 
AAM at the sewage water mark level was complex 
due to the fluctuation of wastewater levels and the 
hydraulic scouring effects, which accelerated the for-
mation of microcracks. Therefore, at this level, there 
was a succession of microbial organism in the surface 
of AAMs. The coexistence of SOB and other bacte-
ria was likely to appear near the sewage level mark 
of AAMs [40], which might lead to the formation of 
black biofilm in middle area of sample surface (as 
shown in Fig. 4). In addition, combined with the bio-
film formation as shown in Fig. 4, the faint yellow or 
white biofilm formed on the non-submerged area of 
the AAM mortar, corresponding to the lower strength 
loss or growth. Therefore, it could be inferred that the 
faint yellow or white biofilm in the non-submerged 
area had a slightly protective effect on the AAM 
mortar to minimize the strength loss. In contrast, the 
black biofilm near the sewage level accelerated the 
corrosion of the AAMs by altering the transportation 

of oxygen and other chemicals involved in microbial 
metabolism, subsequently leading to a significant loss 
in flexural strength [41].

3.5  SEM/EDS

Figure 10 shows the SEM micrographs of the AAMs 
showing the morphological variations between the 
core and corrosion areas. To better understand the 
effect of GP and ISSA on the microstructural analy-
sis of AAC mortars, those samples that contain high 
amount of ISSA or GP, were chosen. The core area 
of all AAMs showed the presence of amorphous 
gels, while the AAMs showed a loose and porous 
structure when more than 50% ISSA was added. 
Moreover, although gels were formed in the alkali-
activated slag, some microcracks in the core area 
were related to the higher drying shrinkage [23]. In 
addition, after exposure to sewage for 6 months, the 
corrosion surface of AAMs contained some gypsum 
crystals since its formation at a low pH environment 
is preferred. The grain size of the gypsum crystals 
in the alkali-activated slag varied between 20 and 
45 μm, while the grain size of gypsum in the AAMs 
with 25% ISSA decreased to less than 10 μm. This 
was consistent with the XRD results. For the alkali-
activated slag, some microcracks were found due 

Fig. 10  Core and corrosion areas of AAMs exposed to sewage for 6 months
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to the expansion caused by gypsum. Therefore, 
the formation of gypsum with a small grain size in 
AAMs with a rich ISSA content showed only slight 
expansion deterioration.

The element distributions of the AAMs exposed 
to sewage for 6  months were tested, and the line 
scan from the corrosion surface to the core area is 
shown in Fig. 11. Major elements, including Ca, Si, 
Al, O and Na, were found in all AAMs, implying 
the coexistence of C(–A)–S–H or C(–N)–A–S–H 
gels [42]. The line scans on the corrosion surface 
showed the concentrations of Ca in the AAMs 
decreased, indicating that the decalcification of the 
gels occurred significantly on the surface. Moreo-
ver, the Na concentrations were reduced in the cor-
rosion surface due to the leaching of Na ions, espe-
cially for the alkali-activated slag. Furthermore, the 
concentrations of Ca, Si, Al, O and Na in the AAMs 
prepared with 50% ISSA were stable across the line 
scan. This might be due to the low gel content due 
to the low reactivity of ISSA. Besides, the concen-
tration of S in all samples gradually increased from 
the core area to the corrosion surface, illustrating 
that the corrosion damage induced by the sulphate 

ions resulted from its diffusion from the outer sew-
age solution to the inner core region.

4  Discussion

4.1  Corrosion mechanism of sewage

As shown in Figs. 8, 9, the compressive strength loss 
of submerged and non-submerged areas showed an 
obvious difference, which was primarily attributed to 
the different deterioration mechanisms of microbial 
activity and acid erosion on the AAMs. In the sewage 
solution, the initial sulfate ions deposited in the sew-
age under the anaerobic environment were reduced 
by the sulfate-reducing bacteria (SRB) to form the 
hydrogen sulfide gas. To better evaluate the effect 
of metabolite on the corrosion mechanism of AAM, 
some samples were chosen for XRD analysis. From 
Fig. 12, a broad hump in the alkali-activated GGBS/
GP (in the submerged areas) was detected at 25–35°, 
corresponding to a low crystallinity amorphous 
N–A–S–H/C(–A)–S–H gel. However, the AAMs with 
the ISSA contained crystalline phases, as shown in 

Fig. 11  SEM/EDS of the interfacial transition zone of AAMs between the core area and corrosion surface exposed to sewage for 
6 months
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Fig. 12b and c. These crystalline phases (e.g., quartz, 
hematite and CaFe3O5) were similar to those in the 
ISSA, so the presence of these minerals implied 
strong stability and low reactivity of the ISSA in the 
strong alkali solutions. After sewage corrosion, the 
reaction products of the submerged AAMs make no 
change, and so the sulfur-containing products from 
the SOB metabolism appeared to have a negligi-
ble effect on the properties of the AAM specimens. 
Therefore, for the submerged area of the AAMs, a 
small amount of microbial attachment and metabo-
lism were identified as a major cause of deterioration, 
mainly occurring due to the interaction between the 
AAMs’ surface and biofilm [6, 43]. However, this 
deterioration caused by the microbial attachment 
and metabolism appeared to be minimal for the sub-
merged area of AAMs.

For the non-submerged area, hydrogen sulfide gas 
escaped from the sewage to the upper unfilled space 
and was oxidized to sulfuric acid by the sulfur-oxi-
dizing bacteria (SOB) under aerobic conditions [4, 
6]. Deterioration is caused by acid excretion which 
etches the surface of concrete, penetrating the AAMs 
mortar surface, especially in sewer systems. There-
fore, the deterioration mechanism of the non-sub-
merged area was a dominantly biogenic sulfuric acid 
attack, and was due to the decomposition of products 
(dealumination and decalcification/desodiumiza-
tion of N–(C)–A–S–H and C–A–S–H gels) [44, 45]. 
It should be noted that migration of acid-containing 
condensates from the upper part (non-submerged 
part) of the samples triggered the high corrosion rates 
around the waterline. From Fig.  12, the non-sub-
merged area of the AAMs showed diffraction peaks 
of gypsum, illustrating that the biogenic sulfuric acid 

induced the decomposition of the gels. Moreover, the 
absence of sulphoaluminate phases in the AAMs after 
the sewage corrosion illustrated that the formed gyp-
sum did not further react with the aluminate phases. 
Overall, one important consequence related to the 
formation of gypsum may be the volume expansion 
which may ultimately lead to the deterioration of 
the AAMs in non-submerged areas. But the reasons 
for the superior performance of the GP/GGBS-rich 
AAMs (between the white lines) were attributed to 
the acid buffering capacity of the aluminum phase 
and the formation of a pore-filling aluminum gel that 
exhibited better cohesion to the degraded layer, as 
discussed in previous [46–48].

4.2  Inhibition mechanism of ISSA

Over the last few years, antimicrobial agents that had 
been reported to be applied in the construction sector 
included heavy metals (nickel, tungsten), and metal 
compounds (silver molybdate, copper oxide, zinc 
oxide,), but the use of these agents in the construc-
tion sector was very limited since the environmental 
concern. To understand the effect of the heavy metals 
from ISSA on microbial activity, the leaching char-
acteristic from the AAMs with and without the ISSA 
was evaluated by the ASTM C1308, and the results 
are shown in Fig.  13. For all AAMs, the concentra-
tions of leached metals were below the stipulated 
TCLP (toxicity characteristic leaching procedure) 
limits, so these AAMs could be considered safe and 
pose little detrimental effects to the environment. 
However, the leached heavy metal (e.g., Zn, Cu, Co 
and Pb) could inhibit the life-essential activity of sen-
sitive enzymes and disturb the osmotic stability of the 
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cell of bacteria, resulting in the leakage of intracel-
lular constituents [49–51]. Relatively higher concen-
trations of Zn and Cu could be found in the AAMs 
(samples 5, 6 and 8) when more than 50% ISSA was 
added. As shown in Figs. 6, 7, 8, these AAMs showed 
the lowest mass loss and strength loss. Moreover, lit-
tle biofilm could be seen in the non-submerged area 
for samples 5, 6, 7 and 8 as depicted in Fig. 4, illus-
trating the antimicrobial effect of ISSA due to the 
heavy metals leaching.

The expansion damage of gypsum in cementitious 
was generally related to its crystal size, and a high 
crystal size would cause obvious expansion damage. 
According to the Scherrer formulae [52], the crys-
tal size of gypsum in the non-submerged area could 
be calculated. From Table 3, the crystal size of gyp-
sum in (0 2 0) and (− 1 2 1) faces decreased with the 
increase of ISSA content, implying the formation of 
gypsum with a smaller size leading to smaller expan-
sion. The result could be also observed by SEM of 
corrosion areas of AAMs (in Fig.  10). The rea-
son was attributed to the fact replacing GGBS with 
ISSA decreased the calcium content. As a result, the 

available calcium could be a significant source for the 
formation of gypsum grain. Although the formation 
of large-sized gypsum grain, the GGBS-rich AAMs 
showed a lower level of strength deterioration (as 
shown in Figs. 8 and 9). This reason can be attributed 
to the larger size gypsum crystals that seemed to help 
form a compact core–shell structure on the surface 
of the AAMs. This thick nodular gypsum layer on 
the surface might reduce the deterioration and diffu-
sion of ions, and this finding was consistent with our 
previous study on the sulfuric acid attack of AAMs 
[48]. Overall, the improvement effect of ISSA on the 
sewage erosion of the AAMs resulted from the heavy 
metals as antimicrobial agents, and the low calcium 
content.

5  Conclusions

The durability of AAM mortar subjected to sewage-
aggressive environments was investigated, and the 
main conclusions can be summarized as follows:

(1) The AAMs mortar exposure to sewage aggres-
sive environments showed significant mass and 
strength losses. The highest mass loss was about 
18%, and the highest flexural and compressive 
strength losses could reach 50% and 40%, respec-
tively.

(2) The incorporation of the ISSA reduced the com-
pressive and flexural strength of the AAM mor-
tar. But the AAMs prepared with a low substitu-
tion level of ISSA effectively controlled microbial 

Fig. 13  Leaching concen-
trations of the AAMs
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Table 3  The average crystal size of gypsum in the AAMs

Crystal face Average 
crystal size 
(Å)(020) (− 121)

100% slag 391 335 379.5
25% GGBS 50% GP 25% ISSA 378 330 354
25% GGBS 25% GP 50% ISSA 283 291 287
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growth. This improved behavior induced by the 
ISSA was attributed to their gel matrices with 
relatively low available Ca, which reduced the 
decalcification and grain size of gypsum (and the 
expansive deterioration). Moreover, the leach-
ing of heavy metals from the ISSA had a bacte-
riostatic effect on the bacterial activities, which 
decreased the bioerosion.

(3) The most severe deterioration of AAMs occurred 
near the water level of the sewage due to micro-
bial metabolism, and the smallest deterioration 
occurred in the submerged area. The deteriora-
tion that occurred in the non-submerged area 
was due to the presence of biogenic sulfuric acid. 
However, the formation of biofilms in the non-
submerged area to some extent had some protec-
tive effect on the AAMs.

(4) Although the concentrations of leached heavy 
metals from the AAMs with the ISSA were below 
the stipulated TCLP limits, the slight leaching of 
the heavy metal (e.g., Zn, Cu, Co and Pb) as a 
bactericide could inhibit the formation of biofilm 
and microbial metabolism.

The study investigated the potential use of ISSA as 
a source of bactericidal agent in the AAMs to enhance 
sewer rehabilitation. The leaching of heavy metal 
(e.g., Zn, Cu, Co and Pb) from the ISSA could inhibit 
the microbial metabolism and enhance the durability 
of AAMs exposed to the sewage, but the challenges 
arise, particularly for the most severe corrosion near 
the sewage level. To overcome these issues, further 
research is recommended, including the exploration 
of heavy metals-gradient modified AAMs. Addition-
ally, the exploration of bacterial communities using 
various advanced mineral analytical techniques (e.g., 
16S rRNA gene amplicon sequencing) could be con-
sidered, potentially elucidating the erosion mecha-
nism of the microorganism on the AAMs. Ongoing 
research is essential to address these issues and verify 
the proposed method for a more sustainable AAMs 
application.
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